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phosphotidylinositol-3-kinase/protein kinase B (PI3K/PKB)
pathways to induction of apoptosis by curcumin in breast cells
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Abstract

Following observations that curcumin inhibited proliferation (ICso = 1-5 uM), invasiveness and progression through S/G2/M phases of
the cell cycle in the non-tumourigenic HBL100 and tumourigenic MDA-MB-468 human breast cell lines, it was noted that apoptosis was
much more pronounced in the tumour line. Therefore, the ability of curcumin to modulate signalling pathways which might contribute to
cell survival was investigated. After pre-treatment of cells for 20 min, curcumin (40 uM) inhibited EGF-stimulated phosphorylation of the
EGFR in MDA-MB-468 cells and phosphorylation of extracellular signal regulated kinases (ERKs) 1 and 2, as well as ERK activity and
levels of nuclear c-fos in both cell lines. At a lower dose (10 uM), it also inhibited the ability of anisomycin to activate JNK, resulting in
decreased c-jun phosphorylation, although it did not inhibit JNK activity directly. In contrast, the activation of p38 mitogen activated
protein kinase (MAPK) by anisomycin was not inhibited. Curcumin inhibited basal phosphorylation of Akt/protein kinase B (PKB) in
both cell lines, but more consistently and to a greater extent in the MDA-MB-468 cells. The MAPK kinase (MKK) inhibitor U0126
(10 uM), while preventing ERK phosphorylation in MDA-MB-468 cells, did not induce apoptosis. The PI3K inhibitor LY294002 (50 pM)
inhibited PKB phosphorylation in both cells lines, but only induced apoptosis in the MDA-MB-468 line. These results suggest that while
curcumin has several different molecular targets within the MAPK and PI3K/PKB signalling pathways that could contribute to inhibition
of proliferation and induction of apoptosis, inhibition of basal activity of Akt/PKB, but not ERK, may facilitate apoptosis in the tumour
cell line.
© 2002 Elsevier Science Inc. All rights reserved.
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There is compelling evidence that curcumin, a poly-
phenol found in the spice turmeric, has cancer chemopre-
ventive properties in a range of animal models of chemical
carcinogenesis [1-8], including those resulting in tumours
of the mammary gland [5,6,9,10]. The compound has
antioxidative and anti-inflammatory properties, and several
mechanisms have been proposed by which it might block
initiation and progression of cancer (reviewed in [11]).
Curcumin has been reported to inhibit the growth of a range
of breast cell lines and to induce G2 or G2/S arrest [12—14].
However, while apoptosis was observed in one study using
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a cancer line, MCF-7/TH, with changes in the expression
of a number of relevant genes including Ki67, PCNA and
p53 [14], a second study, using BT20, T47D, SK-BR3 and
adriamycin-resistant MCF-7 cells, reported no apoptosis
and no changes in the expression of apoptosis-related genes,
Bcl-2, p53, cyclin B or transglutaminase [13]. Indeed, many
studies suggest that chemopreventive agents can exhibit
tissue specificity and may even behave differently in cell
lines derived from the same tissue, which have different
genotypes or phenotypes. Thus, extrapolating data from
one cell type to another can be misleading. With regard to
particular target molecules involved in breast cell prolif-
eration and survival, curcumin has been shown in AU565
tumour cells to inhibit both the tyrosine kinase activity and
the membrane levels of ErbB2, a member of the epidermal
growth factor receptor (EGFR) family [12], and a recent
report suggests that it may inhibit telomerase activity in
MCEF-7 and MCF-7/TH, but not MCF10A cells [15]. Pre-
treatment of MCF-7 cells with curcumin was found to
result in an inhibition of tumour necrosis factor oo (TNFo)-
induced c-jun N-terminal kinase (JNK) activation [16].
However, information on exactly how curcumin may exert
its chemopreventive activity specifically in breast cells is
still very limited.

Signalling through several pathways has been shown to
influence the proliferation rate of breast cancer cells. EGF
is a potent mitogen, with overexpression of the ligand and
its receptor a common feature of breast cancer. Elevated
receptor levels can play a role in progression of tumours to
hormone independence [17]. A study by Xing and Ima-
gawa [18] in mouse mammary cells found that activation of
the MAPK, ERK, was permissive for the proliferative
response to EGF, but also that tumour cells had higher
basal levels of ERK activity. EGF at high doses (100 ng/
mL) could also induce apoptosis in some breast cells, such
as MDA-MB-468, which overexpress EGFR, by causing
detachment of cells, followed by release of cytochrome ¢
and activation of caspases 3, 6 and 7. This effect was
mediated through the EGFR [19].

A dominant negative mutant of c-jun, the downstream
target of another MAPK signalling pathway involving
JNK, was found to inhibit MCF-7 colony formation
[20]. Subsequently, the same group showed that overex-
pression of jun in this cell type caused alterations to the
composition of activator protein 1 (AP-1), increasing
cellular motility, expression of matrix metalloproteinase
(MMP9) and tumour formation in nude mice [21]. Their
studies also suggested that transformed cells may be less
dependent on AP-1-mediated pathways for continued
growth, reflecting their lower AP-1 expression and trans-
activating capacity [22]. Increased expression of c-jun also
resulted in non-responsiveness to oestrogen and tamoxifen.
Increased AP-1 DNA binding and JNK activity was shown
to correlate with resistance to tamoxifen in a panel of breast
cell lines and tumour-derived samples [23]. Mandelkar et
al. [24] showed that tamoxifen-induced apoptosis in the

oestrogen receptor (ER)-negative breast lines MDA-MB-
231 and BT20 was dependent on JNK activation.

In the highly invasive breast cancer line, BT549, inhibi-
tion of a third MAPK pathway involving p38a abrogated
the ability of these cells to invade matrigel [25], and a role
for p38 has also been proposed in regulating adhesion of
breast cells to collagen type IV [26]. Furthermore activa-
tion of p38 by heregulin, leading to serine phosphorylation
and disassembly of paxillin from focal adhesion com-
plexes, appears to be involved in heregulin-induced cell
shape alterations and motility [27].

Another key pathway involved in cell survival signals
through phosphotidylinositol-3-kinase (PI3K) and Akt/
PKB. Expression of the tumour suppressor, PTEN, which
negatively regulates this pathway, induced cell-cycle
arrest, apoptosis or anoikis in breast cancer cells following
transfection [28,29]. These effects of PTEN were attribu-
table at least in part to its ability to alter phosphorylation of
the PKB, p70S6 kinase, BAD and glycogen synthase
kinase (GSK)-3 apoptotic mediators and expression of
p27, a cell-cycle regulator. Breast cancer cells with mutant
PTEN were more sensitive to growth inhibitory effects of
PI3K inhibitors. We wished to confirm effects of curcumin
on proliferation and apoptosis in HBL100 and MDA-MB-
468 cells and to identify changes in signalling pathways
which could contribute to such modification of growth. We
were interested to examine whether curcumin might have
beneficial effects in ER-negative cells, since there are
already chemopreventive treatments for ER-positive breast
cancer [30]. Having observed a growth inhibitory effect in
more than one phase of the cell cycle, having shown that
apoptosis occurred preferentially in the tumour cells and
that curcumin caused modest inhibition of invasiveness, we
looked for modulation of key survival pathways in
HBL100 and MDA-MB-468 cells. We showed that curcu-
min is a good inhibitor of JNK signalling in stimulated
cells, but also inhibits signalling through EGFR/ERK and
PKB, both of which are constitutively phosphorylated in
unstimulated cells. Use of inhibitors U0126 and LY294002
indicated that inhibition of ERK phosphorylation induced
necrosis in the HBL100 line, while inhibition of PKB/Akt
phosphorylation induced apoptosis only in the MDA-MB-
468 cell line.

2. Materials and methods
2.1. Materials

Curcumin, obtained from Sigma-Aldrich Company Ltd,
was made up as a 20 mM stock solution in DMSO. U0126
(Promega) and LY294002 (Calbiochem-Novabiochem UK
Ltd) were made up as 10 and 50 mM stock solutions,
respectively, in DMSO. Nocodazole was from CN Bios-
ciences UK (Calbiochem). Aphidicolin was a gift from
Dr. Raj Patel, Biochemistry Department, University of
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Leicester (available from Sigma). Antibodies against
EGFR, phosphotyrosine (PY99), ERK1 (which also reacts
with ERK?2), phospho-ERKs 1 and 2 (Tyr 204), JNK,
phospho-JNK, c-jun and c-fos were obtained from Santa
Cruz Biotechnology Inc.; anti-phospho-c-jun (Ser 73) and
anti-phospho-Akt (Ser 473) were from New England Bio-
labs.; anti-GSK-3 was from Transduction Laboratories;
anti-p38 and anti-MKK4 polyclonal antibodies were pro-
vided by M.D. Antibodies against Akt/PKB (detecting
Akt1/PKBua, independent of phosphorylation state), phos-
pho-GSK-3a/f (Ser 21/9) and PTEN were obtained from
Cell Signaling Technology. Fluorescein-isothiocyanate
(FITC)-conjugated annexin V was obtained from Bender
Med Systems. Matrigel, a basement membrane matrix
extracted from the Engelbroth—-Holm—Swarm (EHS)
mouse sarcoma was obtained, batch-tested, from Becton
Dickinson, and fibronectin from bovine plasma (F-1141)
was from Sigma.

2.2. Cell culture and quantitation of growth

The breast cell lines were HBL100, derived from
normal cells in human breast milk [31] and non-tumouri-
genic, and MDA-MB-468, an ER a-negative/B-positive,
tumour-derived line. Both cell lines were negative with
regard to mycoplasma contamination. Following concern
that ATCC stocks of HBL100 contained an inappropriate
Y chromosome, we had DNA profiling carried out on
our cultures. A fluorescence-based PCR analysis of the
X-Y homologous gene amelogenin [32] established that
they did not contain a Y chromosome. Furthermore the
stock from which our cultures were derived exhibits
many features of the myoepithelial/basal phenotype, as
well as some luminal characteristics and in this respect,
resembles the intermediate or cap cells of the developing
end-bud structures of the rodent breast which are consid-
ered to contain the breast stem cell population [33]. Our
HBL100 cells express the myoepithelial-related cytoker-
atin CK14 in addition to the luminal epithelial-related
CK18, as well as the basal associated a6B4 integrin [34]
and vimentin. In addition, the cells express the desmoso-
mal components Dsg3 and Dsg2, which have recently
been shown to be characteristic of normal breast myoe-
pithelial cells [35].

MDA-MB-468 cells were routinely cultured in RPMI
1640 medium supplemented with 10% foetal calf serum
(FCS) and 2 mM Glutamax. HBL100 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco
BRL) containing 10% FCS and 1 mg/mL glucose. Cells
(1 x 10*) were allowed to adhere prior to incubation in the
presence, or absence of the indicated concentrations of
chemopreventive agent, or DMSO vehicle control. At the
indicated times, cells were trypsinised and their numbers
determined using a Coulter ZM electronic cell counter
(Beckman Coulter Ltd). Where indicated, cells were
serum-starved by growing in serum-free medium overnight

and replacing this with fresh serum-free medium for a
further hour before treatment.

2.3. Cell-cycle analysis and determination of apoptosis
by flow cytometry

For analysis of cell cycle, 5 x 10° or 1 x 10° cells were
seeded onto 9-cm plates and treated with curcumin (20—
80 uM) for 48 hr. In subsequent experiments, cells
(2 x 10° or 5 x 107 seeded on 6-well plates) were syn-
chronised in either G1 or G2/M phase by treatment for
24 hr with aphidicolin (7.5 uM) or nocodazole (0.2 pg/mL
HBL100; 0.15 pg/mL MDA-MB-468), respectively. Fol-
lowing synchronisation, monolayers were washed thor-
oughly with PBS before replenishment with fresh
medium containing 40 pM curcumin or DMSO only and
cultured for 4, 8, 16, 24 or 32 hr. Cells were harvested by
trypsinisation and fixed overnight in 70% ethanol at 4°,
then collected by centrifugation and resuspended in PBS
containing 0.1 mg/mL RNase and 5 pg/mL propidium
iodide (PI) and incubated overnight at 4°. DNA content
was analysed using a Becton Dickinson FACScan and Cell
Quest software, plotting 5000 events per sample. Subse-
quent data analysis was performed using ModFit LT soft-
ware (distributed in the UK by Becton Dickinson).

The number of cells undergoing apoptosis was estimated
from binding of annexin V to externalised phosphatidyl-
serine. Cells (1 x 10° seeded onto 9-cm plates) were
treated as earlier or with 10-20 uM U0126 or 50 pM
LY294002, and harvested at time points from 24 to
48 hr, washed with PBS, and resuspended in annexin V-
binding buffer (10 mM HEPES, pH 7.4, 150 mM NacCl,
5mM KCI, 1 mM MgCl, and 1.8 mM CaCl,). FITC-
conjugated annexin V was added to a final concentration
of 100 ng/mL and cells incubated for 8 min at room
temperature. PI (50 pg/mL) was added before flow cyto-
metric analysis. Necrotic cells could be distinguished
from apoptotic cells by the combined fluorescence of FITC
and PL

2.4. Invasion assay

Cell invasion was determined using a modification of the
assay described by Albini et al. [36] and used previously in
our laboratory [34]. The lower surface of an §-uM pore
polyethylene terephthalate (PET) track-etched membrane
was coated with 10 pg/mL fibronectin, and the upper
surface was coated with EHS basement membrane sub-
strate, Matrigel, at a final concentration of 5 pg/mL. The
upper membrane was seeded with 5 x 10* cells, and cells
were allowed to attach overnight in serum-supplemented
medium before replacing with serum-free DMEM. In the
lower chamber a 1:1 ratio of conditioned medium from the
human foetal fibroblast cell line HFFF2:serum-free med-
ium was used as a chemotactic stimulus. The test assays
were supplemented with curcumin at 1 and 5 pM and
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controls with an equivalent volume of DMSO. Assays were
carried out over 24 hr in a humidified atmosphere of 5%
CO,/95% air at 37°. The assays were set up in duplicate
and for each case, one membrane was processed to main-
tain the cells on the upper surface (i.e. the inoculated cells)
and the other to maintain cells on the lower membrane (i.e.
invasive cells). Cell counts were performed on haematox-
ylin and eosin stained membranes and an invasion index
calculated from the number of cells on the lower mem-
brane as a percentage of the sum of the number on the
upper and lower membranes.

Each assay was repeated, in duplicate, four times. The
mean invasion index (MII) and the standard mean error
were calculated using the Statistical Package for Social
Scientists (SPSS) software package and means compared
using the independent means T test, having confirmed
equality of variances using Levene’s test.

2.5. Detection of EGFR, ERK, JNK, PKB and PTEN

To assess the effect of the agent on phosphorylation of
both the EGFR and ERKSs 1 and 2, cultures, when 70-80%
confluent, were washed with PBS and incubated in serum-
free medium before treatment. To determine the effect of
curcumin on basal levels of phosphorylated PKB, cells
were grown in the presence of serum.

For the EGFR assays cells were rinsed twice with ice-
cold PBS and lysed in 500 pL Triton lysis buffer (20 mM
Tris, pH 7.4, 137 mM NaCl, 25 mM B-glycerol phosphate,
2 mM sodium pyrophosphate, 2 mM EDTA, 10%(v/v)
glycerol, 2 mM benzamidine, 1 mM sodium vanadate,
1 mM phenylmethylsulfonylfluoride (PMSF), 5 pg/mL
pepstatin, 5 pg/mL aprotonin, 5 pg/mL leupeptin, 1% (v/
v) Triton X-100 (TX-100) and 0.5 mM dithiothreitol
(DTT)). Lysates were cleared by centrifugation at
1000 g for 5 min at 4°, flash frozen and stored at —80°
until required. To detect phospho-EGFR levels, the recep-
tor was precipitated at 4° for 4 hr from 500 pg cell lysate,
using 2 pg of polyclonal anti-EGFR antibody bound to
25 pL (equivalent to 1 mg) protein A agarose beads. After
centrifugation, the beads were washed twice in PBS sup-
plemented with 350 mM NaCl, 0.2% TX-100, and twice in
PBS/0.2% TX-100. Samples were analysed by SDS—PAGE
and immunoblotting, using an anti-phosphotyrosine pri-
mary antibody (PY99), and horseradish peroxidase-
coupled secondary antibody. Bound antibody was visua-
lised with an ECL detection system (Amersham Life
Science Ltd).

To detect PKB, PTEN, JNK and total EGFR, cell lysates
were prepared essentially as described earlier, while for the
ERK assays, treated cells, seeded at 3 x 10° to 5 x 103 per
well, were lysed in 200 pL. SDS sample buffer, boiled
and sonicated for 30 s. An equal amount of protein per
lane (20-100 pg) was run on 10% SDS polyacrylamide
gels and analysed as above, by immunoblotting with
the appropriate antibody. Blots were scanned using a

densitometer (Molecular Dynamics) and quantified using
the Image Quant program.

2.6. Nuclear protein extraction and western blotting for
c-jun and c-fos

Serum-starved cells (3 x 10°) were treated as indicated
and collected by centrifugation. Nuclear protein was
extracted by resuspending cells in 400 uL. buffer A
(10 mM HEPES, pH 7.8, 10 mM KCIl, 2 mM MgCl,,
1 mM DTT, 0.1 mM EDTA, 0.4 mM PMSF and 0.2 mM
sodium orthovanadate) followed by lysis with the addition
of 25 pL buffer B (10% IGEPAL; Sigma-Aldrich Company
Ltd). Nuclei were collected by centrifugation and lysed by
resuspension in 50 pL. buffer C (50 mM HEPES, pH 7.8,
50 mM KCI, 300 mM NaCl, 0.1 mM EDTA, 1 mM DTT,
0.4 mM PMSF, 10% (v/v) glycerol, 0.2 mM NaF and
0.2 mM sodium orthovanadate). Samples were sonicated
for 30 s and protein concentration determined using the
Biorad protein assay kit (Biorad Laboratories Ltd). Forty
micrograms of nuclear protein was resolved on 10% SDS
polyacrylamide gels and western blotting performed, as
described earlier, for c-jun, phosphorylated c-jun or c-fos
levels.

2.7. Immune-complex kinase assays for ERK,
JNK, p38 and MKK4

Cells seeded at 1 x 10° were allowed to recover over-
night and then cultured for 60 min in medium with the
indicated treatments. Lysates were prepared as for EGFR
phosphorylation assays. Clarified lysates were incubated
with 15 pl. (equivalent to 0.6 mg) protein A agarose to
which were bound 5 pg of antibodies to ERK, JNK, p38 or
MKK4. The precipitates were washed twice with Triton
lysis buffer and once with kinase assay buffer (25 mM
HEPES, pH 7.4, 25 mM f-glycerol phosphate, 25 mM
MgCl,, 0.5 mM EDTA, 0.5 mM sodium vanadate and
0.5 mM DTT). Pellets were resuspended in 30 pL. kinase
assay buffer with addition of appropriate substrate (5 ug
photo, heat and acid stable protein I (PHAS I; Calbio-
chem)), for ERK assays; 5 pg of GST-jun, amino acids
1-79 for INK assays; 5 pg GST-ATF?2 for p38 assays, 1 ug
GST-JNK and 5 pg GST-jun for MKK4 assays). Reactions
were incubated for 30 min at 30°. Assays were terminated
by the addition of SDS—PAGE sample buffer. The samples
were then subjected to electrophoresis on 10% SDS-PAGE
gels. Incorporation of 32P into the substrate was determined
by Phosphorlmager (Molecular Dynamics) analysis of the
dried gels.

2.8. Immune-complex kinase assay for PKB
Cell lysates were prepared using the lysis buffer supplied

with the Akt kinase assay kit (Cell Signaling Technology).
PKB activity was determined according to the protocol
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supplied. PKB was immunoprecipitated from 200 pg cell
lysate protein, which gave results within the linear range
of the assay. Curcumin was added directly to the assay
for 30 min prior to addition of the substrate, GST-GSK-3.
Phosphorylation of GST-GSK-3 substrate was measured
by SDS-PAGE using the phospho-GSK-3a/f antibody,
and detection was by chemiluminescence using the Lumi-
glo detection reagent supplied in the kit. No phosphoryla-
tion of the substrate was detected in the absence of
PKB.

2.9. Statistics

In the case of the growth studies, significance of results
was determined by balanced ANOVA, followed by Fisher’s
least significant difference post hoc test. In all other cases,
unless otherwise stated, significance was determined by
one-way ANOVA, followed by Tukey’s post hoc test. A P
value of <0.05 was considered significant.

3. Results

3.1. Inhibition of cell proliferation and invasiveness
by curcumin

Curcumin at a dose of 10 pM completely inhibited the
proliferation of both cell lines with a median inhibitory
concentration (I1csgp) of between 1 and 5 uM (Fig. 1a).

To determine whether curcumin could affect the invasive
potential of breast cells, an in vitro assay was carried out
using concentrations around the 1c5o. There was a small but
significant decrease in invasion by both MDA-MB-468
cells in the presence of 1 M curcumin (P = 0.001) and
5uM curcumin (P =0.003) and by HBLI100 cells
(P =0.005 and 0.002, respectively). There was no sig-
nificant difference in invasion in response to the two
concentrations of curcumin (Fig. 1b).

Flow cytometric analysis of DNA content of non-syn-
chronous MDA-MB-468 and HBL100 cells stained with
PI, showed that 20 pM curcumin (48 hr) caused a decrease
in the proportion of cells in G1 phase, together with an
increase in cells in mid to late S phase and G2/M (Fig. 2).
To differentiate between the apparent S phase and G2/M
phase effects, we measured the effect of curcumin (40 pM)
on progression of cells through the cell cycle following
synchronisation with either aphidicolin or nocodazole
(Fig. 3). Curcumin clearly slowed the movement of cells
through S phase following release from aphidicolin-
induced G1 block and markedly inhibited exit from noco-
dazole-induced G2/M block in both cell lines. Movement
of aphidicolin-synchronised cells through G2/M and back
into G1 (2n) was also delayed. These results indicate that
curcumin exerts a dual effect on progression of cells
through the cell cycle, during S phase and transition
through G2 and mitosis.
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Fig. 1. Inhibition of cell proliferation and invasion by curcumin. (a) Cells
were grown in the presence of increasing concentrations or vehicle control
(DMSO). Cell numbers were estimated in a Coulter counter following
trypsinisation of adherent cells. Each data point represents the mean of
three experiments carried out in duplicate (£SD). Statistical significance
of changes Cf DMSO control was calculated as described in Section 2. (b)
Cells were grown on a Matrigel-coated membrane as described in Section
2 in the presence of 1 or 5 pM curcumin and their capacity to move
through the membrane calculated as the MII. Results are the mean of four
separate experiments carried out in duplicate. Error bars indicate the 95%
confidence intervals of the mean.
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Fig. 2. Accumulation of cells in S/G2/M phase in response to curcumin. MDA-MB-468 and HBL100 cells were cultured for 48 hr in the presence or absence
of 20 pM curcumin, harvested and stained with PI, and then analysed by flow cytometry as described in Section 2. DNA content (red fluorescence) is
represented on the x-axis, and cell counts on the y-axis. The histograms presented are representative of at least three separate experiments.

Following release from nocodazole block into fresh med-
ium with no further treatment (Fig. 3: Noc — Medium),
both cell lines appeared to undergo endoreduplication
(entry into S phase with a 4n DNA content), with approxi-
mately 16% MDA-MB-468 and 30% HBL100 becoming
polyploid, with a clear 8n DNA population by 24 hr. It is
known that microtubule organisation inhibitors, such as
nocodazole and colcemid, can induce hyperploidy follow-
ing prolonged exposure or following release from drug
treatment in certain cell lines (see Section 4). Interestingly,
this effect appeared to be prevented by curcumin in the
HBL100 cell line (Fig. 3: Noc — Cur), with less than 20%
cells having DNA content >4n after 24 hr and disappear-
ance of the 8n peak. In the MDA-MB-468 line, polyploid
populations developed following curcumin treatment of
both aphidicolin- and nocodazole-synchronised cells
(Fig. 3: Aph — Cur, 33%; Noc — Cur, 55%), although
these had not achieved a DNA content of 8n by 32 hr.

3.2. Induction of apoptosis by curcumin

Following 48-hr treatment with 20 pM curcumin, the
number of MDA-MB-468 cells remaining as an adherent
monolayer was greatly reduced compared to control cells
(data not shown). We, therefore, investigated whether, in
addition to perturbation of cell-cycle progression, these
cells were undergoing apoptosis in response to curcumin.
The proportion of viable, necrotic and apoptotic cells of the

combined adherent and detached populations, following
treatment with 20, 40 or 80 uM curcumin for 48 hr was
determined by flow cytometry using annexin V and PI
staining. Curcumin did induce apoptosis in both cell lines,
but with the MDA-MB-468 line showing heightened sen-
sitivity compared to the HBL100 line (Fig. 4). At 48 hr,
47% MDA-MB-468 cells were undergoing apoptosis in
response to 20 UM curcumin, with a further 49% in necro-
sis, while over 77% of HBL100 cells remained viable. In
response to higher concentrations of curcumin HBL100
cells underwent both apoptosis and necrosis, while the
proportion of necrotic MDA-MB-468 cells increased to
almost 100%, probably as a result of secondary necrosis
following induction of apoptosis. At an earlier time point
(24 hr) over 60% of MDA-MB-468 cells were found to be
already undergoing apoptosis in response to 20 M cur-
cumin, compared to only 10% of HBL100 cells (data not
shown).

3.3. Inhibition of the EGFR/ERK pathway

The effect of curcumin on total cellular ATP levels was
previously determined, to ensure that the compound did not
deplete this essential molecule. No significant decrease in
ATP content of cells was observed up to 80 M curcumin.

In agreement with published data, the level of EGFR
protein detected in the MDA-MB-468 cells was always at
least an order of magnitude greater than that present in the
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HBL100 cell line (Fig. 5). In order to explore the effect of
the chemopreventive agent on phosphorylation of this
receptor, it was first immunoprecipitated, followed by
detection of the phosphorylated form with an anti-phos-
photyrosine antibody. In the absence of serum virtually no
phosphorylated receptor was precipitated from HBL cells
(Figs. 5 and 6b). Receptor phosphorylation stimulated by
EGF was inhibited by 40 uM curcumin in the MDA-MB-
468 cells (Fig. 6a and b), but not significantly by doses up
to 80 uM in the HBL10O line (Fig. 6b).

In order to determine the downstream consequences of
these effects, the ability of curcumin to inhibit EGF-
induced phosphorylation of the MAPKs, ERKs 1 and 2
was examined. After a treatment time of 20 min, curcumin
(80 uM) caused inhibition in both cell lines, but at 40 uM
caused significant inhibition only in the HBL10O line
(Fig. 6¢). Significant levels of phosphorylated ERK occur-
ring in both cell lines in the absence of EGF were not
influenced by the withdrawal of serum (Fig. 5). To confirm
that inhibition of ERK phosphorylation resulted in loss of
activity, the ability of immunoprecipitated p42/p44 to

MDA-MB-468 Ohr 4hr

Aph — Medium

Con
ol Aph — Cur

Y

Counts

4n

Noc¢ — Medium

Noc — Cur

phosphorylate the substrate PHAS I was examined. In both
cell lines, ERK activity was observed in the absence of
EGF stimulation. Significant inhibition of EGF-stimulated
activity was observed at 40 uM curcumin (about 50% in
MDA and almost complete in HBL; data not shown).
Treatment of serum-starved MDA-MB-468 and HBL100
cells with curcumin (20 uM) for a total of 3 hr significantly
reduced the levels of c-fos expression (Fig. 6d), while at
higher doses expression was abolished. Variable levels of
c-fos were observed in nuclear extracts after serum starva-
tion in untreated cells, with higher levels in nuclei of cells
grown in the presence of serum (Figs. 5 and 6d). c-fos was
difficult to detect in total cell extracts from unstimulated
cells (Fig. 6d).

3.4. Inhibition of ERK signalling by U0I126
without apoptosis

In order to determine whether inhibition of ERK signal-

ling might contribute to apoptosis, cells were treated with
U0126, an inhibitor of MKK1/2. At a concentration of

8hr 16hr 24hr 32hr

2ﬁ 4n 2ﬁ 4n Zﬁ 4n 2n 4n 2n 4n 2n 4n
DNA content

Fig. 3. Prolonged S phase and delayed exit from G2/M in response to curcumin. MDA-MB-468 and HBL100 cells were synchronised by treatment with
either aphidicolin or nocodazole for 24 hr before release into fresh medium (Aph — Medium; Noc — Medium) or into medium containing 40 uM curcumin
(Aph — Cur; Noc — Cur). Cells were harvested at the times indicated, stained with PI and analysed by flow cytometry. DNA content is represented on the x-
axis, and cell counts on the y-axis.
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Fig. 4. Induction of apoptosis or necrosis by curcumin. Cells were treated with 20, 40 or 80 uM curcumin for 48 hr prior to collection and staining with
annexin V and PI and analysis by flow cytometry. Proportions of live, apoptotic or necrotic cells were determined from the relative intensities of the PI and
annexin staining. Results shown are mean + pooled standard deviation shown on control bar (N =3 HBL100; N =4 MDA-MB-468). (x) Indicates
significant difference from the control (DMSO treated) group (P < 0.05) as determined by the ANOVA balanced model followed by Fisher’s least significant
difference post hoc test.
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Fig. 5. Basal expression of signalling molecules in the presence or absence of serum. Cells were grown in the presence of serum (+), or serum-starved
for 24 hr followed by a further hour in serum-free medium (—). A third sample was prepared where serum-starved cells had serum replaced for 4 hr
before harvesting (—/4). Whole cell lysates or nuclear fractions (c-fos, c-jun, phospho-c-jun) were prepared and equal amounts of protein were analysed by
western blotting after separation on SDS-PAGE. In the case of phospho-EGFR, equal amounts of protein were used from which to immunoprecipitate
the receptor as described in Section 2. Samples from the two cell lines were run on the same gel. No bands were obtained for phospho-JNK in either

unstimulated cell line.

10 pM basal phosphorylation of ERKs 1 and 2 was com-
pletely inhibited in MDA-MB-468 cells and partially in
HBL100 cells after 1 and 5 hr. Activity was returning by
24 hr in both cell lines (data not shown). Flow cytometric
analysis using annexin binding revealed no increase in
apoptosis at 24 hr in either cell line (Table 1). Treatment
with 20 pM U0126 still did not induce significant apop-
tosis, but caused necrosis in the HBL100 cells, where there
was still residual ERK phosphorylation. Similar results
were obtained after 48 hr of treatment (data not shown).

3.5. Inhibition of JNK activity by curcumin
In order to examine the effect on JNK, another MAPK,

cells were pre-treated with the chemopreventive agent
before stimulation with anisomycin. The HBL100 line

appeared to contain higher basal levels of JNK 1 (lowest
band) (Fig. 5). Significant inhibition of anisomycin-
induced JNK activity was observed in the tumour cell line
at doses as low as 10 uM curcumin, similar to the growth
inhibitory dose in these cell lines. However, in the HBL100
line significant inhibition was only achieved at 40 uM
(Fig. 7). Basal levels of phosphorylated JNK were not
detected by western blotting in either cell line, and only
very low levels of JNK activity were observed in unsti-
mulated cells (Fig. 7).

Curcumin was not inhibitory when added directly to the
immune-complex assay (data not shown), suggesting that it
acts upstream of JNK. Evidence to support this was
obtained from an assay in which curcumin inhibited the
activity of MKK4 in pre-treated MDA-MB-468 cells at
20 pM and in HBL100 cells at a dose of 10 uM, but once
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Fig. 6. Inhibition of EGFR and ERKs 1 and 2 phosphorylation and of c-fos expression by curcumin. MDA-MB-468 or HBL100 cells were harvested
after stimulation with EGF (15 nM for 5 min), with or without pre-treatment for 20 min with 40 or 80 pM curcumin and cell lysates prepared as described in
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Table 1
Ability of U0126 and LY294002 to induce apoptosis

% Viable % Apoptotic % Necrotic
(LL) (UL) (UR)
HBL100
Control (with DMSO)  59.7; 69.6 9.6; 7.0 22.7,17.6
10 M U0126 70.4; 56.2 5.5;6.2 19.0; 30.8
20 uM U0126 34.7; 40.8 8.1; 6.7 454; 379
50 uM LY294002 69.1; 76.1 12.3; 9.9 16.5; 10.9
MDA-MB-468
Control (with DMSO)  92.2; 91.1 4.8;5.8 25,24
10 uM U0126 92.1; 93.5 5.6; 4.0 22;2.1
20 uM U0126 90.9; 93.6 6.2; 4.2 2.5, 1.9
50 uM LY294002 57.6; 69.3 34.0; 21.2 6.9; 6.6

Cells grown in serum-containing medium were treated with the
indicated doses of inhibitor for 24 hr. They were then harvested and
prepared for flow cytometric analysis of annexin V binding as described in
Section 2. Results of two separate experiments are presented as the
percentage of cells in the lower left (LL), upper left (UL) and upper right
(UR) quadrants of the scatter plots.
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Fig. 7. Inhibition of JNK activity by curcumin. After stimulation of cells
with anisomycin (100 nM, 30 min), the activation of JNK was measured
using an immune-complex kinase assay. Immunoprecipitated JNK was
incubated with substrate GST-jun (c:t1-79) in the presence of y-32P-ATP
and phosphorylated GST-jun was detected using a phosphorimager. The
effect of pre-treatment (30 min) of cells with increasing concentrations of
curcumin on induced JNK activity was examined. Results represent the
mean (+SD) of at least three experiments. *P < 0.05.

again no inhibition was seen when curcumin was added
directly to the assay (Fig. 8). When overexpressed MEKK1
was immunoprecipitated from HEK293 cells and coupled
with MKK4 or MKK7 and JNK in an in vitro assay,
preliminary data suggested that direct addition of curcumin
(10 uM) to the assay inhibited phosphorylation of jun (data
not shown).

We examined the downstream consequences of JNK
inhibition by looking at the phosphorylation of nuclear
c-jun. HBL100 cells were found to have a significant basal
expression of c-jun (in agreement with [22]), which was
not obviously enhanced by anisomycin (Fig. 9a). On the
other hand, low basal levels of the phosphorylated protein
were significantly enhanced by anisomycin within 15 min
(Fig. 9b), and the increase was inhibited by 20 uM curcu-
min, while 40 uM appeared to decrease phosphorylated jun
to below basal levels (Fig. 9c). Similar results were
obtained in MDA-MB-468 cells, although in this case
phospho-c-jun was barely detectable in unstimulated cells
(data not shown and Fig. 5).

3.6. Lack of inhibition of p38 MAPK activity by curcumin

The effect of curcumin on the activity of a third MAPK,
p38, was also examined, using anisomycin as the stimulat-
ing agent and ATF2 as the substrate in the kinase assay. No
inhibition was observed either after pre-treatment of the
cells or when curcumin was added directly to the assay, at
doses up to 80 uM (data not shown). No p38 activity was
observed in unstimulated cells grown in the presence of
serum.

3.7. Inhibition of Akt/PKB phosphorylation by curcumin

While HBL100 cells had higher levels of total PKB
protein, MDA-MB-468 cells had a higher level of phos-
phorylated PKB when grown in serum-containing medium
(Fig. 5). Curcumin treatment for 30 min at concentrations
of 40 uM and above caused inhibition of basal PKB
phosphorylation in the tumour cell line (Fig. 10), and
although some inhibition was observed at these doses in
HBL100 cells, the effect was inconsistent and not statis-
tically significant (data not shown). Treatment with 10 or
20 uM for up to 10 hr did not cause significant inhibition.
Addition of curcumin at doses up to 40 pM did not inhibit
PKB activity directly. It is of interest to note that while
serum withdrawal abolished phosphorylation of PKB
in HBL100 cells, very little effect was observed in

Section 2. Panels (a) and (b) EGFR was immunoprecipitated from the lysates and levels of phosphorylated receptor were estimated using an anti-
phosphotyrosine antibody (PY99) on western blots. Levels of total receptor were determined using an antibody specific for the EGFR. Levels of
phosphorylated ERKs 1 and 2 (Panel c) and total c-fos protein (Panel d) were determined from western blots of whole cell lysates using specific antibodies.
Results in (a) and (c) are expressed relative to the levels of phosphorylated EGFR/ERK in the EGF/DMSO-treated samples (lane 2) determined by
densitometric analysis of the blots. Representative blots are shown in (b) and (d). Data in (a) and (c) represent the mean (+SD) of three separate experiments
carried out in duplicate. (x) Indicates significant difference from the EGF/DMSO-treated sample (P < 0.05).
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Fig. 8. Inhibition of MKK4 by curcumin. Cells were stimulated with anisomycin (100 nM, 30 min) and MKK4 measured by immune-complex assay. MKK4
activity was assayed by reconstituting the signalling cascade through to c-jun in vitro, with phosphorylation of c-jun taken as a measure of activity. Panel (a)
Cells were pre-treated with increasing concentrations of curcumin, or with the vehicle control (DMSO). Panel (b) Curcumin was added directly to the assay.

Representative blots from three separate experiments are shown.

MDA-MB-468 cells (Fig. 5), which do not express the
negative regulator of PKB phosphorylation, PTEN (Fig. 5).

3.8. Induction of apoptosis in MDA-MB-468 cells
by LY294002

The PI3K inhibitor LY294002 was used to determine
whether inhibition of PKB phosphorylation was contribut-
ing to the induction of apoptosis. At a dose of 50 uM it
completely inhibited PKB phosphorylation in both cell
lines after 1 hr, with activity returning by 8 hr. Flow
cytometric analysis at 24 hr indicated significant apoptosis
occurring only in the MDA-MB-468 cells (Table 1). This
result was confirmed by the observation that poly-ADP-
ribose polymerase cleavage also occurred only in the
MDA-MB-468 cells (data not shown).

HBL100

4. Discussion

Results from this study clearly show that the minor
dietary component, curcumin, can have selective modula-
tory effects on proliferation and cell signalling pathways. It
caused arrest in both cell lines in the S/G2/M phases of the
cell cycle, but induced apoptosis much more readily in
MDA-MB-468 cells. There was a small, but significant
inhibition of invasive capacity by curcumin in both cell
lines. It has been reported that a mixture of curcuminoids
inhibited the expression of gelatinase B (MMP9) in
endothelial cells [37]. MMP9 can be regulated via AP-1,
PI3K/PKB and GSK-38 [38,39].

Curcumin has previously been shown to cause cell-cycle
arrest in G2/S [13], or G2 [14] in other breast cell lines, but
these same two studies reported conflicting results on
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Fig. 9. Effect of anisomycin and curcumin on c-jun. Nuclear fractions were prepared from treated cells. The effect of anisomycin (100 nM) for times up to
3 hr on (a) total nuclear c-jun and (b) phosphorylated nuclear c-jun was determined by western blotting. The effect of pre-treatment of cells with 5-40 pM
curcumin (for 30 min) on anisomycin-stimulated phosphorylation of c-jun is shown in panel (c). Representative blots for HBL100 cells are shown.
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Fig. 10. Inhibition of Akt/PKB phosphorylation by curcumin. MDA-MB-468 cells were treated with increasing concentrations of curcumin (5-80 uM) for
30 min or with LY294002 (50 uM) for 60 min. Phosphorylated Akt/PKB and total Akt/PKB were determined by western blotting. Combined results (N = 5)
for the decrease in phospho-Akt/PKB relative to the DMSO control are expressed +SD. *P < 0.05.

induction of apoptosis. Our results suggest that some breast
lines may be more susceptible to apoptosis than others.
Lack of wild type p53 and compromised G1 checkpoint
control have been linked to polyploidy in response to
microtubule inhibitors in a number of cell lines, including
MDA-MB-468. Recently Motwani et al. [40] showed that
flavopiridol prevented nocodazole-induced polyploidy in
these cells. Flavopiridol decreased cyclin E levels and
inhibited cyclin E/cyclin-dependent kinase (Cdk2) kinase
activity, required for endoreduplication, and cyclin B1/cell
division cycle (cdc2) kinase activity, which is required for
entry into mitosis in these cells. Another study by Tsuiki e#
al. [41] showed that staurosporine enhanced hyperploid
formation in nocodazole-treated p53 mutant U251MG
cells, and demonstrated that this effect was prevented by
wild type p53 using LN382 cells which contained tem-
perature-sensitive p53. Induction of p21 also prevented
endoreduplication through regulation of cyclin E/Cdk2
activity in HCT116 cells [42]. Curcumin can modulate
expression of p53, p21, cyclin E and cdc2 in a variety of
cell lines [14,43—45]. The mechanism by which curcumin
may enhance endoreduplication in MDA-MB-468 cells, or
protect against polyploidy in HBL100 cells, will form the
subject of a separate investigation in this laboratory.

The MDA-MB-468 line had higher basal expression of
total and phosphorylated EGFR than the HBL line.
Although inhibition of receptor phosphorylation by curcu-
min (up to 80 M) was only significant in the MDA cells,
these were apparently less sensitive than HBL cells to
inhibition of ERK phosphorylation, suggesting that after

curcumin treatment sufficient phosphorylated receptor still
remained to fully activate ERK. However, firstly 10 uM
U0126 inhibited ERK phosphorylation completely in
MDA-MB-468 cells, but only partially in HBL100 cells,
secondly substantial levels of phospho-ERK were present
in HBL10O cells even in the absence of phospho-EGFR,
and thirdly serum withdrawal did not decrease phosphor-
ylation in either cell line. These results suggest constitutive
activation or the involvement of other pathways. ER-
negative and invasive breast cancer lines, including
MDA-MB-468 have been shown to have constitutively
higher ERKs 1 and 2 levels than ER-positive and non-
invasive lines. Krueger et al. [46] found inhibition of
MAPK activation by antisense MKK expression in
MDA-MB-468 cells significantly inhibited cell migration
and in vitro invasion. Inhibition of EGFR phosphorylation
by curcumin could also influence PKB activity (see the
following discussion).

The importance of the MEK/ERK signalling pathway in
survival of a number of different breast cell lines, including
MDA-MB-468, was reported in a preliminary study [47]. It
appeared that for most of the cell lines, survival and
regrowth after prolonged serum withdrawal was correlated
with the presence of phospho-ERK and inhibited by
U0126. However, the presence of serum allowed MDA-
MB-468 cells to survive for longer in the presence of
U0126, suggesting an ERK-independent survival pathway
in this cell line. This would be consistent with the lack of
apoptosis observed by us following treatment of this cell
line with U0126.
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In the present study substantial inhibition of anisomy-
cin-stimulated JNK activity was achieved at a dose of
curcumin approaching the icsg, resulting in a decrease in
c-jun phosphorylation. The tumour cell line was more
sensitive to inhibition of this MAPK than the non-malig-
nant HBL100 cell line. The fact that curcumin did not
inhibit JNK when added directly to the assay suggested that
it was acting upstream, in agreement with a recent study in
Jurkat cells [16]. However, results from our study also
imply that it does not affect a common upstream activator
of JNK and p38, since curcumin did not inhibit activation
of the latter. Our data also show that curcumin indirectly
inhibited the activity of MKK4, suggesting that the target is
upstream of this molecule. MKK4 can activate both JNK
and p38, but it may be a more potent stimulator of JNK,
since dominant negative MKK4 inhibits JNK activity more
strongly than that of p38. In addition, the upstream acti-
vator of MKK4, MEKK1, causes selective activation of the
JNK pathway in transfection experiments (reviewed in
[48]). Overexpression of upstream components of the
JNK pathway in Jurkat cells also suggested that curcumin
may be exerting its effect at the MAPK kinase kinase
(MAPKKK) level of the cascade [16]. Also consistent with
the position of the target upstream of MKK4, expression of
a TRE-luciferase construct driven by overexpression of
MEKKI1 was found to be inhibited by curcumin (but at
100 uM) in HT29 colon tumour cells [49].

While activation of the ERK pathway has generally been
linked to proliferation responses, the physiological role of
JNK is less well defined. Depending on the circumstances,
JNK has been shown to trigger apoptosis, proliferation or
differentiation. The consequence of JNK activation (or
inhibition) almost certainly depends on cell type, and
the combination of signals received by the cell. Clearly
cell proliferation is a tightly regulated process so that
deregulation of many distinct targets could potentially
promote cell-cycle withdrawal and apoptosis. Curcumin
appeared to be a good inhibitor of the JNK pathway, but in
the absence of stimulation neither HBL 100 nor MDA-MB-
468 cells exhibited significant JNK activity and nuclear
phosphorylated c-jun was not detectable in MDA-MB-468
cells when grown in serum-containing medium in the
absence of anisomycin, suggesting that inhibition of this
pathway might not be relevant to the growth arrest and
apoptosis observed.

In the present study, curcumin was found to inhibit basal
phosphorylation of PKB more effectively in MDA-MB-
468 cells than in HBL100 cells. We showed previously by
PARP cleavage and here by flow cytometry that complete
inhibition of PKB phosphorylation by LY294002, an inhi-
bitor of PI3K, resulted in apoptosis only in the MDA-MB-
468 cells. Taken together, these data suggest that the PKB
pathway may be important for survival in the MDA-MB-
468 cells, but is not predominantly responsible in the
HBL100 cells since treatment with LY294002 does not
induce apoptosis in this cell line. However, while

LY294002 inhibited phosphorylation of PKB more effec-
tively than curcumin, the percentage of cells undergoing
apoptosis in response to curcumin was higher, suggesting
that curcumin also inhibits other survival mechanisms.
Alternatively, it could be that inhibition by LY294002 is
less sustained than that by curcumin. Curcumin did not
directly inhibit PKB activity, suggesting that it is acting
upstream.

Since stimulation of growth factor receptors is known to
activate the PI3K/PKB pathway, it could be that inhibition
of EGFR phosphorylation by curcumin contributes to the
decreased phosphorylation of PKB. In colon cells, curcu-
min has been shown to inhibit NF-xB activation (e.g. [50]),
another well-recognised survival mechanism. This tran-
scription factor, which can be downstream of PKB, reg-
ulates many genes including cyclin D1 [30],
cyclooxygenase 2 [50], Bcl-x1 and MMPs [39]. The exact
mechanism whereby curcumin inhibits PKB phosphoryla-
tion and the key downstream molecules responsible for
inducing apoptosis are under investigation.
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