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We are interested in investigating the biological activity of chalcones, a major class of compounds found
in the beverage kava, in order to develop potent and selective chemopreventive candidates. Consumption
of kava in the South Pacific Islands is inversely correlated with cancer incidence, even among smokers.
Accordingly, chalcones have anti-cancer activities in animal and cell culture models. To investigate sig-
naling pathways that affect chalcone action we studied a potent analog, (E)-3-(3-hydroxy-4-methoxy-
phenyl)-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (chalcone-24). Chalcone-24 was selected from a
series of chalcone analogs that were synthesized based on the structures derived from flavokawain com-
pounds found in kava, and screened in A549 lung cancer cells for induction of cytotoxicity and inhibition
of NF-kB, a transcription factor associated with cell survival. Incubation of A549 cells with chalcone-24
resulted in a dose-dependent inhibition of cell viability, inhibition of NF-kB, activation of caspases, and
activation of extracellular signal regulated kinase 1/2 (ERK1/2) and c-Jun N-terminal kinase (JNK); ERK1/2
and JNK are mitogen activated protein kinases that play central roles in regulating cell fate. Pharmacolog-
ical inhibitors of ERK1/2 or JNK increased the sensitivity of A549 cells to chalcone-24-induced cytotoxic-
ity, without affecting NF-kB or caspase activity. These results will help refine the synthesis of chalcone

analogs to maximize the combination of actions required to prevent and treat cancer.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

There is considerable interest in chalcones, a class of naturally
occurring flavonoid compounds, as potential therapeutic and che-
mopreventive agents because they have anti-cancer activity and
because they are easy to synthesize [1,2]. In particular, chalcones
are a major class of compounds found in a beverage made from
the roots of the kava plant (Piper methysticum); intriguingly, epide-
miological studies suggest that populations in the South Pacific
Islands that consume the kava beverage, including smokers, have
relatively low incidences of cancer [3]. Kava also reduced lung
tumor formation in A/] mice treated with the tobacco smoke
carcinogens 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and
benzo[a]pyrene [4]. In addition, chalcones are cytotoxic to a variety
of cancer cell lines [1,2]. We are interested in investigating the
biological activity of chalcones in order to develop potent and
selective chemopreventive candidates. Accordingly, a series of
chalcone analogs was synthesized whose structures were derived
from flavokawain compounds found in kava [5]. The chalcone ana-
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logs were screened for the abilities to block the growth of A549
lung cancer cells and inhibit the activity of NF-kB, a transcription
factor that is involved in inflammation and cell survival [6]. We
chose to study a potent analog from this series, (E)-3-(3-hydroxy-
4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-one
(chalcone-24), to investigate the signaling pathways that modulate
the cytotoxicity of chalcone analogs in A549 cells.

We focused on the effects of chalcone-24 on three major mem-
bers of the mitogen activated protein kinase (MAPK) family that
play central roles in regulating cell proliferation and cell death,
extracellular signal regulated kinase 1 and 2 (ERK1/2), c-Jun N-ter-
minal kinase (JNK), and p38 [7]. Mitogenic agents such as growth
factors typically stimulate ERK1/2 activity. Agents that induce
stress, such as proinflammatory cytokines, typically stimulate
JNK and p38 activities. Our studies indicate that ERK1/2 and JNK
activity help determine the threshold for chalcone-24-induced
cytotoxicity in A549 lung cancer cells.

2. Material and methods
2.1. Materials

Chalcone-24 was synthesized as described in [5]. U0126 was
purchased from Calbiochem (La Jolla, CA). SP600125 was purchased
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from AG Scientific (San Diego, CA) or Sigma-Aldrich (St. Louis, MO).
RPMI and fetal bovine serum (FBS) were purchased from Invitrogen
Corporation (Carlsbad, CA). Other materials were purchased from
Sigma-Aldrich (St. Louis, MO).

2.2. Cell culture

A549 cells were purchased from the American Type Culture Col-
lection (Manassas, VA) and grown in RPMI media supplemented
with 10% FBS in a humidified incubator at 37 °C with 5% CO,. Cells
were plated at 5000 cells per well in 96 well plates for cell prolif-
eration assays, 2 x 10° cells per 100 mm plate for nuclear extracts,
and at 3 x 10° cells per 35 mm plate for all other assays. The day
after plating, the cells were incubated in the absence or presence
of the compounds indicated in the figure legends.

2.3. Cell proliferation

Cell number was determined with the use of a CellTiter 96°
Non-Radioactive Cell Proliferation Assay (MTT) (Promega), accord-
ing to the manufacturer’s instructions and the methods described
in [8]. All readings were on the linear portion of the standard curve.

2.4. TNF-o-induced NF-kB activation

The assay for NF-kB activation was conducted essentially as de-
scribed in [5]. Briefly, A549 cells stably transfected with NF-kB-luc
were purchased from Panomics (Freemont, Ca). One day prior to
each experiment A549 NF-KB-luc cells were plated at a density
of 2 x 10% cells/well in 24-well plates. NF-kB activation was stim-
ulated by incubating the cells with 20 ng/mL recombinant human
TNF-o (R&D Systems, Minneapolis, MN). Cells were then washed,
lysed and luciferase activity assayed according to the protocol for
the Luciferase Assay System recommended by Promega (Madison,
WI). Relative light units were measured using a Monolight 3010
Luminometer (Pharmingen). Luciferase data was normalized to to-
tal protein levels determined using a Bradford Assay (Bio-Rad, Her-
cules, CA).

2.5. Caspase-3/7 activation

Caspase-3/7 activation was determined by using the Caspase-
Glo 3/7 Assay according to the protocol recommended by Promega
(Madison, WI). Briefly, cells were plated at a density of
3 x 103 cells/well in 96-well plates one day prior to each experi-
ment. Cells were incubated in complete media without phenol
red in the absence or presence of the compounds indicated in the
figure legends. After the appropriate exposure time an equal vol-
ume of Caspase-Glo 3/7 reagent was added to each well. The plate
was then incubated for 30 min at room temperature. Lumines-
cence was read using a BioTek Synergy HT plate reader (Winooski,
VT).

2.6. Antibodies and immunoblotting

Cell lysates and nuclear extracts were prepared and immuno-
blotting conducted as described in [9]. After blocking in a TBST/
5% milk solution, immunoblots were incubated overnight at 4 °C
using the following primary antibodies and dilutions: phospho-
p44/42 MAPK (Thr-202/Tyr-204) (E10) (mouse monoclonal)
(1:2000), phospho-SAPK/INK (Thr-183/Tyr 185) (G9) (mouse
monoclonal) (1:5000), anti-SAPK/JNK (56G8) (rabbit monoclonal)
(1:2000), and phospho-c-Jun (Ser-73) (D47G9) XP rabbit monoclo-
nal (1:2000) (3270) from Cell Signaling (Beverly, MA), and ERK2 (C-
14) (rabbit polyclonal) (1:500), and c-Jun (N) (1:1000), from Santa
Cruz Biotechnology (Santa Cruz, CA). The secondary antibodies,

anti-mouse IgG horseradish peroxidase-linked antibody and anti-
rabbit IgG horseradish peroxidase-linked antibody, were pur-
chased from Cell Signaling. Immunoblots were visualized using
the Pierce SuperSignal West Pico or Fempto substrate.

2.7. Statistical analyses

Statistical analyses were performed using GraphPad Prism ver-
sion 4.0 for Macintosh. Statistical significance was assessed as indi-
cated in the figure legends using a standard 1-way analysis of
variance (ANOVA) or 2-way ANOVA, and the Bonferroni post-test.

3. Results and discussion
3.1. Chalcone-24 inhibits A549 cell viability and activation of NF-kB

To investigate signaling pathways affected by chalcone-24
(Fig. 1A), we first determined the dose-response for chalcone-
24-induced inhibition of A549 cell viability (Fig. 1B) and NF-«xB
activation (Fig. 1C). Incubation of A549 cells with 1 uM and 3 pM
chalcone-24 induced a significant decrease in cell viability by 48
and 72 h (Fig. 1B). By 72 h, the viability of cells incubated with
1 uM and 3 pM chalcone-24 was approximately 50% and 20% of
control cells, respectively (Fig. 1B). Cell viability was similar in
control cells and A549 cells incubated with 0.3 pM chalcone-24
over 72 h (Fig. 1B, compare circles and squares). TNF-a-stimulated
NF-kB activation was significantly inhibited by 3 uM chalcone-24,
but not 0.3 uM or 1 uM chalcone-24 (Fig. 1C). These results indicate
that 1 uM chalcone-24 can inhibit A549 cell viability without prior
inhibition of NF-kB-dependent cell survival pathways.

3.2. Chalcone-24 stimulates the activation of ERK1/2 and JNK

Next, we investigated the effects of chalcone-24 on ERK1/2, JNK,
and p38 activity (Fig. 2). ERK1/2 and JNK activity were monitored
by immunoblot analysis of the phosphorylated, active forms of
the kinases (Fig. 2A and B). Concentrations as low as 0.3 pM chal-
cone-24 stimulated detectable increases in the levels of the phos-
pho-ERK1/2 and phospho-]JNK (Fig. 2A and B). Incubation of A549
cells with 0.3 uM chalcone-24 stimulated transient increases in
ERK1/2 and JNK phosphorylation (Fig. 2C and D). Increases in phos-
pho-ERK1/2 and phospho-JNK phosphorylation were detected by
15 min (Fig. 2C) and 30 min (Fig. 2D), respectively. Both phos-
pho-ERK1/2 (Fig. 2C) and phospho-]JNK levels (Fig. 2D) returned
to basal levels by 60 min (Fig. 2C). Chalcone-24 did not simulate
a detectable increase in the phosphorylated, active form of p38,
even when cells were incubated with 3 uM chalcone throughout
an 8-hour period (data not shown).

3.3. Inhibition of ERK1/2 or JNK increases the sensitivity of A549 cells
for chalcone-24-induced cytotoxicity

Because 0.3 M chalcone-24 stimulated activation of ERK1/2 and
JNK, but induced a minimal loss of cell viability, we wanted to deter-
mine if activation of these kinases protect A549 cells from chalcone-
24-induced cytotoxicity. We used pharmacological inhibitors of
ERK1/2 and JNK to investigate how these kinases affect the action
of 0.3 UM chalcone-24. We blocked chalcone-24-stimulated ERK1/
2 activation by incubating the cells with U0126, which inhibits
MEKT1/2, the kinases that phosphorylate and activate ERK1/2 [10].
Incubation of A549 cells with 3 pM U0126 inhibited chalcone-24-in-
duced ERK1/2 activation (Fig. 3A). The cell viability of A549 cells
incubated for 72 h in the presence of both 0.3 uM chalcone-24 and
3 uM U0126 was over 40% lower than the cell viability of A549 cells
incubated with 0.3 uM chalcone-24 alone (Fig. 3B, compare dia-
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Fig. 1. Chalcone-24 inhibits A549 cell proliferation. (A) Structure of chalcone-24. (B) A549 cells were incubated for 24, 48, or 72 h without (squares) or with the following
concentrations of chalcone-24: 0.3 uM (circles), 1 uM (triangles), or 3 pM (diamonds). Cell number was determined by an MTT assay as described in Section 2. The zero time
point represents the number of cells that were initially plated. The symbols represent the average of triplicates + SEM. Asterisks denote values that were determined to be
statistically significantly different from cells incubated without chalcone-24 (p < 0.001) by using a 1-way ANOVA and Bonferroni post-test. The results of the MTT assays were
confirmed by counting live and dead cells using trypan blue exclusion (data not shown). (C) A549 cells stably transfected with NF-kB-luc were incubated for 8 h without (NT)
or with TNF-a in the presence of the indicated concentrations of chalcone-24. NF-kB activity was determined as described in Section 2. The bars represent the average of
triplicates + SEM. The values represent fold induction of luciferase activity relative to non-treated controls (NT). Asterisks denote values that were determined to be
statistically significantly different from cells incubated with TNF-o but without chalcone-24 (p < 0.001) by using a 1-way ANOVA and Bonferroni post-test. The data shown
are representative of at least two independent experiments.
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Fig. 2. Chalcone-24 stimulates ERK1/2 and JNK activity in A549 cells. (A) and (B) A549 cells were incubated for 30 min with the indicated concentrations of chalcone-24.
Whole cell lysates were analyzed by immunoblot for (A) phosphorylated, active ERK1/2 (top panel, 20 ng protein) and total ERK2 (bottom panel, 10 pg protein) or (B)
phosphorylated, active JNK1 and JNK2 (top panel, 40 pg protein) and total JNK (bottom panel, 10 pig protein). (C) and (D) A549 cells were incubated for the indicated times
with 0.3 uM chalcone-24. Whole cell lysates were analyzed by immunoblot for (C) phosphorylated, active ERK1/2 (top panel 30 pg protein) and total ERK1/2 (bottom panel,
10 pg protein) or (D) phosphorylated, active JNK1 and JNK2 (top panel, 40 ng protein) and total JNK (bottom panel, 10 pg protein). The data shown are representative of at

least two independent experiments.

monds and triangles). These results indicate that inhibition of ERK1/
2 increases the sensitivity of A549 cells to chalcone-24-induced de-
crease in cell viability (Fig. 4B).

Likewise, we found that inhibition of JNK increases the sensitiv-
ity of A549 cells to chalcone-24-induced inhibition of A549 cell
viability. We assessed endogenous JNK activity by monitoring the
phosphorylation state of endogenous c-Jun, a substrate for JNK,
with immunoblot analysis (Fig. 3C, upper panel). Incubation of

A549 cells with 5 uM SP600125 blocked basal and chalcone-24-in-
duced JNK activation by approximately 40%, as assessed by densi-
tometry of immunoblot data. Concentrations of SP600125 higher
than 5 pM were toxic to A549 cells (data not shown). Preincubat-
ing the cells with 5 pM SP600125 did not block chalcone-24-stim-
ulated ERK1/2 activation (data not shown). The cell viability of
A549 cells incubated for 72 h in the presence of both 0.3 pM
chalcone-24 and 5 pM SP600125 was over 48% lower than the cell
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Fig. 3. Inhibition of ERK1/2 or JNK increases the sensitivity of A549 cells to chalcone-24 (A) A549 cells were incubated for 30 minutes in the absence (—) or presence (+) of
3 UM U0126. The cells were then incubated for 30 minutes in the absence (—) or presence (+) of the indicated concentrations of chalcone-24. ERK1/2 activity was analyzed as
described in the legend to Fig. 2. (B) Twenty-four hours after plating A549 cells, the cells were incubated in absence (squares) or presence of 3 pM U0126 (circles), 0.3 pM
chalcone-24 (chal-24) (triangles), or 0.3 uM chalcone-24 and 3 uM U0126 together (chal-24/U0126) (diamonds). Cell number was determined by MTT assay after 24, 48, and
72 h of incubation. (C) A549 cells were incubated for 30 min in the absence (—) or presence (+) of 5 uM SP600125 (SP). The cells were then incubated for 30 min in the absence
(—) or presence (+) of 0.3 UM chalcone-24 (chal-24). Protein from nuclear extracts (5 pug) was analyzed for either phospho-c-Jun by immunoblot using an antibody that binds
to c-Jun phosphorylated on Ser-73 (pc-Jun) (upper panel) or total c-Jun (lower panel). (D) Twenty-four hours after plating A549 cells, the cells were incubated in absence
(squares) or presence of 5 M SP600125 (SP) (circles), 0.3 uM chalcone-24 (chal-24) (triangles), or with 0.3 uM chalcone and 5 uM SP600125 (chal-24/SP) together
(diamonds). Cell number was determined by MTT assay after 24, 48, and 72 h of incubation. (B) and (D) The symbols represent the average of triplicates + SEM. Asterisks
denote values from cells treated with chalcone in the presence of U0126 or SP600125 that were determined to be statistically significantly different from cells incubated with
chalcone-24 alone (p < 0.001), by using a 2-way ANOVA and the Bonferroni post-test. The data shown are representative of at least two independent experiments.
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Fig. 4. Inhibition of ERK1/2 or JNK does not lower the threshold for chalcone-24-induced cell death or inhibition of TNF-a-stimulated NF-kB activation. (A) A549 cells were
incubated for 48 h in the presence of the indicated concentrations of chalcone-24, in the absence (closed bars) or presence of 3 pM U0126 (open bars) or 5 uM SP600125
(hatched bars). Caspase-3/7 activity was measured as described in Materials and methods. The bars represent the average of triplicates + SD. Asterisks above the closed bars
denote values that were determined to be statistically significantly different from cells incubated in the absence of chalcone-24 (p < 0.001) by using a 1-way ANOVA and
Bonferroni post-test. Caspase-3/7 activity was not significantly different between cells treated in the presence of U0126 or SP600125 and cells treated in the absence of these
pharmacological inhibitors. (B) A549 cells stably transfected with NF-kB-luc were incubated for 8 h with TNF-a in the absence (control) or presence of 0.3 uM chalcone-24
(chal-24), 0.3 uM chalcone-24 plus 3 ptM U0126 (chal-24/U0126), 0.3 uM chalcone-24 plus 5 pM SP600125 (chal-24/SP), 3 uM U0126 (U0126), or 5 1M SP600125 (SP). NF-kB
activity was determined as described in Materials and methods. The values represent fold induction of luciferase activity relative to cells that were not incubated with TNF-o..
The bars represent the average of triplicates + SD. The values were determined to be not statistically significantly different from cells incubated with TNF-ot alone by using a 1-
way ANOVA and Bonferroni post-test. U0126 and SP600125 alone or together with 0.3 pM chalcone-24 did not inhibit TNF-a-stimulated NF-xB-luc when the cells were
incubated for 24 h (data not shown). The data shown are representative of at least two independent experiments.

viability of A459 cells incubated with 0.3 uM chalcone alone
(Fig. 3D, compare diamonds and triangles). Inhibiting ERK1/2 and
JNK activation resulted in a modest increase in the ability of
1 UM chalcone-24 to reduce A549 cell viability and had no effect
on the action of 3 uM chalcone-24 (data not shown). Altogether,
these data indicate that inhibition of ERK1/2 and JNK lowers the
threshold for chalcone-24-induced inhibition of cell viability.

3.4. Inhibition of ERK1/2 or JNK does not lower the threshold for
chalcone-24-induced cell death or inhibition of TNF-a-stimulated NF-
KB activation

To determine whether the decrease in cell viability observed in
chalcone-24-treated A549 cells was due, a least in part, to the stim-
ulation of cell death pathways, we used an assay that can detect
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caspase-3 and caspase-7 activity, which are markers of apoptosis
[11]. Incubation of A549 cells for 48 h with 1 pM or 3 uM chal-
cone-24 stimulated a significant increase in caspase activity, indi-
cating that stimulation of apoptotic pathways requires
concentrations of chalcone-24 greater than 0.3 uM (Fig. 4A). We
detected an increase in caspase activity as early as 24 h of incuba-
tion, but were not able to detect an increase at 16 h (data not
shown). Staining the cells with propidium iodide followed by flow
cytometry confirmed that the threshold for stimulation of cell
death is between 0.3 uM and 1 uM chalcone-24 (data not shown).
Preincubation of A549 cells with either U0126 or SP600125 did not
affect caspase activity, indicating that ERK1/2 and JNK do not mod-
ulate chalcone-24-induced caspase-3- and capsase-7-dependent
cell death in A549 cells (Fig. 4A). The use of trypan blue exclusion
to monitor cell viability confirmed that inhibition of ERK1/2 or JNK
does not increase cell death (data not shown). Incubating A549
cells with 0.3 uM chalcone-24 did not inhibit TNF-a-stimulated
NF-kB activity, regardless of the presence or absence of 0.3 uM
chalcone-24, U0126, and SP600125 (Fig. 4B). Altogether, these data
indicate that inhibition of ERK1/2 or JNK lowers the threshold for
the chalcone-24-induced decrease in cell viability without lower-
ing the threshold for chalcone-24-induced-activation of cell death
pathways or inhibition of NF-kB-dependent cell survival pathways.

4. Conclusions

The studies presented here indicate that ERK1/2 and JNK activ-
ity help determine the sensitivity of A549 cells to the cytotoxic ef-
fects of chalcone-24. Our results suggest that chalone-24 induces
cytotoxicity through three different mechanisms, depending on
the dose: inhibition of cell proliferation, stimulation of apoptotic
cell death pathways, and inhibition of NF-kB-dependent cell sur-
vival pathways. Accordingly, kava both blocked cell proliferation
and induced apoptosis in the A/] mouse model of lung tumorigen-
esis [4]. Interestingly, ERK1/2 and JNK appear to primarily protect
cells from the chalcone-24-induced pathways that inhibit cell pro-
liferation, as inhibition of these kinases did not affect caspase or
NF-xB activity. This may help explain why ERK1/2 and JNK activity
protect A549 cells from 0.3 pM chalcone-24, which does not stim-
ulate cell death or inhibit NF-xB. By contrast, ERK1/2 and JNK
activity does not protect against the cytotoxic effects of 3 uM cha-
lone-24 (data not shown), a concentration that can act through all
three cytotoxic pathways. Interestingly ERK1/2 and JNK activity
only modestly protects A549 cells from the cytotoxic effects of
1 uM chalcone-24 (data now shown), a concentration that inhibits
cell proliferation and activates apoptotic cell death pathways, and
does not inhibit NF-kB. These results suggests that the protective
effects of ERK1/2 and JNK activity can be overcome when more
than one cytotoxic pathway is activated by chalcone-24.

Further research is required to determine the biochemical
mechanisms by which chalcone-24 stimulates ERK1/2 and JNK
activity, and the biochemical targets of ERK1/2 and JNK that mod-
ulate cytotoxicity. Studies indicate that specific chalcones stimu-
late ERK1/2 through a pathway that involves elevation of cAMP,
activation of cAMP-dependent protein kinase (PKA) and activation
of MEK1/2 [12]. We found that the PKA inhibitor H-89 did not

block chalcone-24-stimulated ERK1/2 activation of A549 cells, sug-
gesting that chalcone-24 does not require PKA to activate ERK1/2
in this cell line (data not shown). A common theme for the action
of many chalcones is effects on the cell cycle (reviewed in [2]). Fur-
ther research is needed to determine whether chalcone-24 targets
cell cycle regulators through the activation of ERK1/2 and JNK.

Altogether, our results suggest that the sensitivity of A549 lung
cancer cells to growth inhibition by chalcone derivatives is deter-
mined by the constellation of signaling pathways and cytotoxicity
pathways modulated by chalcone analogs. This information will
help guide future studies to further investigate the mechanisms
of action of chalcone derivatives and to refine the synthesis of chal-
cone analogs to maximize the combination of actions required to
prevent and treat cancer.
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