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Introduction

Hsp90 is an emerging target of
therapeutic interest for the treat-
ment of cancer[1] and other dis-
eases.[2] As a chaperone protein,
Hsp90 is essential in ensuring
the correct conformation, activi-
ty, intracellular localization, and
proteolytic turnover for a range
of proteins that are involved in
cell growth, differentiation, and
survival.[3] Among 200 reported
client proteins dependent upon
Hsp90 machinery, 48 are directly
associated with oncogenesis.[4]

Hsp90 protein functionality may
be inhibited by molecules that
compete with ATP binding and
thereby freeze the chaperone
cycle, which in turn decreases the affinity of Hsp90 for client
proteins and leads to proteasome-mediated oncogenic client
protein degradation. Hsp90 inhibitors block cancer cell prolifer-
ation in vitro and cancer growth in vivo.[5] Several structurally
distinct Hsp90 inhibitors, either as single agents or in combina-
tion with other cancer drugs, are currently under evaluation
for anticancer activity in numerous phase II and several pha-
se III clinical trials.[6]

A previous hypothesis suggested the presence of two ATP
binding sites on the Hsp90 protein.[7] The N-terminal ATP bind-
ing pocket of Hsp90 is also the binding site for the structurally
unrelated natural products geldanamycin (GA) and radicicol
(RD) (Figure 1). The C-terminal domain has been implicated

biochemically as the site of a possible second, cryptic, ATP
binding site within Hsp90. Its contribution to the overall regu-
lation of chaperone function is not clear, but the antibiotic no-

Heat shock protein 90 (Hsp90) is a significant target in the de-
velopment of rational cancer therapy, due to its role at the
crossroads of multiple signaling pathways associated with cell
proliferation and viability. Here, a novel series of Hsp90 inhibi-
tors containing a quinolein-2-one scaffold was synthesized and
evaluated in cell proliferation assays. Results from these struc-
ture–activity relationships studies enabled identification of the
simplified 3-aminoquinolein-2-one analogue 2 b (6BrCaQ),

which manifests micromolar activity against a panel of cancer
cell lines. The molecular signature of Hsp90 inhibition was as-
sessed by depletion of standard known Hsp90 client proteins.
Finally, processing and activation of caspases 7, 8, and 9, and
the subsequent cleavage of PARP by 6BrCaQ, suggest stimula-
tion of apoptosis through both extrinsic and intrinsic path-
ways.

Figure 1. GA, RD, Nvb, 4TCNA, DHTCNA and general structure of the synthesized compounds A.
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vobiocin (Nvb, Figure 1) has been reported to bind this site
and alter the conformation of the chaperone.[8] Although it
binds with poor affinity, Nvb destabilizes Hsp90 client proteins
at high concentrations (~700 mm).[7a] A better understanding of
the role of this putative Hsp90 C-domain site in regulating the
function of the chaperone, as well as its potential as an anti-
cancer drug target, requires further investigation. The identifi-
cation of more potent site-specific inhibitors is needed and has
led to the development of specific C-terminal Hsp90 inhibitors
as potential anticancer therapeutics.

Recently, we reported a novel series of simplified 3-amino-
coumarin analogues related to Nvb as a class of highly potent
Hsp90 inhibitors.[9] Removal of the noviose moiety, in addition
to the introduction of a tosyl substituent at C4 of the coumarin
nucleus, resulted in lead compound 4TCNA. Furthermore, we
showed that removal of coumarin nucleus substituents at C7
and/or C8 is not detrimental to Hsp90 inhibitory activity
(Figure 1), as DHTCNA exhibits increased inhibitory activity
against the Hsp90 protein folding process.[9b] Preliminary re-
sults regarding their mode of action reveal that these lead
compounds possess Hsp90 inhibitory activity at least 15-fold
higher than that of Nvb with regard to the proteasome-medi-
ated degradation of estrogen receptor, HER2, Raf-1, and
Cdk4.[10] They also induce a high level of apoptosis in a panel
of human cancer cell lines by activation of caspases and subse-
quent cleavage of poly(ADP-ribose) polymerase (PARP).[11] In
addition to these noteworthy pro-apototic properties, 4TCNA
was found to mediate cell death in a p23-independent process.
These results demonstrate that the simplified Nvb-like deno-
viose coumarins present structural originality in comparison to
the already known Nvb osidic analogues.

In our continuing efforts to discover novel Hsp90 inhibi-
tors,[9–12] and in combination with our previous structure–activi-
ty relationship (SAR) studies, a library of quinolein-2-one deriv-
atives was designed to probe the essential moieties of the Nvb
coumarin nucleus. We proposed to construct 4TCNA and
DHTCNA analogues with the coumarin core modified into a
quinolein-2-one scaffold of type A (Figure 1). As coumarin iso-
steres, quinolein-2-ones are known to display a broad range of
biological activities.[13] Additionally, the quinolein-2-one nucleus
may circumvent the low solubility of coumarin-based com-
pounds and improve interactions in the putative ATP binding
site. Furthermore, a quinolone lactame would probe the im-
portance of hydrogen bond donors/acceptors at this position.
The activity of such compounds will provide insight into inter-
actions that are essential or that can be further optimized. The
design, synthesis, and evaluation of such compounds are de-
scribed in this article. Potencies of newly synthesized quino-
lone derivatives were evaluated using several biological assays,
including cell proliferation and flow cytometry, in addition to
their ability to induce proteasome-mediated degradation of
HER2 (also known as ErbB2/Neu), Raf-1, Cdk4, and estrogen re-
ceptor (ERa). Among these synthetic derivatives, compound
2 b (6BrCaQ) exhibited the most potent inhibitory activity with
regard to the proliferation of various cancer cells.

Results and Discussion

Chemistry

The first library of target compounds consists of simplified 3-
(N-substituted) aminoquinolin-2(1H)-ones 2 without substitu-
ents at the C4 position of the heterocycle nucleus (Scheme 1).
These analogues were synthesized by the palladium-catalyzed

C�N coupling reaction of nitrogen nucleophiles with 3-bromo-
quinolin-2-(1H)-ones 1 according to our previously reported
conditions.[14] The reactions occur rapidly in 1,4-dioxane and
proceed in good to excellent yields with palladium acetate as
a catalyst, xantphos as a ligand, and cesium carbonate as a
base. Under these conditions, this convergent protocol provid-
ed a series of simplified aminoquinolin-2(1H)-ones 2 a–j with
varied substituents at position 3 (Scheme 1).

Throughout the course of our studies, we decided to pre-
pare 4TCNA and DHTCNA analogues with a quinolein-2-one
scaffold of type A (R4 = OTs). To this end, the synthesis of qui-
nolin-2(1H)-ones 9 was pursued by palladium-catalyzed cou-
pling of 3-bromo-4-tosylquinolone 6 a with benzamides
(Scheme 2, path I). All attempts to react 6 a with 4-methoxy-
benzamide to provide 9 a directly, using various combinations
of palladium/ligand/base mixtures, were unsuccessful, likely
due to steric considerations. Therefore, we decided to prepare
our target compounds (9) under standard amide bond forma-
tion conditions, starting from the intermediate 4-tosyl-3-
amino-quinolone 8 a (Scheme 2, path II). This latter compound
was prepared according to a nitration[15]/tosylation/reduction
sequence from commercially available 4-hydroxyquinolone 3 a.
However, the coupling reaction of 8 a to 4-methoxybenzoic
acid in the presence of PyBop[9] or EDCI[16] failed, and starting
material was recovered unchanged. We hypothesized that,
through this route, the 4-tosyl substituent interfered with the
outcome of the peptidic coupling.

To circumvent this drawback, an alternative synthetic path-
way to the desired quinolones 9 was devised in which the
peptidic coupling precedes the 4-tosylation reaction
(Scheme 2, path III). This synthesis was initiated by direct re-
duction of the 3-nitro functionality of compound 4, using Pd/
C-catalyzed hydrogenation. The resulting amine adduct 10 is
very unstable due to its photosensitivity, as was previously re-
ported,[17] and must be used immediately without further pu-
rification. Coupling of 10 with a series of carboxylic acid deriva-
tives in the presence of PyBop and DIEA in DMF at room tem-

Scheme 1. Synthetic strategy to target 3-(N-substituted) aminoquinolin-
2(1H)-ones 2. Reagents and conditions : a) Pd(OAc)2 (2.5 mol%), Xantphos (2.5
mol%), Cs2CO3 (2 equiv), dioxane, 100 8C, 46–95%.
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perature gave amides 11 a–k in low to moderate yields (13–
60 %).

To avoid direct manipulation and purification of the unstable
coupling partner, we instead considered a one pot hydrogena-
tion/peptidic coupling sequence, as it would be economically
and environmentally advantageous over multistep synthesis. In
a typical experiment, we achieved this transformation sequen-
tially by first combining intermediate 4 with Pd/C in THF under
hydrogen atmosphere. After completion, PyBop, DIEA, and aro-
matic or aliphatic carboxylic acids were introduced in a second
step at room temperature for 12 h. We were pleased to ob-
serve that the one pot reaction worked very well using this
protocol and provided the desired 3-amidoquinolones 11 a–k
in good to excellent overall yields (49–94 %). Finally, synthesis
of target substances 9 a–k was achieved by tosylation reaction
of intermediates 11 a–k using tosyl chloride and triethylamine
in dichloromethane as the solvent. These compounds were ob-
tained in excellent yields (70–98 %).

Biology

Antiproliferative activity

Upon completion of syntheses, the in vitro activity of quino-
lone derivatives 2 a–j and 9 a–k was evaluated by their growth
inhibitory potency in MCF-7 cell line at 100 mm concentration.
Quantification of cell survival was established using MTT assays
after 72 h exposure (Table 1), and GI50 values were determined
by the concentration required to produce 50 % inhibition
(Table 2).

As shown in Table 1, simplified 3-(N-substituted) aminoqui-
nolin-2(1H)-ones 2 b and 2 c, as well as 2 e–h, resulted in a sig-
nificant decrease (10–33 %) in MCF-7 cell viability. Under expo-
sure to 2 b or 2 h at 100 mm concentration, the viability of
MCF-7 cells decreased to almost 10 % (Table 1). Analogue 2 a
only slightly affected the growth of MCF-7 cells (89 % survival)
as compared to 2 b (10 % survival), clearly suggesting that the
presence of a bromine atom at the C6 position of the quino-
lone nucleus is important for cell viability. A comparison of
amide-containing analogue 2 a with 2 f–h revealed that intro-
duction of an alkylamine chain at C3 of the heterocycle results
in a significant decrease in MCF-7 cell viability. In contrast to
analogues 2, compounds with a tosyl group at the C4 position
of the quinolone moiety exhibited only slight effects toward
the growth of MCF-7 cells, and only two of these analogues,
9 i and 9 j, were able to decrease MCF-7 cell viability to 17–
37 %.

Next, growth inhibitory activities against MCF-7 breast
cancer cells were measured for the selected 3-(N-substituted)
aminoquinolin-2(1H)-ones. All of the compounds shown in
Table 2 are more potent cell growth inhibitors in comparison
to Nvb, except for 9 f, which has an aliphatic amide chain. 4-
Tosylquinolone analogue 9 e, with a 2-indole carboxamide side
chain, exhibited approximatively twofold greater growth inhib-
ition activity than that of 9 i, which in turn is nearly fourfold
more active than Nvb. Interestingly, 9 j, which has a free quino-
lone lactame, displays potent growth inhibitory activity at the
micromolar level (GI50 = 8 mm), suggesting that activity increas-
es as hydrogen bond donor/acceptor properties of the inhibi-
tor increases. Of the six selected C4-unsubstituted quinolone
derivatives, 2 b and 2 c demonstrated significant ability to in-

Scheme 2. Synthetic strategies to target 3-amidoquinolin-2(1H)-one derivatives 9. Reagents and conditions : a) Br2, AcOH, 74 %; b) TsCl, Et3N, CH2Cl2 ; c) AcOH,
HNO3, 88–94 %; d) TsCl, Et3N, CH2Cl2, 95 %; e) Fe, AcOH, EtOH/H2O (5:2), 67 %; f) Onepot: 1. H2, Pd/C, cat. HCl, THF; 2. R3COOH, PyBOP, DIPEA, 49–94 % (two
steps) ; g) H2, Pd/C, MeOH; h) R3COOH, PyBOP, DIPEA, DMF, 13–60 %; i) R4SO2Cl, Et3N, CH2Cl2, 70–98 %.
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hibit cell growth. Compound 2 b (6-bromo-3-[4-methoxyphe-
nylcarboxamide]-quinolein-2-one, 6BrCaQ) was the most cyto-
toxic against the MCF-7 cell line.

Next, 6BrCaQ was evaluated for its cytotoxic activity against
six other cancer cell lines, including human ductal breast epi-
thelial cancer (T47D), human ovarian cancer (IRGOV-1), endo-
metrial cancer (Ishikawa), human colon cancer (HT-29 and
Caco-2), and human breast cancer (MDA-MB231). The results of
this study, summarized in Table 3, revealed that compound
6BrCaQ inhibited the growth of all tested tumor cell lines, with
GI50 values ranging from 2 to 32 mm, and this effect was not
dependent on cell type. The Ishikawa endometrial and MDA-
MB231 ER-negative breast cancer cell lines were significantly
more sensitive (GI50 ~2-3 mm), while the HT-29 colon cancer
cell line was less responsive (GI50 = 32 mm), to growth inhibition

by 6BrCaQ. In comparison, 4TCNA and Nvb exerted significant-
ly less ability to inhibit proliferation of all cell lines, with GI50

values ranging from 43 to 62 and from 115 to 475 mm, respec-
tively. Consequently, the quinolone scaffold appears to be a
suitable replacement for the coumarin core in this series with
regard to antiproliferative activity.

Proteasome-mediated ERa degradation

In order to confirm that the growth inhibitory activity dis-
played by these quinolinone derivatives was a consequence of
Hsp90 inhibition, the most cytotoxic compounds, 6BrCaQ and
9 j, were incubated with MCF-7 cells (24 h at 100 mm), then the
cell extracts were subjected to Western blot analyses. Given
that inhibition of Hsp90 leads to proteasome-mediated degra-

Table 1. Antiproliferative effect of 2 a–j and 9 a–k derivatives against MCF-7 cells.

Compd Viability[a]

[%]
Compd Viability[a]

[%]
Compd Viability[a]

[%]

2 a 89 2 h 12 9 e 50

2 b 10 2 i 51 9 f 50

2 c 22 2 j 96 9 g 55

2 d 90 9 a 82 9 h 112

2 e 33 9 b 84 9 i 37

2 f 32 9 c 57 9 j 17

2 g 20 9 d 65 9 k 77

[a] Value of the anti-proliferative effect (% of viable cells compared to untreated cells 100 %) of analogues 2 a–j and 9 a–k in MCF-7 cells at 100 mm concentration.

ChemMedChem 2011, 6, 804 – 815 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 807

Evaluation of Hsp90 inhibitor 6BrCaQ

www.chemmedchem.org


dation of client proteins, we first questioned if the selected
compounds could affect the stability of the transcription factor
ER, which is a Hsp90 client protein. As shown in Figure 2 a, qui-
nolones 6BrCaQ and 9 j are able to induce proteasome-mediat-
ed loss of ERa protein, suggesting inhibition of Hsp90 and dis-
ruption of heteroprotein complexes. The activity of these two
compounds was inhibited by proteasome inhibitor MG-132.
Notably, analogues 2 c, 2 e, 2 g, and 9 e, which displayed GI50

values of 10 to 30 mm (Table 2), proved to be inactive with
regard to proteasome-mediated ERa degradation (data not
shown). These data suggest that these analogues may selec-
tively affect different Hsp90/client protein complexes than do
4TCNA and DHTCNA. In dose–response analysis (shown in Fig-
ure 2 b), compounds 6BrCaQ and 9 j both induced concentra-
tion-dependent degradation of Hsp90 client protein ERa. The
antiproliferative activities (6BrCaQ, GI50 = 7 mm ; 9 j, GI50 = 8 mm)
correlate well to the concentrations needed to induce Hsp90
client protein degradation, directly linking Hsp90 inhibition to
cell viability.

To provide additional evidence that the growth inhibitory
activity manifested by 6BrCaQ and 9 j resulted from Hsp90 in-
hibition, 6BrCaQ and 9 j were evaluated for their ability to
induce degradation of other Hsp90-dependent client proteins,
including Her2, Raf-1, and Cdk4, the most widely studied mo-
lecular signatures indicative of Hsp90 blockade. As depicted in
Figure 3 a, exposure to 6BrCaQ resulted in degradation of Her2,
Cdk4, and Raf-1 at levels similar to 4TCNA treatment. The non-
Hsp90-dependent protein NS was not affected by 6BrCaQ, indi-
cating selective degradation of Hsp90-dependent clients. Ex-
pression of Raf-1, a key signalling protein in the Ras-MAP
kinase pathway, was affected to a greater extent by 6BrCaQ in
a concentration-dependent manner as compared to 4TCNA
(Figure 3 b). Raf-1 levels were significantly decreased at rela-
tively low concentrations of 6BrCaQ (~7 mm, Figure 3 c). The

Table 2. Antiproliferative effects of selected compounds 2 and 9 in MCF-
7 human breast cancer cells.

Compd GI50 [mm] (MCF-7)[a]

2 b (6BrCaQ) 7
2 c 10
2 e 18
2 f 60
2 g 27
2 h 45
9 e 30
9 f 100
9 i 70
9 j 8
DHTCNA 35
4TCNA 50
Novobiocin 260

[a] GI50 = concentration of compound needed to reduce cell growth by
50 % following 72 h cell treatment with the tested drug (average of three
experiments). Values are the mean of two independent experiments in
which no more than 5.5 variations were measured.

Table 3. Cytotoxic activity of selected compounds 6BrCaQ, 4TCNA, and
Nvb.

GI50 [mm][a]

6BrCaQ 4TCNA Nvb

MCF-7[b] 7 50 260
T47D[b] 15 40 115
IGROV-1[b] 5 43 360
Ishiwaka[b] 2 50 300
HT-29[b] 32 45 150
MDA-MB-231[b] 2 45 220
Caco-2[b] 8 62 475

[a] GI50 = concentration of compound needed to reduce cell growth by
50 % following 72 h cell treatment with the tested drug (average of three
experiments). [b] T47D = human ductal breast epithelial cancer; IRGOV-
1 = human ovarian cancer ; Ishiwaka = endometrial cancer ; HT-29 and
Caco-2 = human colon cancer; MCF-7 = human breast cancer, and MDA-
MB-231 = hormone-independent breast cancer. [c] GI50 values for 4TCNA
and Nvb were determined in this study.

Figure 2. a) Effects of quinolone analogues 6BrCaQ, 9 j, 4TCNA, and DHTCNA
on ERa stability. MCF-7 cells were grown and exposed to 100 mm Hsp90 in-
hibitors 6BrCaQ, 9 j, 4TCNA, and DHTCNA as described in the Experimental
Section in the presence (+) or absence (�) of proteasome inhibitor MG132
(5 mm) for 24 h, and cell lysates were analyzed by Western blotting with
regard to levels of ERa. DMSO was used as a control ; NS = nonspecific pro-
tein band detected under these conditions which served as a control for
constant protein loading; b) Dose–response of ERa fate following exposure
of MCF-7 cells to increasing concentrations of 6BrCaQ and 9 j for 16 h. Cells
were cultured and treated, with cell lysates analyzed as above.
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anti-proliferative activity of 6BrCaQ (IC50 = 7 mm, Table 2) corre-
lates well to the concentration needed to induce Hsp90/Raf-1
client protein degradation. These data suggest that 6BrCaQ
may exhibit a different affinity and mechanism of action to-
wards various Hsp90/client protein complexes. Overall, these
results are in agreement with previous studies showing that
the various client protein kinases are not equally responsive to
Hsp90 inhibitors, and that sensitivity may depend on the inter-
action of each kinase interacts with Hsp90 and the cochaper-
one cdc37.[18]

Upon comparison with 6BrCaQ, it was surprising to note
that the compound exhibiting the second highest cytotoxicity,
9 j, does not induce any degradation of client proteins Her2,
Cdk4, and Raf-1 (data not shown), suggesting that 9 j exhibits
its biological activity through a different mode of action than
was previously described for compounds 6BrCaQ, 4TCNA, and
DHTCNA. Importantly, 6BrCaQ and compound 9 j can be con-
sidered compounds which affect various clusters of Hsp90
client proteins as suggested for celastrol, which preferentially
affects the Hsp90–cdc37 interaction.[19]

Flow cytometry analysis

Cell cycle arrest was assessed in MCF-7 cancer cells following
6BrCaQ treatment for 48 h and 72 h. As shown in Table 4, treat-
ment with 6BrCaQ at a concentration of 100 mm affected cell
cycle progression of MCF-7 cells, and resulted in cell cycle
arrest in the G2/M phase, similarly to 4TCNA. The subG1 phase,
which represents apoptotic or necrotic cells, was found to be
significantly increased upon 6BrCaQ exposure as compared to
the control (29.5 % versus 7.4 %, respectively). Prolonged incu-
bation with compound 6BrCaQ (72 h) increases the subG1

phase to 47 % without further changes in G2/M phase as com-
pared to 48 h treatment. These data reveal that 6BrCaQ is a
more potent inducer of G2/M arrest and apoptosis in MCF-7
cell line than 4TCNA.

Caspase involvement in 6BrCaQ-induced apoptosis of MCF-7
cells and PARP cleavage

In light of the finding that 6BrCaQ potently induced apoptosis,
we next investigated the extent to which this effect involved
extrinsic or intrinsic pathways. Apoptosis can be initiated by
various means, such as stimulation of cell surface death recep-
tors upon specific ligand or antibody binding (extrinsic path-
way), perturbation of mitochondrial function (intrinsic path-
way), or triggering by autoactivation of initiator caspases (e.g. ,
8 and 9), which in turn activate effector caspases (e.g. , 3 and
7).[20] Although MCF-7 cells lack procaspase 3,[21] Liang et al.
showed that in these cells, the apoptotic pathway was able to
proceed via sequential activation of caspase 9, followed by
that of caspases 7 and 6.[22] Since caspase 7 can be activated
by both intrinsic and extrinsic apoptotic pathways, we ana-
lyzed processing of caspases 9 and 8, respectively. Upon expo-
sure of MCF-7 cells to 6BrCaQ, cleavage of poly(ADP-ribose)
polymerase (PARP), a marker of mitochondrial apoptosis, was
detected as early as 24 h and gradually increased after 48 h
and 72 h of treatment (Figure 4 b). Consequently, activation of
caspase 7, responsible for PARP cleavage in MCF-7 cells, was
observed to progress throughout the 72 h exposure to 6BrCaQ
(A1, Figure 4 a). Moreover, activation of caspases 8 and 9, de-
tected in 6BrCaQ treated samples, indicated that apoptosis
was triggered through intrinsic and extrinsic pathways (A2 and
A3, Figure 4 a). This result differentiates 6BrCaQ from reference
compound 4TCNA, which was found to initiate only the extrin-
sic pathway of apoptosis through caspase 8.[9a] Thus, 6BrCaQ

Table 4. Flow cytometry analysis of MCF-7 cells treated with analogue
6BrCaQ (100 mm) for 48 h and 72 h.[a]

Compd SubG1 G2/M [%]
48 h 72 h 48 h

DMSO 7.4 4.5 13.4
4TCNA 28.8 43.2 20.6

6BrCaQ 29.5 47.0 48.0

[a] Data represent percentage of cells in subG1 and G2/M phases of the
cell cycle. Values are the mean of two independent experiments in which
no more than 2.5 variations were measured.

Figure 3. a) Western blot analysis of Hsp90-dependent client proteins Her-2,
Raf-1, and Cdk-4 from MCF-7 breast cancer cell lysates upon treatment with
100 mm 6BrCaQ in the presence (+) or absence (�) of MG132 (5 mm). DMSO
was used as a control. NS = nonspecific protein that served as an internal
loading control ; b) Dose–response of Raf-1 fate following exposure of MCF-
7 cells to increasing concentrations of 6BrCaQ for 16 h. Cells were cultured
and treated, with cell lysates analyzed by Western blotting with regard to
Raf-1 levels.
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appears to be a more potent inducer of apoptosis than
4TCNA.

As we established that 6BrCaQ promotes apoptosis through
activation of caspases and subsequent cleavage of PARP, we
next questioned whether 6BrCaQ also affects the expression of
p23, which may be associated with apoptosis.[23] Indeed, the
cochaperone p23 associates with Hsp90 in complexes contain-
ing client proteins (i. e. , steroid receptors), different from those

in which the cochaperone cdc37 is found (i. e. , onco-
genic kinases). In addition, association with Hsp90
protects p23 from cleavage.[23c] As illustrated in Fig-
ure 5 A, exposure of MCF-7 cells to 6BrCaQ induced
cleavage of Hsp90-associated p23. This activity may
be crucial for Hsp90 inhibition, since p23 was recent-
ly reported to exert a protective effect against Hsp90
inhibitors.[24] Moreover, targeting p23 in addition to
Hsp90 may be beneficial for a vast majority of
human malignancies that express telomerase.[25]

Finally, we were interested in determining the
effect of 6BrCaQ in the autophagy process. Autopha-
gy is involved in programmed cell death (PCD) II,
which is characterized by the accumulation of auto-
phagic vesicles (autophagosomes and autophagoly-
sosomes) and is often observed when massive cell
elimination is required or when phagocytes do not
have easy access to dying cells. A recent study sug-
gests that autophagy may cause cell death.[26] Cas-
pase inhibitor-induced autophagic cell death is se-
verely affected by RNA interference (RNAi) involving
expression of ATG7 and beclin 1, two genes whose
products are essential for autophagy.[27] Moreover, it
may assist in preventing or halting the progression of
some diseases, such as various types of neurodegen-
eration and cancer.[26]

MCF-7 cells were treated with compound 6BrCaQ
at a concentration of 100 mm, and Western blot anal-
ysis revealed that 6BrCaQ led to significant increases

in the ratio of autophagosomal markers LC3II/LC3I (Figure 5 b).
The expression of LC3II gradually increased over the duration
of treatment. From these results, we conclude that 6BrCaQ can
indeed induce an autophagic process. Whether this process
orients cells toward survival or apoptosis is under current in-
vestigation, but preliminary results (not shown) suggest that
6BrCaQ may trigger cell death through a number of pathways
in which autophagy has a prominent role.

Conclusions

In summary, we have synthesized and biologically evaluated a
new series of 3-(N-substituted)aminoquinolin-2(1H)-one deriva-
tives. From these SAR studies, 6BrCaQ was found to display
the most potent antiproliferative activity against a panel of
cancer cell lines and to manifest downregulation of several
Hsp90 client proteins. Morever, 6BrCaQ induced a high level of
apoptosis in MCF-7 breast cancer cells by activation of caspas-
es and the subsequent cleavage of PARP. In addition to these
noteworthy pro-apoptotic properties, only 6BrCaQ, in contrast
to 9 j, was found to mediate cell death in a p23-independent
process. Together, these data suggest that compounds from
this family of Hsp90 inhibitors may target different clusters of
Hsp90 client proteins.

Figure 4. Effects of 6BrCaQ on caspase activation and PARP cleavage. a) MCF-7 cells were
cultured overnight with DMSO or 100 mm compound 6BrCaQ, and cell lysates (20 mg pro-
tein) were fractionated by SDS-PAGE (12 % acrylamide) followed by Western blotting.
DMSO was used as a control. NS = nonspecific protein that served as an internal loading
control ; b) PARP cleavage following exposure of MCF-7 cells to 6BrCaQ for 16 h. Cell ly-
sates were analyzed by SDS-PAGE (8 % acrylamide) and subjected to Western blot analy-
sis using an anti-PARP antibody.

Figure 5. a) Effect of 6BrCaQ on the expression of p23 in MCF-7 cancer cells.
MCF-7 cells were cultured with DMSO or compound 6BrCaQ (100 mm) for
24 h, and cell lysates (10 mg protein) were fractionated by SDS-PAGE (12 %
acrylamide) and subjected to Western blot analysis using a JJ3 antibody.
DMSO was used as a control. NS = nonspecific protein that served as an in-
ternal loading control ; b) Effect of 6BrCaQ on the expression of autophagy-
linked proteins by Western blot. LC3I = cytoplasmic form of autophagosome
marker LC3; LC3II = form associated with the autophagosome.
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Experimental Section

Chemistry

Melting points (mp) were recorded on a B�chi B-450 apparatus
and are uncorrected. NMR spectra were collected on a Bruker AMX
200 (1 H, 200 MHz ; 13C, 50 MHz), Bruker AVANCE 300, or Bruker
AVANCE 400 (1 H, 400 MHz ; 13C, 100 MHz). Unless otherwise
stated, CDCl3 was used as a solvent. Chemical shifts (d) are report-
ed in parts per million (ppm), and the following abbreviations are
used: singlet (s), doublet (d), triplet (t), multiplet (m), quintet (q),
broad doublet (bd), broad multiplet (bm), broad triplet (bt), and
broad singlet (bs). Elemental analyses (C, H, N) were performed by
the microanalyses service of the Faculty of Pharmacy at Ch�tenay-
Malabry (France) and were within 0.4 % of the theorical values oth-
erwise stated. Mass spectra were obtained using a Bruker Esquire
electrospray ionization apparatus.

Materials : DMF distilled from BaO, CH2Cl2 distilled from CaH2, and
usual solvents were purchased from SDS (Paris, France). Liquid
chromatography was performed on Merck silica gel 60 (70/30
mesh), and TLC was performed on silica gel, 60F-254 (0.26 mm
thickness) plates. Visualisation was achieved with UV light and
phosphomolybdic acid reagent unless otherwise stated. Protea-
some inhibitor MG132 was obtained from Sigma and used at 5 mm

concentration. All other reagents were of high grade and were
used without further purification. Analogues 2 a–j were prepared
according to our previously reported procedure.[14b]

Preparation of compound 3 b : POCl3 (14 mL) was added dropwise
to a suspension of 3-anisidine (8 mL, 71 mmol) and malonic acid
(7.4 g, 71 mmol). The suspension was heated for 1–2 h to 100 8C,
then the mixture was poured into ice/water, and the precipitate
was filtered, dissolved in aq NaOH (2 n), and filtered again. The so-
lution was acidified with HCl (2 n), filtered by suction, washed with
water, and dried to give a 4:1 mixture of the 5-methoxy- and 7-me-
thoxy-4-quinolone isomers. The crude residue was purified with
difficulty by column chromatography on silica gel (CH2Cl2/MeOH,
95:5) to yield desired quinolone 3 b as a beige solid (5.5 g, 40 %);
Rf = 0.35 (CH2Cl2/MeOH, 95:5); mp: >300 8C (Lit. : >300 8C); 1H NMR
(300 MHz, [D6]DMSO): d= 11.18 (bs, 1 H), 11.03 (s, 1 H), 7.67 (d, 1 H,
J = 8.8 Hz), 6.76–6.72 (m, 2 H), 5.58 (s, 1 H), 3.79 ppm (s, 3 H);
13C NMR (75 MHz, [D6]DMSO): d= 163.8, 162.5, 161.3, 140.9, 124.1,
109.7, 108.7, 97.8, 95.8, 55.2 ppm; IR (neat): ñ= 2921, 1669, 1628,
1603, 1553, 1509, 1468, 1437, 1381, 1330, 1264, 1247, 1232, 1215,
1184, 1151, 1094, 1016, 862, 829, 804, 733, 632, 594, 579 cm�1; MS
(APCI+): m/z : 192.0 [M+H]+ .

General protocol for nitration : HNO3 (70 %, 9 mmol) was added
dropwise to a suspension of 4-hydroxyquinolin-2(1H)-one 1
(6 mmol) in glacial acetic acid (10 mL). The mixture was heated at
90 8C for 1–2 h, then cooled to RT. The solid was collected by filtra-
tion and thoroughly washed with Et2O.

Compound 4 a : Yellow solid (1.76 g, 93 %); Rf = 0.28 (CH2Cl2/MeOH,
8:2) ; mp: 158–160 8C (Lit. : 159–161 8C); 1H NMR (300 MHz,
[D6]DMSO/CD3OD): d= 8.12 (dd, 1 H, J1 = 8.1 Hz, J2 = 1.4 Hz), 7.76 (t,
1 H, J = 8.4 Hz), 7.57 (d, 1 H, J = 8.5 Hz), 7.38 (t, 1 H, J = 7.6 Hz),
3.60 ppm (s, 3 H); 13C NMR (75 MHz, [D6]DMSO/CD3OD): d= 155.3,
154.1, 138.9, 133.4, 127.1, 124.8, 122.5, 115.2, 114.5, 29.2 ppm; IR
(neat): ñ= 1663, 1617, 1590, 1525, 1418, 1196, 867, 763, 662, 576,
564 cm�1; MS (APCI+): m/z : 221.2 [M+H]+ .

Compound 4 b : Orange solid (450 mg, 73 %); Rf = 0.34 (CH2Cl2/
MeOH, 8:2) ; 1H NMR (300 MHz, [D6]DMSO): d= 11.80 (s, 1 H), 7.94
(d, 1 H, J = 9.0 Hz), 6.89 (dd, 1 H, J1 = 9.0 Hz, J2 = 2.2 Hz), 6.78 (d, 1 H,

J = 2.2 Hz), 3.83 ppm (s, 3 H); 13C NMR (75 MHz, [D6]DMSO): d=
163.3, 157.5, 155.9, 140.4, 126.3, 125.1, 111.6, 107.2, 98.1, 55.5 ppm;
IR (neat): ñ= 2845, 1670, 1597, 1520, 1478, 1429, 1395, 1319, 1268,
1248, 1222, 1192, 1159, 1108, 1016, 968, 836, 813, 785, 693, 661,
640 cm�1; MS (APCI+): m/z : 237.2 [M+H]+ .

Compound 4 c : Orange solid (1.07 g, 42 %); Rf = 0.16 (CH2Cl2/
MeOH, 8:2); mp: 236–238 8C (Lit. : 216 8C); 1H NMR (300 MHz,
[D6]DMSO): d= 12.00 (bs, 1 H), 10.96 (bs, 1 H), 8.05 (d, 1 H, J =
8.0 Hz), 7.67 (t, 1 H, J = 7.4 Hz), 7.35 (d, 1 H, J = 8.3 Hz), 7.30 ppm (t,
1 H, J = 7.7 Hz); 13C NMR (75 MHz, [D6]DMSO): d= 156.3, 155.7,
138.0, 133.0, 127.1, 124.4, 122.2, 115.8, 114.0 ppm; IR (neat): ñ=
2847, 1667, 1605, 1525, 1480, 1438, 1411, 1186, 1165, 1145, 1114,
1027, 891, 790, 764, 753, 666, 613 cm�1; MS (APCI�): m/z : 204.9
[M�H]+ .

Preparation of compound 8 a : A stirred suspension of 7 a
(930 mg, 2.48 mmol) and Fe powder (1.2 g, 21 mmol) in a mixture
of EtOH (10 mL), acetic acid (10 mL), water (4 mL), and HCl (37 %, 5
drops) was stirred vigorously at reflux. After 2.5 h, the reaction mix-
ture was cooled and filtered through Celite. The filtrate was diluted
with saturated aq NaHCO3 and extracted with CH2Cl2 (3 � 10 mL).
The combined organic layers were dried over Na2SO4 and evapo-
rated, and the residue was further purified by flash chromatogra-
phy to yield the desired 4-tosyl-3-aminoquinolone 8 a as a white
solid (570 mg, 67 %); Rf = 0.53 (CH2Cl2/EtOAc, 95:5) ; mp: 127–
129 8C; 1H NMR (300 MHz, CDCl3): d= 7.85 (d, 2 H, J = 8.2 Hz), 7.38–
7.16 (m, 5 H), 7.05 (td, 1 H, J1 = 8.0 Hz), 4.65 (bs, 2 H), 3.68 (s, 3 H),
2.38 ppm (s, 3 H); 13C NMR (75 MHz, [D6]DMSO): d= 158.2, 146.1,
132.4, 131.6, 130.3 (2 C), 129.9, 128.2 (2 C), 127.6, 125.9, 122.5,
119.9, 117.9, 114.5, 30.1, 21.2 ppm; IR (neat): ñ= 3455, 3338, 1621,
1589, 1468, 1418, 1349, 1306, 1259, 1194, 1178, 1124, 1091, 1055,
1007, 847, 814, 772, 746, 732, 700, 666, 633, 617, 593 cm�1; MS
(APCI+): m/z : 345.0 [M+H]+ .

General protocol for one pot amide formation : A round-bot-
tomed flask, protected from light by an aluminium sheet, was
charged with 10 % Pd/C (110 mg), 4-hydroxy-3-nitroquinolone 4
(1 mmol), concd HCl (12 n, few drops), and freshly distilled dry THF
(7 mL). The flask was sealed and purged with three vacuum/nitro-
gen cycles. The vacuum outlet was then replaced with two hydro-
gen balloons, and the reaction was stirred at RT for 8 h until com-
pletion, as determined by TLC. Next, DIPEA (10 equiv) was added
dropwise under nitrogen atmosphere. The coupling agent PyBOP
(1.2 mmol) and the appropriate acid (1.2 mmol) were added por-
tionwise. This operation was done under protection from light.
After the mixture stirred for 12 h at RT, EtOAc was added, and the
combined organic layers were filtered through a plug of Celite,
flushing with EtOAc. After concentration under vacuum, the organ-
ic layer was washed once with aqueous HCl (1 m) and twice with
brine, dried over Na2SO4, and concentrated under vacuum. The
crude residue was purified by column chromatography on silica
gel to yield the corresponding amide 11 a–i.

Compound 11 a : Yellow solid (133 mg, 60 %); Rf = 0.34 (cyclohex-
ane/EtOAc, 6:4) ; mp: 197–199 8C; 1H NMR (300 MHz, CDCl3): d=
13.28 (s, 1 H), 9.47 (s, 1 H), 8.19 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.5 Hz), 7.96
(d, 2 H, J = 8.9 Hz), 7.57 (ddd, 1 H, J1 = 8.6 Hz, J2 = 7.2 Hz, J3 = 1.5 Hz),
7.35–7.29 (m, 2 H), 6.92 (d, 2 H, J = 8.9 Hz), 3.81 (s, 3 H), 3.70 ppm (s,
3 H); 13C NMR (75 MHz, CDCl3): d= 166.2, 163.3, 159.9, 148.8, 136.6,
130.3, 129.6 (2 C), 124.7, 124.4, 122.6, 117.4, 114.2 (2 C), 113.7, 109.4,
55.5, 30.0 ppm; IR (neat): ñ= 3321, 2927, 1736, 1644, 1591, 1568,
1534, 1499, 1464, 1415, 1375, 1356, 1312, 1258, 1178, 1120, 1089,
1027, 897, 838, 749, 673, 651, 613, 581, 557 cm�1; MS (APCI+): m/z :
325.1 [M+H]+ .
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Compound 11 b : Pale yellow solid (157 mg, 60 %); Rf = 0.41
(CH2Cl2/EtOAc, 9:1) ; mp: 184–186 8C; 1H NMR (300 MHz, CDCl3):
d= 13.01 (s, 1 H), 9.39 (s, 1 H), 8.09 (d, 1 H, J = 8.3 Hz), 7.48 (t, 1 H, ,
J = 8.3 Hz), 7.30–7.17 (m, 2 H), 7.11 (s, 2 H), 3.88 (s, 6 H), 3.85 (s, 3 H),
3.67 ppm (s, 3 H); 13C NMR (75 MHz, CDCl3): d= 166.4, 159.9, 153.5
(2 C), 149.0, 142.2, 136.7, 130.6, 127.5, 124.8, 122.8, 117.4, 113.8,
109.3, 105.0 (2 C), 61.1, 56.5 (2 C), 30.1 ppm; IR (neat): ñ= 3325,
2927, 1650, 1611, 1585, 1537, 1499, 1461, 1415, 1376, 1360, 1339,
1234, 1182, 1128, 1093, 1006, 910, 848, 775, 751, 679, 655, 632,
579, 566 cm�1; MS (ESI+): m/z : 407.4 [M+Na]+ .

Compound 11 c : White solid (200 mg, 94 %); Rf = 0.59 (cyclohex-
ane/EtOAc, 6:4) ; mp: 189–191 8C; 1H NMR (300 MHz, CDCl3): d=
13.02 (s, 1 H), 9.52 (s, 1 H), 8.18 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.5 Hz), 8.01
(dd, 2 H, J1 = 8.8 Hz, J2 = 5.2 Hz), 7.57 (ddd, 1 H, J1 = 8.5 Hz, J2 =
7.2 Hz, J3 = 1.5 Hz), 7.34 (d, 1 H, J = 8.5 Hz), 7.32 (t, 1 H, J = 7.6 Hz),
7.19 (t, 2 H, J = 8.5 Hz), 3.76 ppm (s, 3 H); 13C NMR (75 MHz, CDCl3):
d= 165.6, 165.5 (d, 1 C, JCF = 254.6 Hz), 159.7, 148.9, 136.6, 130.5,
130.1 (d, 2 C, JCF = 9.2 Hz), 128.4 (d, 1 C, JCF = 2.3 Hz), 124.7, 122.7,
117.2, 116.1 (d, 2 C, JCF = 22.1 Hz), 113.7, 109.1, 30.0 ppm; IR (neat):
ñ= 3244, 1614, 1597, 1572, 1542, 1503, 1463, 1421, 1366, 1346,
1315, 1236, 1165, 1088, 1045, 973, 895, 841, 808, 751, 695, 670,
641, 603, 570 cm�1; MS (APCI+): m/z : 313.0 [M+H]+ .

Compound 11 d : Yellow solid (166 mg, 80 %); Rf = 0.31 (cyclohex-
ane/EtOAc, 6:4) ; mp: 199–201 8C; 1H NMR (300 MHz, CDCl3): d=
12.73 (s, 1 H), 9.34 (s, 1 H), 8.09 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.4 Hz), 7.69
(dd, 1 H, J1 = 3.8 Hz, J2 = 1.1 Hz), 7.55 (dd, 1 H, J1 = 5.0 Hz, J2 =
1.1 Hz), 7.48 (ddd, 1 H, J1 = 8.6 Hz, J2 = 7.1 Hz, J3 = 1.5 Hz), 7.27–7.19
(m, 2 H), 7.09 (dd, 1 H, J1 = 5.0 Hz, J2 = 3.8 Hz), 3,68 ppm (s, 3 H);
13C NMR (75 MHz, CDCl3): d= 161.4, 159.6, 148.7, 136.8, 136.6,
132.4, 130.5, 130.1, 128.3, 124.8, 122.7, 117.3, 113.8, 109.1,
30.1 ppm; IR (neat): ñ= 3289, 1646, 1612, 1587, 1536, 1509, 1468,
1417, 1376, 1358, 1315, 1282, 1238, 1164, 1117, 1057, 1046, 995,
972, 890, 853, 837, 820, 774, 754, 716, 698, 652, 592, 578 cm�1; MS
(APCI+): m/z : 301.1 [M+H]+ .

Compound 11 e : Yellow solid (190 mg, 80 %); Rf = 0.45 (cyclohex-
ane/EtOAc, 6:4) ; mp: 286–288 8C; 1H NMR (300 MHz, [D6]DMSO):
d= 11.88 (s, 1 H), 11.54 (bs, 1 H), 9.67 (s, 1 H), 8.05 (dd, 1 H, J1 =
8.0 Hz, J2 = 1.3 Hz), 7.75–7.65 (m, 2 H), 7.57 (d, 1 H, J = 8.3 Hz), 7.51
(dd, 1 H, J1 = 7.7 Hz, J2 = 0.6 Hz), 7.45 (s, 1 H), 7.35 (t, 1 H, J = 7.9 Hz),
7.26 (t, 1 H, J = 8.2 Hz), 7.10 (t, 1 H, J = 7.9 Hz), 3.69 ppm (s, 3 H);
13C NMR (75 MHz, [D6]DMSO): d= 161.1, 159.6, 152.2, 137.5, 137.0,
130.9, 130.3, 127.0, 124.1, 123.5, 122.0, 121.9, 120.1, 116.0, 114.6,
112.4, 108.5, 105.1, 29.5 ppm; IR (neat): ñ= 3353, 1647, 1586, 1537,
1417, 1352, 1250, 1094, 791, 739, 646, 571 cm�1; MS (ESI+): m/z :
356.1 [M+Na]+ .

Compound 11 f : Ochre solid (93 mg, 49 %); Rf = 0.54 (cyclohexane/
EtOAc, 5:5) ; mp: 117–119 8C; 1H NMR (300 MHz, CDCl3): d= 12.80
(s, 1 H), 8.67 (bs, 1 H), 8.03 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.1 Hz), 7.45
(ddd, 1 H, J1 = 8.6 Hz, J2 = 7.2 Hz, J3 = 1.5 Hz), 7.21–7.16 (m, 2 H), 3.62
(s, 3 H), 2.42 (t, 2 H, J = 7.5 Hz), 1.72 (six, 2 H, J = 7.4 Hz), 0.95 ppm (t,
3 H, J = 7.4 Hz); 13C NMR (75 MHz, CDCl3): d= 173.7, 159.6, 148.8,
136.6, 130.4, 124.7, 122.6, 117.3, 113.7, 109.2, 38.7, 30.0, 19.3,
13.6 ppm; IR (neat): ñ= 3261, 2925, 1741, 1639, 1613, 1586, 1566,
1527, 1459, 1407, 1376, 1342, 1313, 1246, 1159, 1094, 1039, 976,
895, 741, 725, 689 cm�1; MS (APCI+): m/z : 261.2 [M+H]+ .

Compound 11 g : Grey solid (161 mg, 22 %); Rf = 0.28 (CH2Cl2/
EtOAc, 8:2) ; mp: 311–313 8C; 1H NMR (300 MHz, [D6]DMSO): d=
11.75 (s, 1 H), 11.23 (bs, 1 H), 9.60 (s, 1 H), 7.91 (dd, 1 H, J1 = 8.0 Hz,
J2 = 0.8 Hz), 7.53 (t, 1 H, J = 8.3 Hz), 7.38 (s, 2 H), 7.35 (d, 1 H, J =
8.1 Hz), 7.22 (t, 1 H, J = 8.0 Hz), 3.88 (s, 6 H), 3.75 ppm (s, 3 H);
13C NMR (75 MHz, [D6]DMSO): d= 166.0, 160.3, 153.9, 152.6 (2 C),

140.6, 136.7, 130.4, 128.4, 123.0, 121.6, 115.4, 115.0, 109.3, 105.6
(2 C), 60.1, 56.1 ppm (2 C); IR (neat): ñ= 3339, 2835, 1651, 1611,
1583, 1543, 1503, 1483, 1465, 1433, 1396, 1364, 1335, 1276, 1237,
1192, 1127, 1040, 1001, 930, 893, 856, 812, 755, 731, 669, 652 cm�1;
MS (APCI+): m/z : 370.0 [M+H]+ .

Compound 11 h : Yellow solid (25 mg, 68 %); Rf = 0.87 (CH2Cl2/
EtOAc, 9:1) ; mp: 196–198 8C; 1H NMR (300 MHz, CDCl3): d= 13.30
(s, 1 H), 9.34 (s, 1 H), 8.09 (d, 1 H, J = 8.0 Hz), 7.70–7.60 (m, 2 H),
7.49–7.44 (m, 1 H), 7.28–7.16 (m, 2 H), 6.78 (dd, 1 H, J1 = 9.2 Hz, J2 =
2.0 Hz), 3.68 (s, 3 H), 2.77 (t, 2 H, J = 6.6 Hz), 1.77 (t, 2 H, J = 6.6 Hz),
1.29 ppm (s, 6 H); 13C NMR (75 MHz, CDCl3): d= 166.5, 159.9, 158.4,
148.7, 136.5, 130.3, 129.7, 127.2, 124.7, 123.2, 122.6, 121.3, 117.8,
117.5, 113.7, 109.5, 75.6, 32.4, 30.0, 26.93 (2 C), 22.4 ppm; IR (neat):
ñ= 3310, 2926, 1644, 1607, 1567, 1526, 1484, 1416, 1370, 1352,
1315, 1269, 1234, 1153, 1184, 1120, 1086, 936, 888, 875, 838, 746,
673, 650, 595, 579 cm�1; MS (ESI+): m/z : 401.0 [M+Na]+ .

Compound 11 i : Yellow solid (38 mg, 78 %); Rf = 0.50 (cyclohexane/
EtOAc, 6:4) ; mp: 180–182 8C; 1H NMR (400 MHz, CDCl3): d= 13.30
(s, 1 H), 9.44 (s, 1 H), 8.19 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.0 Hz), 7.76 (dd,
1 H, J1 = 8.5 Hz, J2 = 2.2 Hz), 7.62 (d, 1 H, J = 2.2 Hz), 7.56 (t, 1 H, J =
8.4 Hs), 7.35–7.29 (m, 2 H), 6.85 (d, 1 H, J = 8.5 Hz), 6.38 (d, 1 H, J =
9.9 Hz), 5.70 (d, 1 H, J = 9.9 Hz), 3.77 (s, 3 H), 1.47 ppm (s, 6 H);
13C NMR (100 MHz, CDCl3): d= 166.2, 159.9, 157.1, 148.8, 136.5,
131.6, 130.3, 129.0, 126.0, 124.7, 124.3, 122.6, 121.4, 121.1, 117.4,
116.6, 113.7, 109.4, 77.6, 30.0, 28.3 ppm (2 C); IR (neat): ñ= 3302,
2925, 1645, 1604, 1529, 1484, 1416, 1373, 1276, 1194, 1166, 1127,
1085, 953, 740, 713, 682, 649, 563 cm�1; MS (ESI+): m/z : 399.2
[M+Na]+ .

General protocol for tosylation : Et3N (2 mmol) was added drop-
wise to an ice-cooled solution of 11 (1 mmol) in dry CH2Cl2 (20 mL)
under argon atmosphere. After the mixture stirred for 10 min, p-
TsCl (1.5 mmol) was added portionwise under argon. After the mix-
ture stirred for 4–12 h at RT, EtOAc was added and the organic
layer was washed with aq HCl (1 m), dried over Na2SO4, and con-
centrated under vacuum. The crude was purified by column chro-
matography on silica gel to yield 4-tosylquinolones 7 a and 9 a–k.

Compound 7 a : Yellow solid (93 mg, 95 %); Rf = 0.49 (CH2Cl2) ; mp:
198–200 8C; 1H NMR (300 MHz, CDCl3): d= 8.05 (dd, 1 H, J1 = 8.2 Hz,
J2 = 1.2 Hz), 7.81 (d, 2 H, J = 8.4 Hz), 7.71 (ddd, 1 H, J1 = 8.7 Hz, J2 =
7.3 Hz, J3 = 1.5 Hz), 7.45–7.30 (m, 4 H), 3.70 (s, 3 H), 2.43 (s, 3 H);
13C NMR (75 MHz, CDCl3): d= 155.0, 147.2 (2 C), 146.6, 139.3, 134.3,
131.7, 130.3 (2 C), 128.6 (2 C), 127.0, 123.9, 115.3, 114.7, 30.6,
21.9 ppm; IR (neat): ñ= 1663, 1597, 1543, 1366, 1182, 1061, 874,
756, 736, 692, 660, 568, 540 cm�1; MS (APCI+): m/z : 374.9 [M+H]+ .

Compound 9 a : White solid (91 mg, 88 %); Rf = 0.39 (CH2Cl2/EtOAc,
9:1) ; mp: 169–171 8C; 1H NMR (400 MHz, CDCl3): d= 8.14 (s, 1 H),
7.93 (d, 1 H, J = 7.8 Hz), 7.75 (d, 2 H, J = 8.2 Hz), 7.64 (d, 2 H, J =
8.7 Hz), 7.56 (t, 1 H, J = 7.5 Hz), 7.36 (d, 1 H, J = 8.5 Hz), 7.29 (t, 1 H,
J = 7.6 Hz), 7.04 (d, 2 H, J = 8.1 Hz), 6.83 (d, 2 H, J = 8.7 Hz), 3.82 (s,
3 H), 3.73 (s, 3 H), 2.20 ppm (s, 3 H); 13C NMR (100 MHz, CDCl3): d=
163.7, 162.7, 160.4, 145.4, 144.5, 136.8, 134.0, 130.8, 129.8 (4 C),
128.0 (2 C), 125.4, 124.6, 123.3, 120.0, 118.1, 114.2, 113.5 (2 C), 55.5,
30.5, 21.6 ppm; IR (neat): ñ= 1637, 1599, 1487, 1357, 1252, 1171,
1065, 854, 755, 707, 617, 587, 548, 509 cm�1; MS (APCI+): m/z :
479.1 [M+H]+ .

Compound 9 b : White solid (50 mg, 88 %); Rf = 0.10 (CH2Cl2/EtOAc,
9:1) ; mp: 154–156 8C; 1H NMR (400 MHz, CDCl3): d= 8.34 (s, 1 H),
7.87 (d, 1H J = 8.0 Hz), 7.80 (d, 2 H, J = 8.2 Hz), 7.60 (t, 1 H, J =
7.4 Hz), 7.41 (d, 1 H, J = 8.5 Hz), 7.30 (t, 1 H, J = 7.6 Hz), 7.11 (d, 2 H,
J = 8.1 Hz), 7.04 (s, 2 H), 3.90 (s, 3 H), 3.88 (s, 6 H), 3.79 (s, 3 H),
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2.28 ppm (s, 3 H); 13C NMR (100 MHz, CDCl3): d= 164.1, 160.6,
153.0 (2 C), 145.8, 145.4, 141.6, 137.2, 133.9, 131.2, 129.8 (2 C),
128.5, 128.1 (2 C), 124.7, 123.4, 120.1, 118.0, 114.3, 105.4 (2 C), 61.0,
56.4 (2 C), 30.7, 21.6 ppm; IR (neat): ñ= 3276, 1650, 1623, 1596,
1523, 1487, 1416, 1367, 1333, 1230, 1193, 1182, 1122, 1078, 1015,
868, 834, 753, 734, 700, 665, 605, 559 cm�1; MS (APCI+): m/z : 539.1
[M+H]+ ; Anal. calcd for C27H26N2O8S (538.12): C 60.21, H 4.87, N
5.20; found: C 59.67, H 4.92, N 5.11.

Compound 9 c : Yellow solid (42 mg, 98 %); Rf = 0.57 (CH2Cl2/EtOAc,
9:1) ; mp: 195–197 8C; 1H NMR (300 MHz, CDCl3): d= 8.13 (s, 1 H),
7.82 (dd, 1 H, J2 = 8.1 Hz, J2 = 1.2 Hz), 7.70 (d, 2 H, J = 8.4 Hz), 7.67–
7.63 (m, 2 H), 7.52 (ddd, 1 H, J1 = 8.6 Hz, J2 = 7.2 Hz, J3 = 1.5 Hz), 7.33
(d, 1 H, J = 8.4 Hz), 7.23 (t, 1 H, J = 8.1 Hz), 7.02 (d, 2 H, J = 8.6 Hz),
6.97 (d, 2 H, J = 8.7 Hz), 3.70 (s, 3 H), 2.18 ppm (s, 3 H); 13C NMR
(75 MHz, CDCl3): d= 166.5 (d, 1 C, JCF = 253.1 Hz), 163.2, 160.2,
145.5, 144.9, 136.9, 133.9, 131.0, 130.2 (d, 2 C, JCF = 9.0 Hz), 129.7
(2 C), 129.2 (d, 1 C, JCF = 2.2 Hz), 127.9 (2 C), 124.6, 123.3, 119.7,
117.8, 115.3 (d, 2 C, JCF = 21.9 Hz), 114.1, 30.5, 21.5 ppm; IR (neat):
ñ= 1686, 1644, 1624, 1596, 1487, 1365, 1221, 1193, 1177, 1081,
852, 812, 742, 696, 657, 623, 588 cm�1; MS (APCI+): m/z : 467.1
[M+H]+ .

Compound 9 d : White solid (223 mg, 95 %); Rf = 0.34 (CH2Cl2/
EtOAc, 9:1); mp: 109–111 8C; 1H NMR (300 MHz, CDCl3): d= 8.06 (s,
1 H), 8.01 (dd, 1 H, J1 = 8.1 Hz, J2 = 1.2 Hz), 7.80 (d, 2 H, J = 8.3 Hz),
7.62 (ddd, 1 H, J1 = 8.6 Hz, J2 = 7.3 Hz, J3 = 1.4 Hz), 7.49 (dd, 1 H, J1 =
5.0 Hz, J2 = 1.0 Hz), 7.44–7.40 (m, 2 H), 7.35 (t, 1 H, J = 7.3 Hz), 7.09
(d, 2 H, J = 8.1 Hz), 7.04 (dd, 1 H, J1 = 5.0 Hz, J2 = 3.8 Hz), 3.79 (s, 3 H),
2.25 ppm (s, 3 H); 13C NMR (75 MHz, CDCl3): d= 160.2, 158.6, 145.5,
144.6, 138.0, 136.9, 133.9, 131.3, 131.0, 129.6 (3 C), 128.0 (2 C),
127.5, 124.8, 123.4, 119.2, 118.1, 114.1, 30.5, 21.6 ppm; IR (neat): ñ=
1645, 1623, 1596, 1496, 1418, 1362, 1277, 1191, 1175, 1078, 850,
815, 758, 734, 700, 655, 604 cm�1; MS (APCI+): m/z : 455.0 [M+H]+ .

Compound 9 e : White solid (32 mg, 73 %); Rf = 0.59 (CH2Cl2/EtOAc,
8:2) ; mp: 257–259 8C; 1H NMR (400 MHz, [D6]DMSO): d= 11.41 (s,
1 H), 9.59 (s, 1 H), 7.87 (d, 1 H. J = 7.9 Hz), 7.76 (td, 1 H, J1 = 8.4 Hz,
J2 = 1.1 Hz), 7.73 (d, 2 H, J = 8.4 Hz), 7.69 (d, 1 H, J = 8.6 Hz), 7.66 (d,
1 H, J = 8.0 Hz), 7.47–7.43 (m, 2 H), 7.23 (t, 1 H, J = 7.4 Hz), 7.11 (d,
1 H, J = 1.1 Hz), 7.08 (t, 1 H, J = 7.2 Hz), 7.02 (d, 2 H, J = 8.1 Hz), 3.74
(s, 3 H), 1.77 ppm (s, 3 H); 13C NMR (100 MHz, [D6]DMSO): d= 159.6,
158.9, 147.6, 145.4, 137.4, 136.6, 132.9, 131.5, 130.3, 129.8 (2 C),
127.3 (2 C), 126.8, 123.8, 123.5, 123.0, 121.8, 120.1, 119.8, 116.7,
115.2, 112.3, 104.9, 30.2, 20.5 ppm; IR (neat): ñ= 3255, 1645, 1626,
1599, 1538, 1366, 1252, 1192, 1177, 1074, 855, 734, 700, 653,
608 cm�1; MS (APCI+): m/z : 488.1 [M+H]+ .

Compound 9 f : Yellow solid; (28 mg, 70 %); Rf = 0.13 (cyclohexane/
EtOAc, 5:5) ; mp: 163–165 8C; 1H NMR (300 MHz, CDCl3): d= 7.78 (d,
2 H, J = 8.3 Hz), 7.65 (dd, 1 H, J1 = 8.1 Hz, J2 = 0.9 Hz), 7.49 (t, 1 H, J =

8.5 Hz), 7.29 (d, 1 H, J = 8.6 Hz), 7.28 (d, 2 H, J = 8.0 Hz), 7.22 (bs,
1 H), 7.16 (t, 1 H, J1 = 8.1 Hz), 3.68 (s, 3 H), 2.40 (s, 3 H), 2.06 (t, 2 H,
J = 7.8 Hz), 1.55 (sext, 2 H, J = 7.4 Hz), 0.89 ppm (t, 3 H, J = 7.4 Hz);
13C NMR (75 MHz, CDCl3): d= 170.5, 160.2, 145.8, 144.8, 137.0,
133.9, 130.8, 129.9 (2 C), 128.3 (2 C), 124.4, 123.0, 119.7, 117.6, 114.0,
38.4, 30.4, 21.7, 18.5, 13.7 ppm; IR (neat): ñ= 3239, 2925, 1681,
1629, 1597, 1499, 1462, 1359, 1289, 1231, 1191, 1173, 1062, 1010,
865, 811, 745, 711, 650, 613, 590, 568, 559 cm�1; MS (APCI+): m/z :
415.1 [M+H]+ ; Anal. calcd for C21H22N2O5S (414.19): C 60.85, H 5.35,
N 6.76; found: C 60.22, H 5.58, N 6.70.

Compound 9 g : The reaction was carried out using a mixture of
THF/pyridine (1:1) as solvent to give a beige solid (66 mg, 32 %);
Rf = 0.44 (CH2Cl2/EtOAc, 8:2) ; mp: 218–220 8C; 1H NMR (300 MHz,
[D6]DMSO): d= 12.41 (s, 1 H), 9.60 (s, 1 H), 7.75 (d, 2 H, J = 8.2 Hz),

7.73–7.70 (m, 1 H), 7.63 (t, 1 H, J = 8.4 Hz), 7.43 (d, 1 H, J = 8.1 Hz),
7.33 (t, 1 H, J = 8.0 Hz), 7.15 (d, 2 H, J = 8.2 Hz), 7.09 (s, 2 H), 3.84 (s,
6 H), 3.76 (s, 3 H), 2.16 ppm (s, 3 H); 13C NMR (75 MHz, [D6]DMSO):
d= 163.5, 160.0, 152.2 (2 C), 148.8, 145.4, 140.3, 136.4, 133.1, 131.1,
129.8 (2 C), 127.9, 127.4 (2 C), 122.9, 122.6, 121.5, 116.1, 115.4, 105.5
(2 C), 60.0, 56.0 (2 C), 20.8 ppm; IR (neat): ñ= 2923, 1653, 1579,
1475, 1367, 1333, 1221, 1172, 1125, 1061, 1003, 919, 764, 745, 714,
667, 636, 614 cm�1; MS (APCI+): m/z : 525.1 [M+H]+ .

Compound 9 h : White solid (66 mg, 79 %); Rf = 0.46 (CH2Cl2/EtOAc,
9:1) ; mp: 126–128 8C; 1H NMR (300 MHz, CDCl3): d= 7.92 (s, 1 H),
7.88 (dd, 1 H, J1 = 8.1 Hz, J2 = 1.3 Hz), 7.70 (d, 2 H, J = 8.3 Hz), 7.50
(ddd, 1 H, J1 = 8.6 Hz, J2 = 7.3 Hz, J3 = 1.4 Hz), 7.42 (d, 1 H, J = 2.1 Hz),
7.32 (d, 1 H, J = 8.5 Hz), 7.31 (d, 1 H, J = 8.5 Hz), 7.24 (t, 1 H, J =
7.3 Hz), 7.00 (d, 2 H, J = 8.3 Hz), 6.66 (d, 1 H, J = 8.5 Hz), 3.69 (s, 3 H),
2.71 (t, 2 H, J = 6.7 Hz), 2.16 (s, 3 H), 1.75 (t, 2 H, J = 6.7 Hz),
1.28 ppm (s, 6 H); 13C NMR (75 MHz, CDCl3): d= 163.8, 160.3, 157.6,
145.3, 143.9, 136.6, 134.0, 130.6, 129.8, 129.7 (2 C), 128.0 (2 C),
127.2, 124.6, 124.3, 123.2, 120.6, 120.0, 118.2, 117.0, 114.0, 75.3,
32.5, 30.5, 26.9 (2 C), 22.3, 21.6 ppm; IR (neat): ñ= 3265, 1646, 1628,
1603, 1482, 1364, 1320, 1256, 1236, 1194, 1180, 1152, 1119, 1078,
1016, 949, 911, 866, 839, 814, 732, 700, 660, 608, 561 cm�1; MS
(APCI+): m/z : 533.1 [M+H]+ .

Compound 9 i : Yellow oil (19 mg, 87 %); Rf = 0.59 (CH2Cl2/EtOAc,
8:2) ; 1H NMR (300 MHz, CDCl3): d= 7.92 (d, 1 H, J = 1.1 Hz), 7.90 (s,
1 H), 7.69 (d, 2 H, J = 8.3 Hz), 7.53 (t, 1 H, J = 8.4 Hz), 7.38–7.24 (m,
4 H), 7.00 (d, 2 H, J = 8.4 Hz), 6.66 (d, 1 H, J = 8.4 Hz), 6.25 (d, 1 H, J =
9.9 Hz), 5.61 (d, 1 H, J = 9.9 Hz), 3.71 (s, 3 H), 2.17 (s, 3 H), 1.40 (s,
6 H); 13C NMR (75 MHz, CDCl3): d= 163.5, 160.3, 156.5, 145.4, 143.9,
136.6, 134.0, 131.3, 130.7, 129.7 (2 C), 129.1, 128.0 (2 C), 126.3,
125.3, 124.6, 123.3, 121.6, 120.6, 119.8, 118.2, 116.0, 114.1, 77.4,
30.5, 28.3 (2 C), 21.6 ppm; IR (neat): ñ= 3249, 2975, 1643, 1600,
1575, 1478, 1361, 1317, 1268, 1213, 1190, 1177, 1122, 1075, 1013,
960, 912, 870, 814, 741, 697, 671, 659, 636, 621, 608, 595, 584,
578 cm�1; MS (APCI+): m/z : 531.1 [M+H]+ .

Compound 9 j : The reaction was carried out using pyridine as sol-
vent to afford compound 9 j without purification from 3 b as a
yellow solid (20 mg, 15 % over three steps); Rf = 0.25 (CH2Cl2/EtOAc,
5:5) ; mp: 214–216 8C; 1H NMR (300 MHz, [D6]DMSO): d= 12.21 (s,
1 H), 9.16 (s, 1 H), 7.74 (d, 2 H, J = 8.3 Hz), 7.59 (d, 1 H, J = 9.0 Hz),
7.53 (d, 1 H, J = 2.1 Hz), 7.43 (dd, 1 H, J1 = 8.6 Hz, J2 = 2.1 Hz), 7.18
(d, 2 H, J = 8.3 Hz), 6.95 (dd, 1 H, J1 = 9.0 Hz, J2 = 2.4 Hz), 6.89 (d, 1 H,
J = 2.4 Hz), 6.69 (d, 1 H, J = 8.6 Hz), 3.85 (s, 3 H), 2.78 (t, 2 H, J =
6.5 Hz), 2.18 (s, 3 H), 1.82 (t, 2 H, J = 6.5 Hz), 1.32 ppm (s, 6 H);
13C NMR (75 MHz, [D6]DMSO): d= 163.9, 161.4, 160.4, 156.4, 149.0,
145.2, 138.2, 133.0, 129.8 (3 C), 127.4, (2 C), 127.1, 124.5, 124.1,
119.9, 118.8, 115.9, 111.6, 109.9, 98.0, 74.9, 55.5, 31.9, 26.5 (2 C),
21.7, 20.9 ppm; IR (neat): ñ= 1655, 1516, 1482, 1358, 1259, 1175,
1119, 1061, 946, 837, 736, 675 cm�1; MS (APCI+): m/z : 549.0
[M+H]+ .

Compound 9 k : White solid (40 mg, 96 %); Rf = 0.27 (CH2Cl2/EtOAc,
8:2) ; mp: 144–146 8C; 1H NMR (300 MHz, CDCl3): d= 8.34 (s, 1 H),
7.78 (dd, 1 H, J1 = 8.1 Hz, J2 = 1.0 Hz), 7.73 (dd, 1 H, J1 = 3.8 Hz, J2 =
1.2 Hz), 7.61–7.56 (m, 2 H), 7.41 (d, 1 H, J = 8.4 Hz), 7.27 (t, 1 H, J =
7.6 Hz), 7.13 (s, 2 H), 6.97 (dd, 1 H, J1 = 4.9 Hz, J2 = 4.0 Hz), 3.91 (s,
3 H), 3.90 (s, 6 H), 3.79 ppm (s, 3 H); 13C NMR (75 MHz, CDCl3): d=
164.3, 160.2, 153.0 (2 C), 144.4, 141.5, 137.0, 135.6, 135.5, 134.9,
131.0, 128.6, 127.7, 124.2, 123.2, 120.4, 117.4, 114.2, 105.2 (2 C),
61.0, 56.3 (2 C), 30.6 ppm; IR (neat): ñ= 3268, 1641, 1621, 1596,
1486, 1415, 1363, 1333, 1287, 1223, 1180, 1126, 1097, 1073, 1005,
920, 864, 827, 753, 727, 698, 669, 610, 584 cm�1; MS (APCI+): m/z :
531.0 [M+H]+ .
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Cell culture and drug treatment : MCF-7 (ER-positive) and MDA-MB-
231 (ER-negative) cells were grown in Dulbecco’s modified eagle
medium (DMEM, Lonza, Vervier, Belgium) supplemented with l-glu-
tamine (2 mm), penicillin (5 IU mL�1), streptomycin (50 IU mL�1),
10 % fetal calf serum (FCS), charcoal Norit A (1 %), and Dextran T70
(0.1 %) for 30 min at room temperature. The monosodium novobio-
cin salt was obtained from Sigma–Aldrich (St. Louis, MO, USA) and
proteasome inhibitor MG132 from Calbiochem (La Jolla, CA, USA).
Nvb was diluted in water, and coumarin analogues (10 mm stock
solutions) were diluted in DMSO. Drug treatments of cells were
performed over various time periods in the presence or absence of
MG132 (5 mm).

Quantification of cell survival/proliferation : Cells were seeded in 96-
well plates at 5 000 cells per well and, after 24 h, serial dilutions of
drugs were added. After 72 h, 500 mg mL�1 of 3-(4,5-dimethylthia-
zol-2-yl)-2,5diphenyltetrazolium bromide (MTT, Sigma–Aldrich) was
added to each well over 3 h at 37 8C. Medium was removed, and
MTT formazan crystals were dissolved in 100 mL DMSO, followed
by gentle agitation for 10 min. The absorbance of converted dye,
which directly correlates to the number of viable cells, was mea-
sured at 570 nm with background substraction at 650 nm using a
spectrophotometric microtiter reader (Metertech, S960, Fisher–Bio-
block, Illkirch, France). All determinations were carried out in sextu-
plate, with each experiment repeated three times. The percentage
of survival was calculated as the absorbance ratio of treated to un-
treated cells. IC50 values were determined as the drug concentra-
tions able to inhibit cell growth by 50 %, as compared with growth
of vehicle-treated cells.

Cell extracts and Western blots : Cells were grown to 50 % conflu-
ence in 60 mm dishes before exposure to various agents as indicat-
ed in the text and figure legends. Cells were rinsed in phosphate-
buffered saline (PBS), scraped into PBS, collected by centrifugation,
resuspended in ice-cold lysis buffer (50 mm Tris-HCl (pH 7.5),
150 mm NaCl, 1 mm EGTA, 10 % (v/v) glycerol, 1 % Triton X-100,
1.5 mm MgCl2, 10 mm NaF, 10 mm sodium pyrophosphate, and
1 mm Na3VO4) containing protease inhibitors (Complete reagent,
Roche Diagnostics, Indianapolis, IN), and kept on ice for 15 min
with occasional vortexing. Insoluble debris were removed by cen-
trifugation at 15 000 g for 5 min at 4 8C, and cell lysates were
boiled in Laemmli sample buffer for 3 min. TCEs were obtained
from pelleted cells by resuspension in lysis buffer for 30 min at 4 8C
and boiling for 5 min in Laemmli sample buffer. Protein concentra-
tion was determined using the Bio-Rad Assay. Equal amounts of
protein (20 mg) were fractionated by 8 % or 12 % SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto Immo-
bilon-P membranes (Millipore, Saint Quentin en Yvelines, France).
Membranes were blocked for 1 h at 37 8C with 10 % dry nonfat
milk in PBS containing 0.1 % Tween 20. ER was detected with the
D12 (ER epitope: amino acids 2–185) mouse monoclonal anti-ER
antibody (Santa Cruz, CA, USA) at 1 mg mL�1 in PBST/2 % milk over-
night at 4 8C. Antigen/antibody complexes were detected by incu-
bation with a biotinylated anti-mouse antibody, followed by revela-
tion with the avidin/peroxidase complex (Vectastain ABC Elite Kit,
Vector Laboratories, Inc. , Burlingame, CA). p23 was probed with a
biotinylated anti-mouse antibody, followed by revelation with the
avidin–peroxidase complex. Other primary antibodies, for HER2 (C-
18), Raf-1 (C-12), Cdk4 (C22), and PARP (F-2), were from Santa Cruz
and used at 1 mg mL�1. The JJ3 monoclonal antibody against p23
was a generous gift from D.O. Toft (Mayo Clinic, Rochester, MN).
The antigen/antibody complexes were detected with appropriate
secondary horseradish peroxidase-conjugated antibodies (Santa

Cruz). Blots were developed using the Immobilon Western Detec-
tion Reagent (Millipore). Depending on mobility of the proteins,
membranes were either stripped (1 h at 50 8C in a medium con-
taining 62.5 mm Tris-HCl pH 6.8, 2 % SDS, and 100 mm 2-mercap-
toethanol) or extensively washed before reprobing with different
primary antibodies. Equal protein loading was assessed by exami-
nation of the intensities of nonspecific (NS) signals elicited by the
commercial antibodies used that were unresponsive to treatments.
Flow cytometry analysis : Cells (1.3 � 105 cells mL�1) were cultured in
the presence or absence of novobiocin analogues at 100 mm. Nvb
at the same concentration served as a reference inhibitor. After
treatment for 48 and 72 h, cells were washed and fixed in PBS/
EtOH (30:70). For cytofluorometric examination, cells (104) were in-
cubated for 30 min in 0.2 % PBS/Triton X100, 1 mm EDTA, and
50 mg mL�1 propidium iodide (PI) in PBS, supplemented by RNase
(0.5 mg mL�1). The number of cells in the different phases of the
cell cycle was determined, and the percentage of apoptotic cells
was quantified. Analyses were performed with a FACS Calibur
(Becton Dickinson, Le Pont de Claix, France). Cell Quest software
was used for data acquisition and analysis.
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