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Abstract
Increasing attention has been given to the anti-cancer effects of curcumin and the ability of this
natural product to inhibit cancer cell proliferation. New curcumin analogs have been developed to
optimize the in vitro and in vivo activity of the parent compound yet retain the same safety profile.
EF24, a fluorinated synthetic analog, surpasses curcumin in its ability to inhibit cancer cell
viability and down-regulate TNFα-induced NF-κB activation. Here we report a critical role of the
p38-mediated signaling pathway in the determination of lung cancer cell’s sensitivity to EF24. We
have found that EF24-induced decease of lung cancer cell viability was accompanied by
upregulated mitogen-activated protein kinases (MAPK) as evidenced by increased
phosphorylation of ERK1/2, JNK, and p38. Pharmacological investigation led to our suggestion
that EF24 triggers a negative feedback loop through p38 activation. In support of this model,
inhibition of p38, either by small molecule inhibitors or through an RNAi-mediated knockdown
approach, enhanced the EF24 induced apoptotic death of A549 cells. Thus, inhibition of p38 may
boost the EF24 anticancer effect. Indeed, a combination of EF24 and SB203580, a p38 inhibitor,
synergistically inhibited clonogenic activity of A549 lung cancer cells and induced their apoptosis
as reflected by poly(ADP-ribose) polymerase cleavage, the accumulation of the sub-G1 fraction of
cells, and apoptotic cell staining. These studies offer a novel strategy that combines the curcumin
analog EF24 with a p38 inhibitor for potentially enhanced therapy in the treatment of lung cancer.
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1. Introduction
Curcumin has demonstrated great potential as a chemopreventative and therapeutic agent
due to its ability to negatively modulate cancer-related biomarkers and inhibit the
proliferation of tumor cells but retain pharmacological safety profile in vivo [1–4].
However, clinical studies have shown that curcumin is less efficacious in vivo because over
80% of this compound does not reach systemic circulation, but rather is rapidly excreted [4–
5]. This prompted the design of analogs, including the fluorinated analog, EF24 (Fig. 1A),
which are more biologically active in inducing apoptosis in vitro assays and also more
potent in vivo [6–7]. Extensive studies are being conducted into the mechanism of action of
these analogs, in particular EF24, to advance the clinical development of this agent as a
promising new therapeutic candidate.

Like curcumin, EF24 inhibits the NF-κB signaling pathway [8–9]. The interplay between
the NF-κB pathway and other intracellular pathways has been extensively studied. NF-κB
appears to be mechanistically linked to the mitogen-activated protein kinase (MAPK)
pathways [10–11]. The MAPK pathways are three-tiered kinase regulatory systems, which
are activated upon stimulation with extracellular signals such as growth factors and
ultimately elicit a corresponding biological response. The three major MAPK family
members include the extracellular-regulated kinase/mitogen activated protein kinase (ERK/
MAPK), the c-jun N-terminal kinase (JNK), and p38 MAPK, Activation of ERK has been
associated with cell growth and differentiation, while JNK and are often activated by stress
signals. JNK and p38 not only can respond to mitogens but also a variety of cellular stresses
including inflammatory cytokines [12–12]. Recently, p38 has also been implicated in the
transcriptional up-regulation of NF-κB, further suggesting a connection between
inflammation, cancer, and NF-κB [13–14].

Like other MAPKs, p38 are activated by MAP kinase kinases (MAPKKs/MKKs) with
MKK3 and MKK6 being the two main upstream MAPKKs [15]. p38 in turn activates a
number of downstream substrates, including MAP kinase-activated protein kinase-2
(MAPKAPK-2/MK2), transcription factor-2 (ATF-2), mitogen- and stress-activated kinase
(MSK), and p53 [16–17]. The role of p38 in human cancers appears to be complex.
Published data present arguments for both pro-survival and pro-apoptotic functions of p38.
However, there are reports that p38 is selectively activated in homogenates of non-small cell
lung tumors compared with normal tissue. Thus, it may be involved in malignant cell growth
or transformation [18].

Intense efforts in MAPK inhibitor development have led to the evaluation of p38 inhibitors
for the treatment of rheumatoid arthritis, skin disorders, and other inflammatory diseases
[19–20]. p38 inhibitors have been found to inhibit the production of pro-inflammatory
cytokines and therefore inhibit the propagation of the inflammatory response. Interestingly,
the pyridinyl imidazole class of compounds, which has long been recognized for its ability
to suppress cytokine biosynthesis, has been used as a template for the design of new p38
inhibitors presently used in clinical studies [21]. The pyridinyl imidazoles, which include
SB203580 and SB202190, selectively target the ubiquitously expressed p38α and p38β
isoforms by competing with ATP for its binding site [20, 22–23].

How susceptible cancer cells are to chemotherapeutic-induced cell death is dependent on a
balance between cell death and survival mechanisms. Increased survival signaling could
possibly counteract drug efficacy. For example, the induction of NF-κB by Taxol has been
well documented and has garnered much attention [24]. Taxol has been documented to
induce the phosphorylation and degradation of IκB, leading to the nuclear translocation of
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the NF-κB heterodimer. This increased NF-κB activation may lead to Taxol-resistance [25–
26]. In addition, recent reports indicate that NF-κB inhibitors increased the efficacy of
paclitaxel in ovarian cancer [27–28]. In our mode of action studies on EF24 as an anticancer
agent, we noticed that treatment of cells with EF24 drastically induced the upregulation of
three major MAPK pathways mediated by ERK, JNK, and p38. Examination with
pharmacological agents suggests a critical role of p38 in determining cell response to EF24.
Indeed, the combination of EF24 and p38 inhibitors exhibits synergistic cytotoxicity against
the lung cancer cell line A549. Thus, blocking the p38 pathway may offer a promising
strategy to enhance the efficacy of EF24-based therapy for the treatment of cancer and
possibly various inflammatory diseases.

2. Materials and Methods
2. 1. Chemicals and antibodies

Curcumin and the analog EF24 were synthesized as previously described [6]. Stock
solutions of each (10 µM) were made in DMSO and stored in aliquots at −20°C. The
compounds were diluted in incubation media immediately prior to each experiment. Most
chemicals are from Sigma-Aldrich (St. Louis, MO) otherwise as stated. The pyridinyl
imidazole compounds SB203580 (Cat. No. V1161; Promega; Madison, WI) and SB202190
(Cat. No. S7067; Biosource; Camarillo, CA) were used as p38α/β inhibitors. Antibodies
against total and phospho-JNK (Thr183/Tyr185), total and phospho-p38 MAPK (Thr180/
Tyr182), total and phospho-ERK (Thr202/Tyr204), PARP (full length and cleaved fragments)
were all purchased from Cell Signaling (Cat. No. 4668, 9215S, 4377, 9542; Beverly, MA).

2. 2. Cell Culture
The human non-small cell lung cancer (NSCLC) cell line A549 were grown in RPMI-1640,
10% CellGro FBS (Fisher Scientific; Pittsburgh, PA) and maintained at 37°C in an
atmosphere containing 10% CO2. The media was supplemented with 1% penicillin/
streptomycin (Fisher Scientific; Pittsburgh, PA).

2.3. Immunoblot analysis
Cells were lysed in 1% NP-40 buffer (50mM Tris-HCl, 150 mM NaCl, 1% NP-40, pH 8,0)
supplemented with one complete protease inhibitor cocktail tablet (Cat. No. 04693159001;
Roche, Indianapolis, IN) per 10 ml solution and protein from the whole cell extracts were
resolved by 12.5% SDS-PAGE (25 – 40 µg/lane), electrotransferred to nitrocellulose
membranes, and blocked with 5% nonfat dry milk in TBS-Tween 20 (Fisher Scientific;
Pittsburgh, PA). The blots were then incubated with the indicated primary antibodies,
followed by horseradish peroxidase-conjugated secondary antiserum from Santa Cruz
Biotech. (Santa Cruz, CA). Immunoreactivity was visualized by enhanced
chemiluminescence reagent (Cat. No. RPN2106; Amersham Biosciences, Piscataway, New
Jersey). For sequential blotting with additional antibodies, the membranes were stripped
using a strip buffer solution (2% SDS, 50 mM Tris-HCl, pH 6.8) with 2-mercaptoethanol
(1:1000; Fisher Scientific; Pittsburgh, PA) and reprobed with the indicated antibodies.

2.4. In Vitro Viability Assay
Cells were plated at a density of 5,000 cells/well in a 96-well plate, or 1,000 cells/well in a
384-well plate, and allowed to adhere overnight. The following day the cells were treated
with drug for 48 hours, or 72 hours, in triplicate. Similar IC50 values were obtained from
either a 48 hr or 72 hr assay with A549 cells (Fig. S1). Cell viability was measured with the
sulforhodamine B (SRB; ACROS Organics, Geel, Belgium) assay. Cells were fixed with 50
µl of 10% TCA at 4°C for 1hr. The plates were washed with water and stained with 4% SRB
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(100 µl). Acetic acid (1%) was then used to wash the plates. Lastly, 10 mM unbuffered Tris
was added to solubilize the dye. Absorbance at 490 nm was recorded using a 96-well plate
reader. The mean value and standard error for each treatment were determined and the %
cell viability relative to control (0.5% DMSO) was calculated. The IC50 is defined as the
concentration of drug that kills 50% of the total cell population as compared to control cells
at the end of the incubation period.

2.5. Clonogenic assay
A549 cells were plated in low density (450 cells/well) in a 12-well plate and were allowed to
adhere overnight. The cells were treated with test compounds the following day and every 3
days thereafter. On day 10 after colonies were formed, cells were fixed using 10% TCA for
30 min at 4°C. The wells were washed with water, stained with sulforhodamine B, and then
washed with 1% acetic acid. An image of each well was taken. Colonies were counted using
Image Processing and Analysis in Java (Image J, Research Service Branch, NIH). Large
colonies were defined as colonies with a diameter greater than or equal to 2 mm. Small
colonies were defined as though <2 mm in diameter.

2.6. Flow cytometry analysis
Apoptosis was examined by measuring DNA content with flow cytometry for propidium
iodide (PI; Invitrogen, Carlsbad, CA) -stained cells. A549 cells were treated with a single
agent or combination for 48 hr. Attached and unattached cells were then collected, washed
with 1%BSA/PBS and fixed with 75% cold ethanol for at least 1hr. PI (50 µg/ml) was then
used to stain the cells, and the DNA content of these stained cells was measured by a
FACScan cytometer equipped with Cell Quest software (BD Biosciences; Franklin Lakes,
NJ).

2.7. Cell health assay
A549 cells cultured in 96-well plate were stained with Hoechst 33342 (5 µg/ml), PI (2.5 µg/
ml) and YO-PRO-1 (0.1 µM; Invitrogen; Carlsbad, CA) at 4 °C for 30 min and analyzed by
ImageXpress system (Molecular Devices, Sunnyvale, CA). PI-single positive and YO-
PRO-1-single positive cells are recognized as necrotic and early apoptotic cells,
respectively, whereas PI/ YO-PRO-1-double positive cells are referred to as late apoptotic
cells [29]. The percentages of viable cells and dying/dead cells, which consist of necrotic,
early and late apoptotic cells, were analyzed.

2.8. siRNA transfection
A549 cells were transiently transfected with oligonucleotide p38 siRNA (Cat. No. 6564;
Cell Signaling, Beverly, MA) using oligofectamine transfection reagent (Cat. No. 12252011;
Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. 48 hr following
initial transfection, A549 cells were subjected to western blotting. For the SRB cell viability
assay, cells underwent the same two rounds of transfection. However, immediately after the
second transfection, cells were treated with EF24 for 48hr where indicated.

2.9. In vitro p38 kinase assay
The p38 recombinant kinase (Cat. No. PH00125; Invitrogen, Carlsbad, CA) was
preincubated with test compound for 30 min. Test compounds are SB203580 (0.078–40 µM)
with or without EF24 (0.078–40 µM). p38 was then incubated with a mixture of [γ-32P]
ATP (0.8 µCi; NEG502A250UC; Perkin Elmer, Boston, MA) and the exogenous substrate
MBP (0.4 mg/ml; Fisher Scientific; Pittsburgh, PA) at 30°C for 15 minutes. The reactions
were stopped by spotting 20 µl of the reaction mixture onto individual pre-cut strips of
phosphocellulose P81 paper (Cat. No. 3698915; Whatman, U.K.). The phosphocellulose
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paper was then washed three timesx for 15 min each with phosphoric acid (0.5%) to remove
unincorporated ATP. Incorporated [γ-32P] ATP in MBP was measured using liquid
scintillation counting.

3. Results
3.1. EF24 induces the activation of three MAPK pathways

EF24 is more potent than the parent compound curcumin in inhibiting A549 cell viability,
consistent with the previous report (Fig 1) [7]. In order to understand the mechanism that
contributes to this potent anti-cancer activity of EF24, we analyzed pathways that may be
modulated upon treatment with this agent. Previously, we demonstrated that EF24 down-
regulates TNFα-induced NF-κB activation by negatively regulating the activity of the
upstream kinase of IκB, IKK. Cross talk is known to exist between the NF-κB pathway and
other important mediators in regulating cell survival and proliferation including the three-
tiered MAPK signaling pathways. To determine whether EF24 modulates any of the three
well studied MAPKs, we monitored the activation states of ERK, JNK, and p38 in response
to EF24 or curcumin. Interestingly, we found that EF24 induces the activation of each of the
MAPKs in a dose-dependent manner revealed by their upregulated phosphorylation (Fig.
1C). ERK, as well as p38, were also activated by curcumin, however at higher
concentrations than EF24 (20 µM vs 0.4 µM and 50 µM vs 0.8 µM). At the time and doses
used, no phosphorylation of JNK was detected with curcumin treatment while activation of
JNK was detected after treatment of cells with EF24 (5 µM). The lack of induction of JNK
by curcumin is consistent with published data that curcumin inhibits, instead of activates, the
signal transduction pathways leading to JNK activation [30–31].

3.2. Inhibition of ERK and JNK activation does not dramatically affect EF24-induced
cytotoxicity

Since ERK participates in a mitogenic pathway that promotes cell survival and proliferation
and EF24 induces activation of ERK, we determined whether this pathway is important for
the potency of EF24, and if inhibition of ERK would further augment the loss of cell
viability of EF24-treated cells. A low dose of EF24 (0.4 µM) was chosen for this experiment
since it only induces a low level of growth inhibition (15–25%) of cells and detectable
MAPK activation after 48 h of treatment. The chemical inhibitor U0126 was used to
selectively inhibit ERK by targeting the upstream kinase MEK. The concentrations of
U0126 used in this study were determined to inhibit EF24-induced ERK phosphorylation
(data not shown). When the viability of cells with either agent alone was compared to those
with the combination of EF24 and U0126, no significant change in cell viability with
inhibition of ERK was observed (Fig. S2A). It is noted the addition of 5 µM of U0126 along
with EF24 reduced protein levels of ERK and p38. It is possible that this combination
inhibits a stabilization pathway for ERK, the mechanism of which requires further
investigation.

Similarly, we determined if JNK inhibition would affect EF24-induced cytotoxicity. Several
recent reports implicate JNK in the regulation of the apoptotic response in which activated
JNK mediates the induction of cell death [32]. We hypothesized that inhibition of JNK
would attenuate EF24-induced cell death. A549 cells were treated with a combination of
EF24 and a JNK inhibitor, SP600125, for 48 h. JNK inhibition did not attenuate the loss of
cell viability by EF24, instead caused a slightly additive drop in cell viability (Fig. S2C).
This effect by the JNK inhibitor to negatively affect cell viability may be due to a
prosurvival role of JNK in A549 cells or due to the nonspecific effect of the compound,
SP600125. This compound has been shown to inhibit other cellular kinases [33].
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3.3. p38 inhibitors enhance EF24-induced cytotoxicity
We then evaluated the effect of p38 inhibition on EF24-induced cytotoxicity. The same low
dose of EF24 (0.4 µM) was used as in the previous experiments with MEK and JNK. We
combined EF24 with increasing concentrations of a pyridinyl imidazole p38 inhibitor,
SB203580 or SB202190. These p38 inhibitors alone did not significantly affect the cell
viability at the test concentrations. When SB203580 was combined with EF24, the
percentage of growth inhibition was significantly greater than the effect of each compound
alone (Fig. 2A). The combination of SB202190 (12.5 µM) and EF24 also had a dramatic
effect on cell viability (Fig. 2B), showing an approximate 30% reduction in cell viability
below the additive effects of the combination.

To determine whether the combination effect could be due to the cytotoxicity of the p38
inhibitors, the dose-dependent effect of both pyridinyl imidazoles on A549 cell growth was
compared. SB203580 was found to have little effect on cell survival of A549 cells with the
highest concentration tested (25 µM) only leading to a 10% loss in cell viability and an IC50
of approximately 50 µM (Fig. 2C). From the same analysis, the IC50 of SB202190 was
determined to be approximately 25 µM.

It is important to note that caution should be taken when small molecule inhibitors are used
in experiments. SB202190 and SB203580 have similar mechanisms in inhibition of p38 as
ATP mimetics, though have shown differing effect on A549 cell viability. It has been well
documented that SB202910 is a more promiscuous kinase inhibitor with a range of other
targets [33], which leads credence as to why SB203580 is used more consistently in related
experiments in the literature as a specific inhibitor of p38. This may be also evident in the
fact that SB202190 and SB203580 have different IC50 values in their inhibition of A549 cell
viability (approximately 25 µM and 50 µM, respectively), with SB202190 being more
cytotoxic. The synergistic effect shown with the combination of EF24 and SB203850 may
truly more adequately reflect the combinational activity of p38 inhibition and EF24
treatment. For this reason, SB203580 was employed for the remainder of the experiments.

The inhibition of p38 activity by SB203580 was also demonstrated by monitoring the
phosphorylation of MAPKAPK-2, an immediate downstream effector of p38 (Fig. 2D).
Again, inhibition of p38 by this compound significantly enhanced the EF24 effect. Since
SB203580 has the least effect on A549 viability alone while still inhibiting p38 activity, this
compound was used for the rest of the experiments.

3.4. The induction of apoptosis by EF24 is potentiated by p38 inhibition
EF24 has already been demonstrated to induce apoptosis in a various panel of cancer cells
(5, 6). The enhanced cytotoxicity by the combination of EF24 with a p38 inhibitor is likely
due to upregulated apoptosis function. We used a flow cytometry based assay to monitor the
level of sub-G1 fraction of cells as an indication of apoptosis and examined whether the
combination of EF24 and SB203580 caused an increased apoptotic response (Fig. 3A &
3B). Cells treated with EF24 (0.4 µM), or SB203580 (12.5µM), alone for 48 hr showed no
significant difference in the percentage of apoptotic cells from that of the vehicle-control.
However, when these two agents are combined, a synergistic accumulation of cells in the
sub-G1 fraction was observed. A dramatic increase in sub-G1 cells were not observed
between the curcumin and curcumin plus SB203580 treatment groups (Fig. 3A & 3B). Then,
a cell imaging based high content analysis (HCA) approach and biochemical markers of
apoptosis were used to validate the above results. The HCA based double-staining approach
was able to differentiate apoptotic from necrotic cells. Indeed, this imaging based assay
showed that the cells treated with the combination primarily undergo apoptosis (Fig 3C). In
support of these observations, the combination treatment of A549 cells with a p38 inhibitor
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also increased EF24-induced cleavage of PARP, a well established substrate of effector
caspases, which is another hallmark of apoptotic cell death (Fig. 3D). The enhanced PARP
cleavage by the combination effect of EF24 and SB203580 suggests a caspases-mediated
cell death process. To validate this model, we determined whether inhibiting global caspase
activity could attenuate the loss of cell viability induced by this combination. To do so, we
pretreated A549 cells with the pan caspase inhibitor zVAD-fmk for 1h before a 48 hr
treatment of cells with the combination of EF24 and SB203580. The pretreatment of caspase
inhibitor significantly blocked the cell death by EF24 and SB203580 in support of a
caspase-mediated pathway (Fig. 3E). However, this caspase inhibitor only showed about
50% protection, suggesting an additional cell death mechanism is involved, the nature of
which requires further investigations. In these experiments, the same p38 inhibitor,
SB203580, failed to enhance the curcumin effect, which is consistent with the observation
that p38 was not induced by curcumin at the concentration used.

3.5. Silencing of p38 sensitizes A549 cells to EF24-induced death
It is possible that the small molecule p38 inhibitors may induce some off-target effect which
may be responsible for the enhanced EF24 activity. To test this possibility, we used a
genetic approach to specifically knock down p38. A549 cells were treated with siRNA
targeting p38, which resulted in a significant knockdown of p38. The relative specificity of
the p38 siRNA was examined. Indeed, no change in other kinases was observed as seen for
ERK expression levels (Fig. 4A & 4B). Then, these p38-knockdown cells were used to test
the effect of reduced p38 on cell sensitivity to EF24 (0.4 µM) (Fig. 4C). Cell viability was
analyzed 48 hr after treatment of cells with test agents. The effect of p38 knockdown was
compared to a mock transfected control with a scramble siRNA. As shown in Fig. 3C, p38
silencing enhanced cell sensitivity to EF24, showing significant loss of cell viability similar
to that of the combination of EF24 and SB203580. These results suggest that upregulated
p38 upon EF24 treatment may provide a feedback loop in support of lung cancer cell
survival. Disabling this p38-mediated negative feedback mechanism reduces the resistance
to EF24, leading potentially to an enhanced therapeutic efficacy.

3.6. Combination of EF24 and SB203580 synergistically inhibits colony formation of lung
cancer cells

Inhibition of p38 appears to reduce the cell resistance to EF24. To evaluate its potential
therapeutic implications, we examined the effect of p38 inhibition on the efficacy of EF24 in
suppressing transformation activity of A549 cells in a clonogenic assay. The IC50 for
inhibition of colony formation of A549 cells was determined to be approximately 150 nM
for EF24 and 10 µM for SB203580 from previous experiment (data not shown). For the
combination treatment for this experiment, 100 nM of EF24 was used. To achieve the
EF24:SB203580 ratio as used in cell viability assays (1:32.5 as in Fig. 2A), 5 µM of
SB203580 was selected in this experiment. As shown in Fig. 5A & B, the combination of
EF24 and SB203580 drastically reduced the number of colonies formed by A549 cells by
approximately 50% as well as the overall size of the colonies. Thus, inhibiting p38 offers a
promising strategy to enhance the EF24 anti-tumorigenic activity against lung cancer.

4. Discussion
Lung cancer is one of the leading causes of death worldwide, most people being diagnosed
with advanced or metastatic non-small cell lung cancer (NSCLC). Currently, treatment
options for this particular cancer are limited. In the present study, we used the A549 lung
adenocarcinoma cell line, a cell model for NSCLC, to demonstrate that EF24 exhibits higher
cytotoxicity than the lead compound curcumin. Interestingly, our work also reveals a
negative feedback loop mediated by p38 that may restrict the efficacy of EF24. By disabling
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the EF24-induced upregulated p38, it may be possible to enhance the EF24 effect. Indeed,
EF24 produces a dramatic synergistic growth inhibition of A549 cells and induction of
apoptosis when combined with pyridinyl imidazole p38 inhibitors (Fig. 3). This study not
only provides us with a potential combination that may be useful in a clinical setting, but
also furnishes several important observations concerning the mechanism of action of EF24
against A549 cells.

The ERK, JNK, and p38 signaling pathways were activated in response to EF24 treatment as
revealed by enhanced phosphorylation of the specific threonine and tyrosine motifs in the
activation loops of each kinase. Though ERK has a widely accepted role in mediating
cellular survival and proliferation, inhibiting the activation of ERK failed to potentiate the
effect of EF24 to inhibit A549 cell growth (Fig. S2). Furthermore, JNK is thought to act as a
pro-apoptotic kinase, but our studies show that inhibition of JNK activity in combination
with EF24 was slightly additive (Fig. S2). We expected JNK inhibition to attenuate the anti-
cancer activity of EF24. One conclusion from this observation is that either activation of
JNK is not imperative for EF24-mediated cell death, or EF24-induced JNK has a pro-
survival function [34–35]. However, the non-specific nature of the chemical inhibitor
SP600125 certainly complicates the interpretation of the data [36].

p38 has been implicated in survival pathways in part due to its connection with the NF-κB
transcriptional activation. The involvement of p38 in the induction of COX-2 and the
biosynthesis of cytokines such as TNFα and IL-6 supports the importance of p38 in
inflammation [37–38]. We demonstrated that SB203580, the prototypical p38 inhibitor used
in our studies, blocks p38 activity induced by EF24 as evidenced by the inhibition of
MAPKAPK-2 phosphorylation. SB203580 did not significantly affect A549 cell growth,
indicating that inhibition of p38 alone does not affect cell proliferation. Concurrent
inhibition of p38 activity in combination with EF24 enhances A549 cell death and thereby
suggests that p38 has a pro-survival function in A549. Nuclear staining in flow cytometry as
well as an increase in cleaved PARP further verified the synergistic nature of this treatment
combination in triggering cellular apoptosis.

In support of a potential role of the EF24 combination with a p38 inhibitor for the treatment
of lung cancer, we have demonstrated a potent combination effect in the suppression of
A549 cell clonogenic activity. In analyzing the data from the 10 day colony formation assay,
there was a dramatic decrease in the number of colonies formed, which may be a result of
the death of cells with colony-formation potential. However, there was also a difference in
the size of the colonies formed with the combination treatment, possibly suggesting growth
suppression of cells in these colonies as well as apoptosis. This conclusion was supported by
the experimental results with a pan caspase inhibitor zVAD-fmk, which showed significant
reversal of cell death induced by EF24. However, it is still possible that EF24 induces cell
death in part through another potentially caspase-independent mechanism [39].

To begin to address the mechanism of the combination effect, we examined the possibility
of a direct action of both EF24 and SB203580 on p38 and conducted a p38 in vitro kinase
assay(Fig. 6). The enzymatic activity of p38 was examined in the presence of SB203580,
EF24, or the combination of the two agents. As expected, the known p38 inhibitor
SB203580 dramatically inhibited the activity of p38 with an IC50 of approximately 1 µM.
However, the presence of EF24 alone (0.4 µM or 4 µM) in the reaction mixture did not
inhibit the kinase activity of p38. Furthermore, no significant change in the IC50 of p38
inhibition was noted when EF24 (0.4 µM or 4 µM) was added to the reaction in the presence
of SB203580. These studies rule out a direct action of EF24 on p38, in further support of the
model that the p38 inhibition lowered the threshold of A549 lung cancer cells for the EF24
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action. It is likely due to a disabled negative feedback loop mediated by the upregulated p38
upon EF24 treatment.

At the present time, p38 inhibitors are in clinical trials for a plethora of inflammatory
diseases from arthritis to skin disorders such as psoriasis. Recently, these inhibitors have
been found to be efficacious against tumors but often fail due to increased toxicity at the
effective doses [40]. Development of combination treatments using these inhibitors could
possibly decrease the dose needed to see a dramatic effect and therefore prevent side effects.
We suggest that molecular-targeted agents like p38 inhibitors may serve as a companion
agent to curcumin analogs with increased in vivo activity and bioavailability like EF24 in
order to successfully treat lung cancer. Our work supports a combination strategy with EF24
and a specific p38 inhibitor for enhanced therapeutic efficacy in lung cancers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of curcumin and EF24 on A549 lung cancer cell viability
(A) Structures of curcumin and the novel fluorinated curcumin analog, EF24. (B) A549 cells
were grown in a 96 well plate and treated with EF24 (0.4 µM or 0.8 µM) or curcumin (10
µM) for indicated times. Cell viability was assessed by the SRB method and is expressed as
percentage of vehicle-treated control (0.5% DMSO) (n = 3). The error bars indicate the
standard deviation of the mean. (C) A549 cells were treated with EF24 or curcumin for 30
min before the status of ERK, p38, and JNK were determined using phospho-specific
antibodies for the Thr/Tyr activation motifs.
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Figure 2. Inhibition of p38 enhances EF24-induced growth inhibition
(A) Cells were treated with SB203580 or SB202190 for 48 hr. Cell viability was assessed
using the SRB assay as the percentage of vehicle-treated (0.5% DMSO) control. (B, C)
Combination treatment of A549 with EF24 (0.4µM) and SB203580 (B) or EF24 and
SB202190 (C). The error bars in the experiments represent the standard deviation analyzed
from three repeats. (D) A549 cells were pretreated with SB203580 for 1h before treatment
with EF24 (10 µM) for 30 min. Cells were subjected to western blotting to access
phosphorylation and protein expression of MAPKAPK-2 as a p38 substrate..
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Figure 3. Combination of EF24 with SB203580 synergistically induces apoptosis of lung cancer
cells
(A) Cell cycle analysis of combined treatment of EF24 (0.4 µM) and SB203580 (12.5 µM).
A549 cells were exposed to the indicated compound for 48 hr. Flow cytometry was
performed to define the cell cycle distribution based on nuclear content of cells as described
in Materials and Methods. The data represent the cell cycle distribution for a representative
experiment. (B) Summary of results with sub-G1 cells from three independent experiments.
(C) Results of a cell health assay. A549 cells were plated in a 96 well plate at a density of
5000 cells/well. The following day, the cells were treated with the indicated concentrations
of EF24, SB203580, Curcumin, or the combinations of EF24 or curcumin with SB203580
for 48 hr. The cellular stains DAPI, Yo-Pro-1, and PI were added to each well. Yo-Pro-1
positive cells are deemed early apoptotic, PI-positive cells are necrotic, and Yo-Pro-1 and
PI-positive cells are late apoptotic [29]. Cells that excluded both stains but had intact nuclear
staining were deemed viable. A second concentration of EF24 (0.6 µM) served as a control
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to ensure the assay could identify an increase in apoptotic cells. (D) Western blot analysis of
A549 lysates treated with EF24 (0.4 µM), SB203580 (12.5µM), curcumin (10 µM) or the
combination of two compounds after 48 hr. The amount of full length and cleaved PARP
was revealed by Western blotting using an anti-PARP antibody. (E) Caspase inhibitor effect.
A549 cells were pretreated with the caspase inhibitor zVAD-fmk at indicated concentrations
for 1 hr before treatment with the combination of EF24 (0.4 µM) and SB203580 (12.5 µM).
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Figure 4. Knockdown of p38 sensitizes A549 cells to EF24-induced cytotoxicity
(A) A549 cells were transiently transfected with p38 siRNA as outlined in Materials and
Methods. p38 as well as total Hsp90 and ERK protein was assessed by western blotting and
quantified (B). (C) A549 cells were transiently transfected with mock or p38 siRNA and
were incubated with or without 0.4 µM of EF24 for 48 hr where indicated. Cell growth was
assessed by SRB assay. Results were compared to mock transfected control.
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Figure 5. EF24 and SB203580 show a synergistic effect on the inhibition of A549 colony
formation
(A) A549 cells were first plated at a density of 450 cells/well and then treated every 3 days
with the indicated concentration of test compounds. On day 10, the cells were fixed and
stained with SRB. Colonies formed were counted using Image J. The effect of compound
treatment on colony formation was compared to the vehicle-treated (0.5% DMSO) well. (B)
Summary of data from two experiments as in A with both colony number and size included.
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Figure 6. EF24 does not potentiate SB203580-mediated inhibition of p38 activity in vitro
The ability of EF24, SB203580, and the combination of EF24 and SB203580 to attenuate
p38 kinase activity was determined in vitro and graphed as the concentration of compound
vs. % p38 activity. The compounds were incubated with the kinase for 30 min before the
addition of the reaction mixture including the substrate MBP as described in Materials and
Methods.
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