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a b s t r a c t

Quinone-containing molecules have been developed agai nst cancer mainly for their redox cycling ability 
leading to reactive oxygen species (ROS) formation. We have previously shown that donor-acceptor phe- 
nylaminonaphthoquinones are biologically active agai nst a panel of cancer cells. In this report, we 
explored the mechanisms involved in cancer cell growth inhibition caused by two phenylaminonaphtho- 
quinones, namely Q7 and Q9, with or without ascorbate (ASC). The results show that Q7 and Q9 are both 
redox cyclers able to form ROS, which strongly inhibit the proliferation of T24 cells. Q9 was a better redox 
cycler than Q7 becau se of marked stabilization of the semiquinone radical species arising from its reduc- 
tion by ascorbate . Indeed, ASC dramatical ly enhances the inhibitory effect of Q9 on cell proliferation. Q9
plus ASC impairs the cell cycle, causing a decrease in the number of cells in the G2/M phase without 
involving other cell cycle regulating key proteins. Moreover, Q9 plus ASC influences the MAPK signaling 
pathways, provoking the app earance of a senescent cancer cell phenotype and ultimately leading to 
necrotic-like cell death. Because cellular senescence limits the replicative capacity of cells, our results 
suggest that induction of senescence may be exploited as a basis for new approache s to cancer therapy. 

� 2013 Elsevier Inc. All rights reserved. 
1. Introduction 

Cancer is a major health problem affecting humans. Nearly 
15 million new cases are diagnose d globally every year [1], but 
the use of conventional cancer chemoth erapy is limited because 
of its toxic side effects [2].

As part of our ongoing studies concerning the preparation of po- 
tential biologica lly active compounds [3–5], we were interested in 
the synthesis of diversely substituted donor–acceptor phenylami- 
nonaphthoqui nones. Briefly, using an MTT-based screening assay, 
we have shown that these compounds are biologically active 
against a panel of cancer cells. Among this series, two quinones 
(namely Q7 and Q9) markedly impaired the cellular ability to re- 
duce MTT in three different cancer cell lines, while having a low 
cytotoxicity on healthy fibroblasts [4]. Previous data also have 
ll rights reserved. 
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shown that the association of ascorbate (ASC) with some qui- 
none-con taining compounds potentiates their antitumor activity 
[3,6,7].

Because ascorbate enhances the redox cycling of menadione (a
1,4-naphtho quinone) leading to activation of the p38 MAPK path- 
way in breast MCF-7 cancer cells [8], we hypothesized about a po- 
tential involvement of this pathway in the mechanism s by which 
phenylaminon aphthoqu inones cause cell growth arrest. On the 
other hand, the enzymati c cascades of ERK1/2 and p38 MAPK have 
been reported to be involved in prematu re senescence [9,10]. Cel- 
lular senescence is a growth-arre st program that limits the lifespan 
of mammalian cells and prevents unlimited cell proliferation [11].
Interestin gly, when apoptosis fails to induce cancer cell death, the 
induction of cellular senescence is attractive because of its rela- 
tionship with tumor suppression. 

The aim of this paper was, therefore, to explore the effects of 
phenylaminon aphthoqu inones, alone or associated with ascorbate 
(ASC), on cancer cell growth and cellular senescence. We describe 
the antiproli ferative effects and the senescent phenotyp e induced 
by the selected quinones, namely Q7 [2-(4-hydroxyanilino)-1,4-
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naphthoqui none] and Q9 [2-(4-methoxyanilino)-1,4-naphthoqui- 
none], in T24 bladder carcinom a cells. We also report their effects 
on MAPK signaling pathways and on cancer cell survival. 
2. Material and methods 

2.1. Chemicals and antibodies 

Quinones Q7 [2-(4-hydroxyanilino)-1,4-naphthoquinone] and 
Q9 [2-(4-methoxyanilino)-1,4-naphthoquino ne] were synthesized 
by amination of 1,4-naphtho quinone with the respective aryl- 
amines, under aerobic conditions, using CeCl 3 � 7H2O as the Lewis 
acid catalyst as previousl y described [4]. Dulbecco’s modified Eagle 
medium (DMEM), fetal bovine serum (FBS) and antibiotic s were 
purchased from Gibco (USA). Sodium ascorbate, bovine serum 
albumin (BSA), nocodazo le and the protease inhibitor cocktail were 
purchased from Sigma–Aldrich (USA). MAPK inhibitors PD98054, 
SB202190, and SP600125 were from Calbiochem (Millipore). The 
7-amino-4-tr ifluoromethylcoumarin conjugated (Ac-DEVD-AFC)
was from Enzo Life Sciences (USA). The phosphatas e inhibitor cock- 
tail was from Calbiochem (Merck Biosciences). JNK, p38 and ERK1/ 
2 antibodies were purchased from Cell Signaling Technology (USA).
Survivin, p53, p27, p21 and rabbit polyclonal antibody against poly 
(ADP-ribose) polymera se (PARP) were from Santa Cruz Biotechnol- 
ogy, Inc. (USA). Secondary antibodie s were from Dako (Denmark)
and Chemicon (Millipore, USA). All other chemical s were made 
from ACS grade reagents. 
2.2. Cell culture 

The human bladder carcinoma T24 cells were a gift from Dr. F. 
Brasseur (Ludwig Institute for Cancer Research-Bruss els). They 
were cultured as previously described [6].
2.3. Cell viability 

Cytotoxicity was measure d using MTT [12] and trypan blue [13]
assays. For the MTT assay, 10 4 cells/well were plated onto 96-well 
plates and, after confluence, cells were treated for 24 h with the 
respective treatments . Cells were then washed twice with PBS 
and incubated for 2 h with MTT (0.5 mg/mL). Formaza n crystals 
were solubilized by adding DMSO (100 lL/well) and the colored 
solutions were read at 550 nm. To verify the involvement of MAPK 
in the cytotoxicity, cells were pretreated for 2 h with the following 
MAPK inhibitors: (a) PD98054 (10 lM), (b) SB202190 (10 lM), (c)
SP600125 (20 lM).

The Trypan blue assay was performed after a 24 h-exposure of 
T24 cells to quinones (10 lM), alone or with ASC (1 mM). After 
staining, cells were counted by a TC10 automated cell counter 
(Bio-Rad, USA), and the percentage cell viability was determined. 
2.4. Cell cycle analysis 

Cells were plated into 6-well plates (50–100 � 103) and syn- 
chronized with nocodazole (30 ng/ml) for 14 h. Cells were treated 
for up to 72 h with the respective treatments. Cells were then 
washed and the cell pellet was resuspended in ice-cold 80% etha- 
nol and kept at �20 �C overnight. Finally, cells were washed again 
with PBS and incubated for 20 min in a saponin-based permeabili- 
zation solution (BSA 1%, ribonucle ase A 0.2 mg/ml and propidium 
iodide 50 lg/ml). Flow cytometry was performed using an LSRFort- 
essa (BD Biosciences) FACS data were analyzed using the FlowJo 
software (Treestar).
2.5. Immunoblo tting assays 

After treatments, cells were washed with PBS and lysed in RIPA 
buffer (50 mM Tris–Cl pH 7.4, 150 mM NaCl, 1% NP40, 0.25% Na- 
deoxycho late and 1 mM phenylmethyls ulfonyl fluoride) supple- 
mented with 1% protease inhibitor and 3% phosphatase inhibitor 
cocktails. After denaturation in Laemmli buffer (60 mM Tris–Cl
pH 6.8, 2% SDS, 10% glycerol, 5% b-mercaptoethano l, 0.01% bromo- 
phenol blue), equal amounts of protein (30 lg) were subjected to 
SDS–PAGE electrophor esis followed by electroblot to nitrocellul ose 
membran es. After blocking and washing, the membranes were 
incubate d overnight with the primary antibodie s, washed again 
and further incubated with the secondary antibodies. Immunode- 
tection was performed using the enhanced chemiluminescen ce 
(ECL) detection kit (Amersham, UK) for HRP-couple d secondar y
antibodie s. b-Actin served as a loading control. 

2.6. Caspase-3 activity 

After treatments, cells were washed twice with PBS, lysed, cen- 
trifuged, and the supernatants were incubated with the fluorogenic
caspase-3 substrate, Ac-DEVD-AFC. Fluorochrome release after 
peptide cleavage was determined kinetically at room temperat ure 
using a Victor X2 spectrophot ometer at k = 380 nm for excitation 
and k = 505 nm for emission (Perkin Elmer, Waltham, USA). Results 
are expressed as Units/mg protein, as originally described by Nich- 
olson et al. [14]. Sanguinarine (5 lM), a flavonoid known to induce 
apoptosis [15], was used as a positive control. 

2.7. Colony formation assay 

The potential to induce clonogenic death was evaluated accord- 
ing to Franken et al. [16]. Cells (500/well) were treated for 24 h
with the respective treatments . They were then washed twice with 
warm PBS and fresh medium was added. After 10–12 days, cells 
were stained with crystal violet and colonies with more than 
50 cells were counted. 

2.8. Electron paramagneti c resonance (EPR)

Phenylam inonaphthoqui nones and ASC were solubilized at 
10–100 lM and 1 mM, respectively . EPR spectra were obtained at 
X-band (9.785 GHz) on a Bruker EMX spectromete r equipped with 
a variable temperat ure controlle r, BVT-300 0, using 5 mW micro- 
wave power, a modulation frequency of 100 kHz and a modulation 
amplitud e of 0.63 G. The recording of EPR spectra was started 
1 min after inserting a sample into the cavity. The scan time was 
20.9 s. All spectra were collected at 37 �C as previously reported 
[7].

2.9. Senescence assays 

Cells were exposed for 24 h to Q7 (10 lM) or Q9 (4 lM), alone 
or with 1 mM ASC. Induction of senescence was assessed by mea- 
suring SA- b-galactosidas e (b-Gal) activity using the senescence 
cells histochemic al staining kit from Sigma–Aldrich (USA) and 
accordin g to the procedures described by the manufac turer. Cell 
staining and morphology were assessed by microscop y. Images 
were captured by the Motics Image Plus 2.0 software (Ted Pella 
Inc., Redding, USA). We used an arbitrary quantitat ive analysis to 
record the number of b-Gal positive stained cells in each experi- 
mental condition. Briefly, b-Gal positive cells were counted by ana- 
lyzing approximately 30 cells for each magnified field (X) and 10 
fields were taken into account. Data were recorded as percentage 
of senescent cells. 
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The role of MAPK in cell senescence was evaluated using the 
MAPK inhibitors previously reported for the cytotoxic ity assays 
(point 2.3).

2.10. Data analysis 

The in vitro assays were performed in triplicate and repeated 
three times independen tly. Data were recorded as means ± stan- 
dard deviation or percentages. Data were analyzed by the ANOVA 
test followed by the Bonferroni test. Comparisons were assessed 
using GraphPad Prism software (San Diego, USA). Values of 
p < 0.05 were considered to be statistically significant. 

3. Results 

3.1. Ascorbate-dr iven Q7/Q9-redox cycling inhibits cell growth and 
induces necrotic-like cell death in T24 cells 

T24 cells treated for 24 h with Q7 or Q9 loss their ability to re- 
duce MTT and ASC enhanced this quinone cytotoxicity (Fig. 1a). In 
the case of Q9 + ASC, the decreased ability to reduce MTT may be 
associated with a cytolytic effect, as shown by the almost 40% cell 
death shown using the Trypan blue exclusion test (Fig. 1b). The cell 
death is likely to have been necrosis, because we were unable to 
detect any caspase activation in cells incubated with quinones 
alone or with ASC either by immunoblo tting to detect the cleavage 
of the PARP protein, a well-known substrate of caspase-3 (Fig. 1c),
or using a fluorochrome substrate (DEVDase activity) indicating 
peptide cleavage (Supplement ary Table 1S ). In contrast, sanguina- 
rine provoked the cleavage of both the DEVD peptide and the PARP 
protein.

A potentiati ng effect of ASC was also observed on cell prolifera- 
tion, as measured by a clonogen ic assay (Fig. 2a and b). The anti- 
proliferative effect of Q9 (1 lM) was stronger than that of Q7
(2.5 lM), regardless of the absence or presence of ASC. Indeed, 
Fig. 1. Ascorbate-driven Q7/Q9-redox cycling impairs cell functionality and induces nec
1 mM ASC (24 h) on the ability of T24 cells to reduce MTT. (B) Effect of Q7 and Q9 (10 l
without 1 mM ASC. (C) Effects of Q7 and Q9 on the integrity of PARP protein. Immunobl
alone (10 lM) or with 1 mM ASC, as reported in Section 2. Sanguinarine (SANG) at 5 l
experiments. Statistical differences at p < 0.05 compared to untreated control cells (a) o
Q9 + ASC inhibited cell growth by 85% compared to Q7 + ASC, 
which inhibited cell growth by only 35%. ASC thus enhances qui- 
none redox cycling, likely as a result of its reducing power. To con- 
firm this effect, we analyzed the formation of ascorbyl radical using 
EPR spectroscop y (Fig. 2c). According to the previous hypothesis 
and in agreement with the above results, the association of 
Q9 + ASC showed an EPR signal correspond ing to ascorbyl radical 
with a stronger intensity than that produced by Q7 + ASC. Indeed, 
compare d to the signal detected in the presence of ASC alone, 
Q9 + ASC increased the signal by 4.5-fold whereas Q7 + ASC in- 
creased it only 3.5-fold. 
3.2. Quinones plus ASC affect the distributio n of cells across the cell 
cycle without changes in the amount of key proteins regulatin g the cell 
cycle at different check points 

Because of the remarkable inhibitory effect of phenylami no- 
naphthoq uinones plus ASC on cancer cell growth, we investigated 
at which level of the cell cycle this inhibition takes place. Fig. 3a
shows that after 72 h of incubation, there was a significant increase 
in the number of cells at G2/M in cells treated with Q7 + ASC 
(21.1% ± 1.85) compare d to controls (16.4% ± 0.35). Conversely, 
when cells were incubated with Q9 + ASC, a marked decrease 
(10.7% ± 3.10) was observed. These results suggest that the cell cy- 
cle is affected at the G2/M level. No changes in the distribution of 
cells were noted with shorter incubation times of 24 and 48 h
(Supplement ary Fig. 1S ).

We further investiga ted whether the association of qui- 
nones + ASC affects some of the key proteins involved in cell cycle 
regulatio n, namely p53, p21, p27 and survivin (Fig. 3b). Q7 alone or 
with ASC did not modify the expression of p53 or survivin, whereas 
the amounts of p27 and p21 were decreased at early incubation 
times. With longer incubation times (72 h), there was a slight trend 
to increased amounts of p21 but the relevance of this modification 
remains unclear. Regarding Q9 alone or with ASC, the amounts of 
rotic-like cell death in T24 cells. (A) Effects of Q7 and Q9 (1–50 lM) alone or with 
M) on the viability of T24 cells (Trypan blue exclusion) incubated for 24 h with or 

ots were performed on whole cell homogenates after 24 h treatment with quinones 
M was used for the positive control. Results are means ± SEM from three separate 
r between the treatments performed with quinone alone or with ASC (b).



Fig. 2. Ascorbate-driven Q7/Q9-redox cycling inhibits T24 cell proliferation. (A, B) T24 cells were treated for 24 h with Q7 (2.5 lM) and Q9 (1.0 lM) alone or with ASC 
(1 mM). Cells were then washed with warm PBS, given fresh medium and allowed to grow for 10 days. Clonogenic survival was determined by staining colonies using crystal 
violet. (C) EPR spectra of free ascorbyl radical intensity in the presence of Q7 or Q9 (10 and 100 lM) alone or with 1 mM ASC. Results are means ± SEM from three separate 
experiments. Statistical differences at p < 0.05 compared to untreated control cells (a) or between the treatments performed with quinone alone or with ASC (b).

Fig. 3. Effects of quinones + ASC on cell cycle distribution and on key proteins regulating the cell cycle. Changes in T24 cell cycle progression induced by Q7 (5.0 lM) or Q9
(4.0 lM) alone or with 1 mM ASC for 72 h. Cells were pretreated with nocodazole (30 ng/ml, 14 h) prior to the treatments. (A) The percentage cell populations in G0/G1, S and 
G2/M were measured. (B) Effects of Q7 (5.0 lM) or Q9 (4.0 lM) alone or with 1 mM ASC on cell cycle protein markers. Immunoblots were performed after 6, 12, 24, 48 and 
72 h-treatments. 
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all 4 proteins were generally decreased and, therefore, these 
proteins cannot be associate d with the diminuti on in the number 
of cells in G2/M that we detected after 72 h (Fig. 3a).

3.3. Incubation of cells with quinones plus ASC reveals a senescent 
phenotype of T24 cancer cells but protein kinase inhibitors block 
progression to this senescent -like state 

Fig. 4 shows the cytochemical detection of b-Gal activity, an en- 
zyme activity only detected in senescent cells but not in pre-senes- 
cent, quiescent or immortal cells [17]. Indeed, a large number of 
cells were positivel y stained in cells incubate d for 24 h with Q9
alone or with ASC, (additional results of cells incubate d with ASC 
alone or in the presence of Q7 are shown in Supplement ary 
Fig. 2S ). In addition, T24 treated-cells appeared larger than those 
under control conditions. The count of b-Gal positive cells in- 
creased from 23% to 75% when comparing Q9 alone to Q9 + ASC. 
Fig. 4 also shows that the JNK inhibitor (SP600125) blocked the 
progression of cells to this senescent-like state, suggesting that 
MAPK may be involved in both senescence and cytotoxicity. Never- 
theless, in cells incubated for 24 h with quinones + ASC in the pres- 
ence of MAPK inhibitors (PD98054, SB202190 and SP600125), the 
cytotoxicity was slightly affected (Supplementary Fig. 3S ). Regard- 
ing the MAPKs status in T24 cancer cells, it appears that Q7 + ASC 
led to an activation of ERK1/2 but had little effects on JNK. Mean- 
while, Q9 + ASC induced the activation of stress pathways (p38 and 
JNK) but the degree of activation of ERK1/2 was the same as with 
Q9 alone (Supplementary Fig. 3S ).

4. Discussion 

Since quinones can undergo redox cycling, we investigated their 
biological effects in the presence of ASC. We focused our study on 
cell proliferation , trying to identify the mechanis ms underlying the 
inhibition of cell growth by quinones. We explored the points at 
which the cell cycle is arrested and hypothesize d about a possible 
explanation as well as the consequences of such an effect. 
Fig. 4. Quinones + ASC reveal a senescent phenotype of T24 cells and SP600125, a JNK pro
represent cytochemical staining of T24 cells incubated for 24 h in the absence (control
(1 mM) + SP600125 (20 lM), respectively. Cells were counted as reported in Section 2. R
p < 0.05 compared to untreated control cells (a) or between the treatments performed w
Indeed, Q7 and Q9 are both cytotoxic against T24 cells, as 
shown by the dose-dependent inhibitory effect on metaboli c com- 
petence and cell growth capacity. We observed that ASC strongly 
increased the cytotoxicity effects of both quinones. As expected, 
ASC enhanced quinone redox cycling as shown by the signal inten- 
sity of ascorbyl EPR spectra. From this result, Q9 appears to be a
better redox cycler than Q7. This finding may explain why Q9, at 
the same concentratio n (10 lM), induced necrotic-lik e cell death, 
as measured by cell counting using Trypan Blue exclusion. Indeed, 
neither Q7 nor Q9 were able to activate caspase-3, as shown by the 
absence of DEVDase activity and PARP cleavage. 

Because of the strong inhibitory effect of the quinones on cell 
growth, we investiga ted their effects on the cell cycle. Quinones 
alone did not induce any changes in the number of cells at each cell 
cycle phase. However, in the presence of ASC, the most relevant ef- 
fect was a substanti al decrease in the number of cells at the G2/M 
phase. Western-blot analysis of p53, p21, p27 and survivin, all in- 
volved in the regulation of the cell cycle at different check-points, 
did not provide any information about a putative role of these pro- 
teins in cell growth inhibition by quinones. 

A limitless replicative potential is one of the functional capabil- 
ities acquired by cancer cells during their developmen t [18]. Cell 
cycle arrest thus represents an important barrier to cancer cell 
growth, which cells avoid in order to continue their proliferation .
The observed morphologi cal changes induced by quinones + ASC 
tend to associate the inhibition of cell growth (i.e., arrested cancer 
cells) with a senescent- like state. Indeed, interference in the cell 
cycle leads to senescence in cancer cells because cancer is a pro- 
senescent state and cell cycle arrest simply allows its manifesta- 
tion [19]. In this context, the activation of growth-promo ting path- 
ways (i.e., MAPK and PI3K/mTOR) is one strategy cancer cells use to 
insure their development. Interestin gly, these pathways are also 
involved in the senescent phenotype [20,21]. Our results show that 
Q9 + ASC-trea ted cells displayed a senescent phenotype in which 
MAPKs, particularly p38 and JNK, may play a role. Since cellular 
senescence is believed to represent a natural tumor suppressor 
mechanis m, senescence-i nducing drugs may be effective (either
tein kinase inhibitor, blocks the progression to this senescent-like state. The figures
) and in the presence of Q9 (4 lM), Q9 (4 lM) + ASC (1 mM) and Q9 (4 lM) + ASC 
esults are means ± SEM from three separate experiments. Statistical differences at 
ith quinone alone or with ASC (b).
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alone or combined with standard therapeutic approaches) to re- 
duce tumor growth and limit toxicity to normal cells. On the other 
hand, confirming the induction of a senescent phenotype, it should 
be noted that cells treated with Q7 or Q9 alone or associated with 
ASC were resistant to apoptosis. Interestin gly, although senescent 
cancer cells do not prolifera te under oxidative stress, this implies 
that they may retain their metabolic capacitie s, facilitating cancer 
cell survival [22]. Nevertheless, this possibility is unlikely because 
cell impairment by quinones + ASC leads ultimately to cell death. 

Finally, the differenc e in biological activity between Q7 [2-(4-
hydroxyanili no)-1,4-naphthoquinone] and Q9 [2-(4-methoxyanili- 
no)-1,4-naphthoquinone] can be attributed to the higher 
stabilization of the semiquinon e radical species arising from reduc- 
tion of Q9 in the presence of ASC compare d to the radical species 
generated from Q7. This assumption is supported by the half-wave 
potentials of Q7 (�775 mV) and Q9 (�856 mV), which reveal the 
stronger electron donating capacity of the 4-methoxyanili no group 
in Q9 compared to the 4-hydroxya nilino substituent in Q7. It is 
interesting to note the influence of the stability of semiquinon e
radical species, which allows concentration levels to be maintained 
within the redox cycling process which are essential to support 
ROS generation. This fact, together with the higher lipophilicity 
of Q9 (logP = 1.43; Q7 logP = 1.17) probably favors a comparative ly 
greater cellular uptake and ROS formation during the quinone re- 
dox cycling. 

We conclude that redox cycler phenylaminon aphthoquinones 
inhibit the proliferation of cancer cells in the presence of ASC. This 
process involves a senescent cancer phenotype, which provokes 
changes in MAPK signaling pathways and impairs cell function, 
ultimately leading to necrotic cell death. 
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