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a b s t r a c t

Resveratrol (3,4′,5-trihydroxy-trans-stilbene) is a natural phytoalexin found in grapes and wine, which
shows antiproliferative activity. We previously found that 4-hydroxy group in the trans conformation
was absolutely required for the inhibition of cell proliferation. In the present work we have synthesized
the resveratrol analogue 4,4′-dihydroxy-trans-stilbene, which contains two OH in 4′ and 4 positions,
with the aim of developing a compound with an antiproliferative potential higher than that of resvera-
trol, on the basis of the correlation between structure and activity previously observed. In comparison
with resveratrol, 4,4′-dihydroxy-trans-stilbene inhibited cell clonogenic efficiency of fibroblasts nine
times more although with a different mechanism. First, 4,4′-dihydroxy-trans-stilbene induced predom-
inantly an accumulation of cells in G1 phase, whereas resveratrol perturbed the G1/S phase transition.
Second, although both compounds were able to inhibit DNA polymerase (pol) � in an in vitro assay, 4,
4′-dihydroxy-trans-stilbene did not affect pol � activity. Finally, 4,4′-dihydroxy-trans-stilbene increased
p21CDKN1A and p53 protein levels, whereas resveratrol led to phosphorylation of the S-phase checkpoint
protein Chk1. Taken together, our results demonstrated for the first time that the two hydroxyl groups on
4- and 4′- positions of the stilbenic backbone enhance the antiproliferative effect and introduce additional

targets in the mechanism of action of resveratrol. In conclusion, 4,4′-dihydroxy-trans-stilbene has potent
antiproliferative activities that differ from the effect of resveratrol shown in this system, suggesting that
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. Introduction

Stilbenes are naturally occurring compounds that act as protec-
ive agents to defend plants against adverse conditions such as viral
nd microbial attack or environmental stress (Langcake and Pryce,
977; Hain et al., 1990; Soleas et al., 1997). Among the stilbenic
ompounds, the 3,5,4′-trihydroxy-trans-stilbene, known as resver-
trol (RSV), is found mainly in grapes and red wine. The interest

n this molecule has increased exponentially in the last 10 years,
ollowing the major findings showing that it can prevent or delay
wide variety of human pathological processes, including inflam-
ation (Kimura et al., 1985; Rotondo et al., 1998; Jang et al., 1999),

ardiovascular diseases (Pace-Asciak et al., 1995, 1996; Klinge et al.,

∗ Corresponding author at: Dipartimento di Medicina Sperimentale, Sez. Patolo-
ia Generale, Piazza Botta 10, 27100 Pavia, Italy. Tel.: +39 0382 986397;
ax: +39 0382 303673.

E-mail address: luciaanna.stivala@unipv.it (L.A. Stivala).

357-2725/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.biocel.2009.08.005
nt as a potential chemopreventive or therapeutic agent.
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2008), and cancer (Jang et al., 1997; Mgbonyebi et al., 1998; Hsieh
et al., 1999b). In addition, RSV seems to be effective in increasing
the lifespan of various organisms, from yeast to small mammals
(Howitz et al., 2003; Baur et al., 2006; Barger et al., 2008) and in
delaying the onset of a variety of age-related diseases, such as
diabetes (Milne et al., 2007). The mechanism by which RSV exerts
such a range of beneficial effects is not yet clear, and multiple
direct targets have been identified for this small natural com-
pound. RSV displays antioxidant properties (Frankel et al., 1993;
Kerry and Abbey, 1997), anti-cyclooxygenase activity (Jang et
al., 1997; MacCarrone et al., 1999; Szewczuk et al., 2004) and a
modulating effect on lipid and lipoprotein metabolism (Arichi
et al., 1982; Kimura et al., 1985; Goldberg et al., 1995). RSV also
inhibits ribonucleotide reductase (Fontecave et al., 1998), and DNA
polymerases (Sun et al., 1998; Stivala et al., 2001; Locatelli et al.,

2005), and it interferes with the mitogen-activated protein kinase
and protein kinase C pathways (Pace-Asciak et al., 1996; Kotha
et al., 2006). Finally, RSV is a potent activator of sirtuin activity,
and mimics the beneficial effects of caloric restriction (Baur et al.,
2006; Barger et al., 2008).

http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
mailto:luciaanna.stivala@unipv.it
dx.doi.org/10.1016/j.biocel.2009.08.005
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Our previous study, aiming to explain the relationship between
hemical structure and biological activity of RSV, showed that the
′-hydroxystyryl moiety was absolutely required for the antipro-

iferative activity and the DNA polymerase inhibition (Stivala et al.,
001). In order to enhance these effects, we modified the molecule
y introducing two hydroxyl groups in 4,4′ positions, resulting in
he RSV analogue, 4, 4′-dihydroxy-trans-stilbene (DHS). Antiox-
dant and antiestrogenic activity of DHS have been previously
nvestigated (Cai et al., 2003; Balan et al., 2006). In particular, it has
een demonstrated that DHS acts as an effective antioxidant against

inoleic acid peroxidation and free-radical-induced peroxidation of
at liver microsomes (Fang et al., 2001, 2002), and of human low-
ensity lipoprotein (Cheng et al., 2006). More recently, a limited
umber of studies have shown that it acts as a specific estrogen
eceptor (ER) ligand, with a binding affinity much higher than that
f other well-known ER agonists (Balan et al., 2006). In contrast, no
ata are available about the effect of DHS on cell proliferation. In the
resent study, we have investigated whether DHS shows antiprolif-
rative effects similar to those of RSV. In particular, we first assessed
he effects on cell proliferation by analyzing the cell clonogenic effi-
iency and cell cycle progression, using primary human fibroblasts.
hen, we have evaluated the ability of DHS to inhibit in vitro replica-
ive DNA polymerases. Finally, to elucidate the mechanism of action
n cell cycle progression, we investigated the effects of DHS on the
xpression and levels of cell cycle regulatory proteins.

. Materials and methods

.1. Reagents

trans-Resveratrol and all other chemicals of reagent grade were
btained from Sigma. trans-4,4′-dihydroxystilbene was obtained
y Perkin condensation as previously described (Locatelli et al.,
005).

.2. Cell culture and treatments

LF1 human lung fibroblasts (gift from J. Sedivy, Brown Univer-
ity Providence, RI), were cultured in MEM medium (Invitrogen),
upplemented with 10% fetal bovine serum, 100 IU/ml penicillin
nd 100 �g/ml streptomycin. LF1 were used between the 5th and
0th passages. Cell treatments were performed by adding RSV or its
nalogue in culture medium, at final concentrations ranging from
to 90 �M for 24 h. Both compounds were dissolved in dimethyl-

ulphoxide (DMSO) never exceeding 0.1% in culture medium.

.3. MTT and clonogenic efficiency assays

Cell toxicity was determined by the 3-[4,5-di-methylthiazol-
-yl]-2,5-diphenyl-tetrazoliumbromide (MTT) assay (Mosmann,
983). Cells were incubated for 24 h with each compound at the
ollowing concentrations: 1, 2.5, 5, 7.5, 15, 30, 60, 90 �M. At the
nd of the treatment, 0.9 mM MTT was added to the medium in
ach well. After 2 h incubation at 37 ◦C, the medium was removed,
he precipitate blue formazan dissolved in 1 ml DMSO, and imme-
iately quantified by absorption measurements at 570 nm using a
icrotiter plate reader (Biorad). Cell toxicity was calculated mea-

uring the difference in optical density of treated samples with
espect to control and DMSO-treated cells.

The clonogenic efficiency was determined as previously

escribed (Stivala et al., 2001). DHS or RSV was added to the
edium at the same concentrations used for MTT assay. The clono-

enic efficiency was calculated as the mean percentage with respect
o control and DMSO-treated cells. The effective concentration giv-
ng 50% inhibition (IC50) was calculated from the inhibition curve.
mistry & Cell Biology 41 (2009) 2493–2502

DMSO did not affect cell viability or cell clonogenic efficiency of LF1
cells in all the experiments performed.

2.4. Cell cycle analysis

For the analysis of DNA content, LF1 were treated for 24 h with
7.5, 15, 30 �M RSV or DHS. At the end of incubation, cells were
trypsinized, washed in PBS, and resuspended in PBS containing
100 �g/ml RNase A, 0.05% NP-40 and 5 �g/ml propidium iodide (PI).
Staining occurred for at least 30 min at room temperature (r.t.). Ten
thousand cells were analyzed for each sample with a Coulter Epics
XL flow cytometer (Stivala et al., 2001).

2.5. BrdU immunofluorescence

LF1 cells were treated with RSV or DHS for 24 h, at a concentra-
tion ranging from 2.5 to 30 �M. During the last hour of culture, cells
were incubated with 30 �M BrdU as previously described (Alessi
et al., 1998). Visualization was performed with an Olympus BX51
fluorescence microscope, equipped with a C4040 digital camera.

2.6. DNA polymerase assays

Pol �, pol � and pol � activities were assayed as previously
described (Stivala et al., 2001). For the inhibition assays, 20 �M of
the inhibitors to be tested were added to the reaction mixture in
the absence of DNA template and nucleotides. After 5 min of incu-
bation at r.t., the reaction was started by addition of the missing
reagents.

2.7. In vitro DNA synthesis reaction

In vitro DNA synthesis was performed on HeLa isolated nuclei
as described (Krude, 2000). 1 �l of nuclei were incubated for 2 h at
37 ◦C in a volume of 13 �l of HeLa S-phase cytosolic extract, sup-
plemented with ATP and ATP-regenerating system (40 mM HEPES,
pH 7.8, 7 mM MgCl2, 3 mM ATP, 0.1 mM of each GTP, CTP and UTP,
0.1 mM of each dATP, dCTP, and dGTP, 0.5 mM DTT, 40 mM crea-
tine phosphate, all from Roche Applied Science), 2 �g of creatine
phosphokinase (Calbiochem), 0.25 �M biotin-16dUTP, in the pres-
ence or in the absence of 1 mM RSV or DHS. Reactions were stopped
with 100 �l of 0.5% Triton X-100 and nuclei were fixed by adding
100 �l of 8% paraformaldehyde. After 5 min at r.t., nuclei were over-
laid on 1 ml of 30% sucrose onto polylysine-coated coverslips, and
then were labelled with streptavidin-Texas red (Amersham) for
30 min at 37 ◦C, counterstained with Hoechst 33258 and mounted
in Mowiol. Microscopy visualization was performed as indicated
above.

2.8. Pathway-specific gene microarray

Total RNA was isolated from LF1 cells treated with RSV or DHS
and a cell cycle pathway-specific genes were detected using a
GEArray human cell cycle gene array, and a GEArray chemilumines-
cence detection kit (SuperArray Bioscience Corporation, Frederick,
MD). Briefly, 3 �g of total RNA was used for reverse transcrip-
tion reaction to obtain cDNA. The cDNA probe was labelled with
biotin-16-dUTP using a probe synthesis kit from SuperArray. After
pre-hybridization, the membrane was hybridized with the labelled
cDNA probe overnight with agitation at 5–10 rpm. The imaging

of the gene expression was obtained through chemiluminescent
detection, after binding alkaline phosphatase-conjugated strepta-
vidin to the hybridized membrane. Data acquisition and analysis
on computer were completed by the use of gene analysis software
(GEArray Expression Analysis Suite) provided by SuperArray.
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results, further experiments were performed with drug concentra-
tions inducing comparable effect on cell toxicity and proliferation,
i.e. 2.5 and 7.5 �M of DHS against 30 �M of RSV.

Fig. 2. Effect of RSV and DHS on cell survival and proliferation of human fibroblasts.
M. Savio et al. / The International Journal of

.9. Cell extraction procedures and Western blot analysis

For total content determination of proteins, cells were directly
ysed in loading buffer and boiled. For analysis of chromatin-bound
roteins, cells were lysed in hypotonic buffer (10 mM Tris–HCl,
H 7.4, 2.5 mM MgCl2, 0.5% Nonidet NP-40) containing 1 mM
MSF, 0.2 mM Na3VO4 and protease and phophatase inhibitor cock-
ails. After 8 min on ice, cells were pelletted at 200 g, and the
etergent-soluble fraction was recovered. Lysed cells were washed

n hypotonic buffer and chromatin-bound proteins released with
NAse I, as described (Scovassi and Prosperi, 2006). Whole and

ractionated cell extracts were resolved on SDS-PAGE gradient
els, transferred to nitrocellulose membranes, probed with spe-
ific antibodies and revealed using enhanced chemiluminescence
Amersham).

Membranes were probed with anti-p21 (CP74, Neomarkers),
nti-p27 (Becton Dickinson), anti-p16 (Santa Cruz Biotechnology),
nti-cyclin D (Upstate), anti-MCM2 and anti-pRb (BD Biosciences),
nti-cyclin A, anti-p53 and anti-actin (Sigma) antibodies.

.10. Flow cytometry and immunofluorescence analysis of MCM2

Treatments were performed on proliferating cells, or on cells
ynchronized in G0/G1 by 72 h of serum deprivation. After 24 or
8 h of treatments with RSV or DHS, cells were detached by trypsin
nd lysed at 4 ◦C in a hypotonic buffer as indicated above. There-
fter, samples were washed once in hypotonic buffer, fixed in 1%
ormaldehyde for 5 min, and then post-fixed in 70% ethanol. After
ehydration, samples were blocked in PBA (PBST + 1% bovine serum
lbumin), and then incubated for 1 h with anti-MCM2 monoclonal
ntibody, diluted 1:100 in PBA buffer. After three washes in PBST
PBS + 0.2% Tween 20) buffer, samples were incubated for 30 min
ith Alexa Fluor-488 conjugated anti mouse antibody (Molecular

robes) diluted 1:200 in PBA. After immunoreactions, samples were
ncubated for 30 min with 20 �g/ml PI in PBS containing 1 mg/ml
Nase A, and then cells were analyzed by flow cytometry as indi-
ated above.

.11. Statistical analysis

Data are presented as means ± SD. Statistical analysis was per-
ormed by the Student t-test. Probability values p < 0.05 were
onsidered to be statistically significant.

. Results

Fig. 1 shows the chemical structure of 3,4′,5-trihydroxy-trans-
tilbene (RSV) and its synthetic analogue 4,4′-dihydroxy-trans-
tilbene (DHS).

.1. DHS caused cytotoxic effect and cell growth inhibition in
ormal human fibroblasts

To examine the antiproliferative potential of the synthetic RSV
nalogue, its effect on cell proliferation was investigated in LF1
uman fibroblasts. Exponentially growing LF1 were treated with
oncentrations of RSV or DHS ranging from 1 to 90 �M. The cytotox-
city was measured by the MTT assay after 24-h treatment with each
ompound. RSV did not significantly affect cell growth and survival
p to 60 �M, whereas a 30% reduction of living cells was observed
t the highest concentration used (Fig. 2A). When compared to RSV,

HS was found to be more effective. In fact, it induced a cytotoxic
ffect by about 35% at 15 �M, and by about 50% at 90 �M. Next, the
rowth inhibition of RSV and DHS was evaluated by determining
he clonogenic efficiency of LF1. Despite the close structure sim-
larity with RSV, DHS exhibited stronger antiproliferative activity
Fig. 1. Chemical structures of trans-resveratrol (RSV) and trans-dihydroxystilbene
(DHS).

in this assay. Both compounds showed concentration-dependent
reduction in clonogenic efficiency of cells, but DHS was more effec-
tive than RSV (Fig. 2B), giving IC50 that was nine times lower
than that of RSV (5 versus 45 �M, p < 0.01). Based on the above
Cell viability (A) and cell clonogenic efficiency (B) evaluated in LF1 primary human
fibroblasts after 24 h of treatment with increasing concentrations of RSV or DHS.
The percentage of viable cells and clonogenic survival was calculated measuring
the difference in optical density or colonies formation, respectively, with respect
to control and vehicle-treated cells (0.1% of DMSO), as described in Section 2. All
results are expressed as mean ± SD from three independent experiments.
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Fig. 3. Effect of RSV and DHS on cell cycle progression of human fibroblasts. Cell cycle phase distribution (A) of LF1 primary human fibroblasts after 24 h of treatment with
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ifferent concentrations of RSV and DHS. Cells were then fixed and the DNA content
B) evaluated by BrdU incorporation in fibroblasts seeded on coverslips, and treat
re expressed as mean ± SD from three independent experiments, and representat

*p ≤ 0.01.

.2. DHS arrests the cells at the G1 phase of the cell cycle

To better analyze the observed cell cycle imbalance induced
y RSV and DHS, the distribution in each phase of the cell cycle
as analyzed by determining DNA content with flow cytometry.

ig. 3A compares the effect on cell proliferation of fibroblasts after
4 h of incubation with increasing concentrations of RSV or DHS.
ell cycle analysis of RSV-treated cells showed that this agent

nduced a significant accumulation (p ≤ 0.01) of cells in S-phase
ith a consequent reduction in the number of cells in G1 phase

G1 = 39.9, S = 35.05, G2 + M = 25.1; G1 = 47, S = 39.55, G2 + M = 13.45
t 15 and 30 �M, respectively), with respect to the cell cycle distri-
ution of control cells (G1 = 60.7, S = 22.55, G2 + M = 16.75). Under
he same conditions, DHS showed an accumulation of cells in
1 phase (p ≤ 0.05), and a concomitant decrease in S-phase cell
opulation, at all the concentrations used (G1 = 71.45, S = 14.91,
2 + M = 13.63 at 7.5 �M; G1 = 69.89, S = 15.76, G2 + M = 14.35 and
1 = 73.53, S = 11.08, G2 + M = 15.37 at 15 and 30 �M, respectively).
o further investigate the effect on cell cycle, DNA replication was
ssessed by BrdU incorporation assay. Fig. 3C shows representa-
ive image of BrdU-positive nuclei of fibroblasts treated with 30 �M
SV as compared with 7.5 �M DHS. Fig. 3B shows that the percent-
ge of BrdU-positive nuclei was significantly increased (50%), in
ells treated with the highest concentration of resveratrol, as com-

ared to control cells (15%). It is important to note that most of
he BrdU-positive nuclei showed an immunofluorescence pattern
hat is typical of early S-phase, indicating that RSV inhibited DNA
eplication at the initial steps (Locatelli et al., 2005). Instead, DHS
ignificantly inhibited BrdU incorporation already at a concentra-
ined by flow cytometric analysis, as described in Section 2. Effect on DNA synthesis
th increasing concentration of RSV and DHS, as described in Section 2. All results
ages of BrdU-positive cells are showed in the panel C. Scale bar 10 �M. *p ≤ 0.05,

tion as low as 2.5 �M (7% compared to 21% of control cells, p < 0.05).
These results clearly confirm that DHS induces a G1 arrest, prevent-
ing cells to enter S phase and start DNA synthesis. Similar data were
obtained in the human breast adenocarcinoma cell line MCF7 (not
shown). The inhibitory effect on cell cycle progression induced by
both RSV or DHS was reversible, since the percentage of cells in S
phase returned to the control value (data not shown) at 24 and 72 h
after their removal, respectively.

3.3. DHS inhibits DNA pol ı activity and DNA replication in “in
vitro” assays

The results obtained by BrdU incorporation in fibroblasts indi-
cated that DHS prevented cells from entering S phase, while RSV
delayed S-phase progression. As previously demonstrated (Stivala
et al., 2001), the accumulation of cells in early S-phase induced
by resveratrol was a consequence of a direct inhibition of DNA
synthesis. To verify whether the analogue acted similarly to the
natural compound, the ability of DHS to inhibit DNA synthesis was
investigated both in vitro with purified proteins, and in a cell-
free DNA replication system. As previously observed (Stivala et
al., 2001; Locatelli et al., 2005), RSV at 20 �M inhibited the activ-
ity of both DNA pol � and pol � to a similar extent (62% and
52%, respectively), whereas DHS, at the same concentration, signif-

icantly inhibited DNA pol � (by about 45%), but not pol � (Fig. 4A).
At this concentration both compounds did not affect pol � activity.
To further confirm the capacity of the two compounds to inhibit
DNA polymerase activity, a cell-free replication assay was per-
formed on S-phase synchronized nuclei from HeLa cells. Following
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Fig. 4. Effect of RSV and DHS on DNA synthesis in vitro and in cell-free system replication assay. DNA synthesis performed in vitro (A) by purified pol �, pol �, and pol
�. Assays were performed in the presence of 20 �M of each inhibitor to be tested. DNA polymerase activity was expressed as percentage of the control reaction without
inhibitor which was 0.8 pmol × min−1 for pol � and 0.6 pmol × min−1 for pol � and taken as 100%. (B) Quantitation of the percentages of nuclei replicating in cytosolic extract
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f S-phase HeLa cells in the absence (control) and in the presence of 1 mM RSV or
ncubated in S-phase cytosol, or in the presence of Aphidicolin (Aph), RSV, and DHS
f thymidine and incubated in S-phase cytosol, as described in Section 2. Nuclear DN
oechst staining (blue signal). Scale bar 10 �M. *p ≤ 0.05, **p ≤ 0.01.

ncubation in S-phase HeLa cytosol, approximately 60% of intact
uclei efficiently initiated DNA replication, as assessed by incorpo-
ation of biotinylated dUTP (Fig. 4B and C); RSV and its analogue
nhibited DNA replication by about 17 and 18.9% (p < 0.05), respec-
ively, while a total inhibition was exerted by Aphidicolin (p < 0.01),
well-known pol � inhibitor (Fig. 4C). It should be also noted that

or both compounds, fluorescence intensity of replicating nuclei
ppeared less intense than those of control nuclei.

.4. RSV and its analogue DHS induce a similar expression
attern of cell cycle regulatory specific genes

To further investigate whether the different effect on cell cycle
rogression by the two stilbenic molecules was due to unscheduled
xpression of specific cell cycle regulatory proteins, the expres-
ion of series of human genes was analyzed by using a cell cycle
athway-specific gene array. Fig. 5 shows a representative image
f the different gene expression pattern after cell treatment with
ach compound, as compared to the untreated sample. Changes
ncluded mainly up-regulation of genes related to the cell cycle
ontrol, with the exception of the transcription factors E2F4 that
esulted up-regulated (by about twofold) in control cells, compared
o RSV- and DHS-treated cells. Instead, comparable results were
btained in LF1 treated with RSV or DHS, where up-regulation of
he cdk inhibitors p21, p27, p16, p15, and p19 were found. Simi-
arly, cyclins A2, B2, C, D2, D3, G1, G2 and H were over-expressed in
oth treated samples, together with the cell cycle regulatory pro-

eins CDC20, CDC25A, CDC6, CDK2, CDK7, E2F2, PCNA, PRC1, MCM2.
nterestingly, an increased RNA level of genes implicated in cell
ycle checkpoints, such as ATM, CHK1, CKSB1, MRE11A, HUS1, NBS1
ere also detected (Fig. 5). The analysis of the phosphorylation level

f Chk1 (Ser317/345), downstream targets of ATR/ATM, was analyzed
alogue DHS. Representative field of nuclei (C) from thymidine-arrested HeLa cells
ei were isolated from cells arrested at the beginning of S-phase by double-blocking
lication is visualized by Texas red-conjugated streptavidin (red signal) and DNA by

by Western blotting. The results (Supplementary Fig. 1) showed
that, as compared with asynchronous control cells, a clear signal
was detected only in cells treated with RSV, and in UV-irradiated
HeLa cells (positive control). In order to investigate whether p21-
dependent G1 arrest in response to DHS was related to the presence
of DNA damage, the phosphorylation on Ser139 (�-H2AX) was also
assessed. A percentage of about 16% of �-H2AX positive cells were
found both in RSV- and DHS-treated samples (Supplementary Fig.
2), while no signal was observed in untreated samples.

3.5. DHS induces changes in cell cycle regulatory proteins

To establish whether RSV and DHS impaired cell cycle progres-
sion with a different molecular mechanism, the specific induction
of cell cycle regulatory molecules, such as the CDK inhibitors p27,
p21, and p16, together with cyclins D1, E, and A, were evaluated
by Western blot analysis. In addition, the retinoblastoma (pRb) and
p53 protein levels were investigated. Fig. 6A shows that RSV did not
induce any significant change in the levels of the CDK inhibitors
analyzed, in agreement with our previous results (Stivala et al.,
2001), whereas they appeared up-regulated in fibroblasts treated
with DHS at the highest concentration, as compared to parental
cells. In DHS-treated fibroblasts, p21 and p16 protein levels were
about three and twofold higher, respectively, than those observed
in control samples as evaluated by densitometry and normaliza-
tion on actin levels. No significant changes in cyclins E levels were
observed (data not shown), whereas changes in the phosphory-

lation level of cyclin D1 were observed only in DHS-treated cells,
together with the complete disappearance of cyclin A bands (Fig. 6A
and B). In addition, the slower migrating forms of pRb were more
abundant in cells treated with RSV, as compared to control and
DHS-treated fibroblasts, which showed mainly the faster migrat-
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Fig. 5. Effect of RSV and DHS on cell cycle gene expression of human fibroblasts. Rep-
r
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Fig. 6. Effect of RSV and DHS on cell cycle regulatory protein levels of human
fibroblasts. Western blot analysis (A) performed in LF1 human fibroblasts after 24-
esentative cell cycle gene arrays (A), and quantitative analysis (B) of gene expression
n untreated LF1 fibroblasts or in cells treated for 24 h with RSV (30 �M) and its
nalogue DHS (7.5 �M). Glyceraldehyde-3-phosphate dehydrogenase (GPDH) gene
xpression was considered as internal loading control.

ng forms. At highest DHS concentration, cells showed lower levels
f both hyper- and hypo-phosphorylated forms of pRb. Finally, p53
rotein levels resulted unmodified in RSV-treated cells, whereas a
ignificant increase (by about three and fivefold) was detected in
oth DHS-treated samples.

.6. DHS treated cells show lower levels of chromatin-bound
CM2 than RSV
In order to better explore the basis underlying the G1 cell
ycle imbalance induced by DHS, the chromatin recruitment of
CM2 protein, typically occurring in G1 phase, was next inves-

igated. Western blot analysis of soluble and chromatin-bound
h treatment with RSV (30 �M) or DHS (2.5 and 7.5 �M). Actin was determined as
loading control. Densitometric analysis (B) of the p27, p21, p16, cyclins D and A, pRB
and p53 immunoreactivity normalized to the internal loading control.

MCM2 showed that this protein was recruited in DHS-treated
cells to a similar extent than control sample (Fig. 7A), whereas
a significant increase of the band corresponding to MCM2 was
observed in cells treated with RSV. A similar MCM2 recruitment
was observed by flow cytometry. Fig. 7B shows the dot plots of
MCM2 immunofluorescence versus DNA content in control cells,
and in fibroblasts treated for 24 h with 30 �M RSV, or with 2.5
and 7.5 �M DHS, respectively. Immunofluorescence levels of MCM2
increase from early to late G1 phase, reaching the highest amount
at the G1/S phase transition, before declining during S phase. Accu-
mulation of LF1 fibroblasts at the G1/S phase transition was evident
in cells treated with RSV, while after DHS treatment, cells did
not show (either at 2.5 or at 7.5 �M) any significant difference in

MCM2 recruitment, as compared to control cells, confirming the
results obtained by Western blot. To better understand how RSV
or DHS-treated cells moved through cell cycle, LF1 fibroblasts were
synchronized in G0 phase by serum starvation for 72 h (SS), and
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.5 �M ((i) and (l)) DHS, respectively. The results showed that LF1
broblasts in the presence of RSV, and more remarkably in the
resence of DHS, progressed through S phase at a slower rate than

ontrol cells. In fact, an accumulation of fibroblasts at G1/S phase
ransition was evident after 24 h of RSV treatment, while at 48 h
ells were blocked mainly at S/G2 phase transition. DHS-treated
ells showed a different behaviour, with a significant increase in
he number of cells in G1 phase at 24 h, as indicated also by the
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48 h of DHS-treatment, cells started to enter S-phase at the lowest
concentration, but not at 7.5 �M, where cells were still blocked at
G1 phase, with few S-phase events.

3.7. DHS does not inhibit DNA replication in p21-null cells

To confirm the involvement of p21 in the cell cycle impair-

ment induced by DHS, experiments were performed in human
Tert-fibroblasts in which the p21 gene was deleted by homologous
recombination (Brown et al., 1997). For this purpose, p21+/+ and
p21−/− cells were treated with RSV or DHS under the same condi-
tions used for primary LF1 cells, and DNA synthesis was assessed by

dot plots of chromatin-bound MCM2 immunofluorescence versus DNA content in
) or in the presence of RSV ((e) and (f)) and DHS ((g)–(l)), after 24 or 48 h of release
ed by immunostaining and flow cytometric analysis, as described under Section 2.
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Fig. 9. Effect of RSV and DHS on p21+/+ and p21−/− human Tert-fibroblasts. DNA
synthesis was evaluated by BrdU incorporation in p21+/+ and p21−/− human Tert-
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observed p21-dependent G1-arrest after DHS treatment could be
explained by an eventual formation of small amount of oxida-
tive products (Zheng et al., 2006; Hadi et al., 2007). In contrast,
stalled replication forks could underlie S-phase accumulation in
broblasts seeded on coverslips, treated with increasing concentration of RSV and
HS, and processed as described in Section 2. All results are expressed as mean ± SD

rom three independent experiments. *p < 0.05, **p < 0.01 versus p21+/+ cells at the
ame conditions.

rdU incorporation. Fig. 9 shows that, similarly to LF1 primary cells,
n the p21+/+ cells RSV induced a marked increase (from 10 to 30%)
n the number of BrdU-positive nuclei, whereas DHS significantly
nhibited (by about 50%) BrdU incorporation, already at a concen-
ration as low as 2.5 �M. Compared with the parental cells, p21-null
broblasts showed a similar behaviour after RSV-treatment, in con-
rast DHS did not induce any inhibition in BrdU incorporation in
21-null cells up to 7.5 �M; only at the highest concentration of 15
nd 30 �M it started to inhibit DNA synthesis.

. Discussion

Disruption of the normal regulation of cell cycle progression
nd division are important events in the development of cancer.
argeting of these critical events represents the goal of cancer
hemoprevention through dietary agents, mainly identified in
ruits and vegetables (Pervaiz, 2003; Bauer and Sinclair, 2006;

eeran and Katiyar, 2008). We have previously investigated the
echanisms underlying the antiproliferative effects of the wine
icrocomponent resveratrol (Stivala et al., 2001). In the present

tudy we have investigated and compared the biological properties
f DHS with those of resveratrol. Short-term cell toxicity, together
ith clonogenic efficiency assay, showed that DHS was more potent

han RSV at inhibiting cell growth, in primary human fibroblasts.
weak cytotoxic effect was found at concentration as high as

0 �M for RSV and 15 �M for DHS. However, Trypan blue dye exclu-
ion test (data not shown) evidenced the absence of cell death in
he presence of each compound up to 60 �M, supporting that the
esults obtained with the MTT assay reflect mainly cell growth inhi-
ition rather than loss of cell viability in this range. The relationship
etween the presence of 4′-hydroxyl group and antiproliferative
s well as cytotoxic effect has already been reported (Stivala et al.,
001; Billack et al., 2008, Fan et al., 2009). Accordingly, our findings
emonstrate that the two-hydroxyl groups on 4- and 4′-positions
f the stilbenic backbone increase its cytostatic and antiprolifera-
ive activity in fibroblasts. Further experiments to investigate cell
ycle progression revealed that the superior antiproliferative activ-
ty of DHS over RSV was associated with several differences in their

echanism. First, DHS induced predominantly G1 arrest, as deter-
ined by cell cycle analysis and BrdU incorporation. In contrast,
SV induced an accumulation of cells at the beginning of S-phase.
he cytostatic effect of RSV may be attributed to a decreased DNA
ynthesis, given that inhibition of BrdU incorporation was previ-
usly found (Fontecave et al., 1998; Hsieh and Wu, 1999; Stivala et
mistry & Cell Biology 41 (2009) 2493–2502

al., 2001), and its ability to inhibit DNA pol � and � or DNA elonga-
tion was confirmed by in vitro assays. Interestingly, DHS showed
an inhibitory effect on DNA pol � in the in vitro assays, but it did
not affect pol � activity. In fact, its effect on cell cycle progression
occurred markedly in G1 phase, as also indicated by the absence
of cyclin A, a reduction of total Rb levels, and by the high CDC6
together with undetectable CDC45 protein levels (Supplementary
Fig. 3).

In contrast, increased cyclin A and CDC45 protein levels and
highly phosphorylated forms of pRb were observed in RSV-treated
cells, indicating progression through the G1 restriction point, and
accumulation in early S phase. Consistent with these results,
recruitment of chromatin-bound MCM2 was detected, both by
Western blot and cytofluorimetric analysis, in RSV-treated cells,
compared to DHS-treated samples.

It is well known that a number of checkpoints exist within the
mammalian cell cycle, which ensure that cell division proceeds nor-
mally. The transition from G1 to S-phase is strictly regulated by
sequential formation, activation and inactivation of a series of cell
cycle regulatory molecules (Li and Brooks, 1999). At the expres-
sion level, no significant difference were observed between RSV or
DHS-treated cells, but an increasing RNA level of several regula-
tory cell cycle genes, such as CDKs inhibitors, cyclins, and several
genes involved in checkpoints, were detected compared to con-
trol cells. However, at the protein level, only DHS-treatment was
associated with an increase in p21 and p53 protein levels. The
involvement of p21 CDK inhibitor in the mechanism of action of
DHS was clearly demonstrated by the absence of the antiprolif-
erative effect in p21-null cells. Although a p21-based mechanism
was demonstrated for RSV in previous reports (Hsieh et al., 1999a;
Hudson et al., 2007), we did not observe a significant change in
this protein and in its transcriptional regulator p53 in RSV-treated
normal fibroblasts. Interestingly, RSV, but not DHS, activated the
S-phase checkpoint as shown by the presence of phosphorylation
on Ser317 of Chk1 protein, but both compounds induced phospho-
rylation of histone H2AX, indicating some level of DNA damage.
It was previously found that DHS exhibit in vitro, in the pres-
ence of Cu (II) ions, a prooxidant, DNA damaging activity higher
than resveratrol (Zheng et al., 2006). In our system, failure to
detect single or double-breaks by Comet test (data not shown),
suggest that the extent of DNA damage was very low. Thus, the
Scheme 1. Proposed mechanisms for cell cycle inhibition by DHS and RSV.



Bioche

R
t
c
a
e
o
p
a
c
o
s
(
s
w
s

A

2
p
s
S
p
f

A

t

R

A

A

B

B

B

B

B

B

C

C

E

F

F

F

M. Savio et al. / The International Journal of

SV-treated cells. A schematic model related to the pathways
argeted by each compound has been proposed in Scheme 1. In
onclusion, our results suggest that the two-hydroxyl groups on 4-
nd 4′-positions of the stilbenic backbone enhance the antiprolif-
rative effect and introduce additional targets in the mechanism
f action of the resveratrol analogue. Further studies are now in
rogress to clarify its effect in cancer cells, since DHS might be
promising agent for chemoprevention. Compared with normal

ells, cancer cells have been shown to contain elevated levels
f copper (Ebara et al., 2000), and may be more sensitive to
ubject to electron transfer with antioxidants to generate ROS
Zeisel and Salganik, 1999). Therefore, DNA damage induced by
tilbenes in the presence of copper may be an important path-
ay through which cancer cells can be killed while normal cells

urvived.
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