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Coumarins are plant-derived natural products with a broad 
range of known pharmacological activities including anticancer 
effects. However, the molecular mechanisms by which this class 
of promising compounds exerts their anticancer effects remain 
largely unknown. We report here that a furanocoumarin named 
apaensin could effectively induce apoptosis of cancer cells through 
its activation of Jun N-terminal kinase (JNK) and p38 mitogen-
activated protein kinase (MAPK). Apoptosis induction by apaen-
sin in cancer cells was suppressed by chemical inhibitors of JNK 
and p38 MAPK. Inhibition of the expression of orphan nuclear 
receptor Nur77 by small interfering RNA (siRNA) approach also 
abrogated the death effect of apaensin. Molecular analysis dem-
onstrated that JNK activation was required for the nuclear export 
of Nur77, a known apoptotic event in cancer cells. Although p38 
MAPK activation was not involved in Nur77 nuclear export, it 
was essential for Nur77 mitochondrial targeting through induc-
tion of Nur77 interaction with Bcl-2, which is also known to 
convert Bcl-2 from an antiapoptotic to a proapoptotic molecule. 
Together, our results identify a new natural product that targets 
orphan nuclear receptor Nur77 through its unique activation of 
JNK and p38 MAPK and provide insight into the complex regula-
tion of the Nur77-Bcl-2 apoptotic pathway.

Introduction

Coumarins (2H-1-benzopyran-2-one) consist of a large class of phe-
nolic substances found in a wide variety of natural sources with broad 
pharmacological activities that are beneficial to human health, such as 
reducing the risk of cancer, diabetes, cardiovascular and brain diseases 
(1,2). Many coumarin derivatives are currently being used clinically or 
under clinical evaluation for their therapeutic applications including 
photochemotherapy, antitumor anti-HIV therapy, antibacterial, anti-
inflammatory and anticoagulant properties (1,2). Psoralen, a furano-
coumarin derived from the condensation of a coumarin nucleus with 
a furan ring, was introduced into clinical practice as early as 1974 for 
treating psoriasis (3). Since then, several natural and synthetic deriva-
tives of furanocoumarin have been used in the treatment of various 
skin diseases, psoriasis and cutaneous T-cell lymphoma (1,2). Due 
to their potent induction of cell differentiation and apoptosis, many 
new potential therapeutic effects, especially the anticancer activity, 
are being discovered for this class of compounds. 8-Methoxypsoralen 
induces apoptosis of HepG2 hepatocellular carcinoma cells through 

down regulation of the expression of DEC1 gene (4), while impera-
torin, a major active furanocoumarin enriched in the root of Angelicae 
Dahuricae, induces cancer cell apoptosis through death receptor and 
mitochondria dependent pathways in vitro and in vivo (5). However, 
the anticancer effects of furanocoumarins and their mechanisms of 
action remain to be further studied in order to explore their cancer 
therapeutic potential.

Nur77 (also called NGFI-B or TR3), an orphan member of the 
nuclear receptor superfamily, is perhaps the most potent apoptotic 
member of the superfamily (6–9). Accumulating evidence reveals a 
critical role of Nur77 in the regulation of the growth, survival and 
apoptosis of cancer cells (6–9). Nur77 is overexpressed in a variety 
of cancer cells, which in most of case correlates with the growth 
and survival of cancer cells. Ectopic expression of Nur77 stimulates 
cell cycle progression and proliferation (10), while silencing Nur77 
inhibits the growth, survival and migration of a variety of cancer cells 
(10–14). Surprisingly, down regulation of Nur77 expression is part of 
a gene signature predicting tumor metastasis (15), while simultane-
ous ablation of the genes encoding Nur77 and closely related Nor1 
causes acute myeloid leukemia in mice (16). Thus, Nur77 possesses 
both oncogenic and tumor suppressor activities. The observation that 
Nur77 is a critical mediator of the apoptotic effect of a variety of death 
stimuli including chemotherapeutic agents in different types of can-
cer cells provides a plausible explanation for the somewhat paradox 
opposing biological activities of this receptor protein (6–9). While 
the growth promoting effect of Nur77 appears to be dependent on 
its nuclear action, the death effect of Nur77 involves its translocation 
from the nucleus to the cytoplasm (6–9). In response to some apoptotic 
stimuli, Nur77 translocates from the nucleus to the cytoplasm where it 
targets mitochondria to induce cytochrome c release and apoptosis in 
various cancer cells (10,17–27). Nur77 targets mitochondria through 
its interaction with Bcl-2, resulting in conversion of Bcl-2 from an 
antiapoptotic to a proapoptotic molecule (21–23,25,28,29). Because 
Bcl-2 is often overexpressed in tumor cells, the ability of Nur77 to 
convert Bcl-2 from a cancer cell protector to a killer suggests that 
targeting Nur77-Bcl-2 may lead to selective apoptotic pathway induc-
tion in cancer cells, which is therapeutic desirable (6,8).

The diverse and sometimes opposing biological effects of Nur77 
is subjected to complex regulations including posttranslational modi-
fications and ligand binding in a cell specific and context depend-
ent manner (6–9). Several natural and synthetic compounds, such as 
the retinoid-related molecule AHPN (also called CD437 10,18,22), 
1,1-bis(3′-indolyl)-1-(p-substituted phenyl)methanes (C-DIMs (30)), 
the octaketide cytosporone B (31), etoposide (17), 5-fluorouracil (32), 
certain nonsteroidal antiinflammatory drugs (32), chenodeoxycholic 
acid derivatives (33), histone deacetylase inhibitors (34), n-butyl-
enephthalide (35), calcium ionophores (17), could target Nur77 to 
modulate the growth and apoptosis of cancer cells. Cytosporone B 
(31) and perhaps 1,1-bis(3′-indolyl)-1-(p-substituted phenyl)meth-
anes (C-DIMs (30)) may directly bind to Nur77 to provoke its kill-
ing effects. However, most of the apoptotic stimuli that induce Nur77 
dependent apoptosis act indirectly through their regulation of the 
expression of Nur77 and/or posttranslational modification of the 
Nur77 protein (6–9). Phosphorylation of Nur77 by JNK promotes its 
cytoplasmic localization and apoptotic effects, while its phosphoryla-
tion by AKT has a reverse effect (19). However, how different signal-
ing pathways act coordinately to regulate the Nur77-Bcl-2 pathway 
remains to be studied.

We previously reported (36) that several furanocoumarins from the 
root of A.Dahuricae (5,36) could regulate transactivation of nuclear 
receptor retinoid X receptor-alpha (36). The aim of the current study 
was to examine whether and how they induced Nur77-dependent 
apoptosis in cancer cells known to be sensitive to the Nur77-Bcl-2 

Abbreviations:  DAPI, 4',6'-diamidino-2-phenylindole; JNK, Jun N-terminal 
kinase; LMB, leptomycin B; MAPK, mitogen-activated protein kinase; PARP, 
poly (ADP ribose) polymerase; PBS, phosphate-buffered saline; siRNA, small 
interfering RNA. 
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apoptotic pathway (10). We report here that one of the furanocou-
marins, named as apaensin, could induce apoptosis of NIH-H460 lung 
cancer and MCF-7 breast cancer cells. Our investigation of its mech-
anism of action showed that apaensin-induced apoptosis required 
its activation of JNK and p38 MAPK, which acted coordinately to 
modulate the Nur77-Bcl-2 apoptotic pathway through induction of 
Nur77 nuclear export and subsequently its interaction with Bcl-2, 
respectively.

Materials and methods

Isolation of natural products
Apaensin and other furanocoumarins were isolated from the dry root of 
A.Dahuricae as described previously (36). The purity of these four compounds 
is all greater than 95%—determined by nuclear magnetic resonance (NMR) 
spectrum and High-performance liquid chromatography. 

Reagents
Lipofectamine 2000 from Invitrogen, goat anti-rabbit and anti-mouse sec-
ondary antibody conjugated to horseradish peroxidase from Thermo Fisher 
Scientific, anti-mouse/rabbit IgG conjugated with Cy3, anti-mouse/rabbit 
IgG conjugated with fluorescein isothiocyanate from Chemicon International, 
anti-Nur77 (3960), anti-P-p38 (9215), anti-p38(9212), anti-P-JNK (9251), 
anti-JNK (9252), anti-tubulin (2144), anti–poly (ADP ribose) polymerase 
(PARP) (9542) from Cell Signal Technology, anti-Hsp60 (sc-7150), anti-Bcl-2 
(sc-509), anti-Bax (6A7; sc-23959), anti-Myc (9E10; sc-40) from Santa Cruz 
Biotechnology, anti-β-actin antibody, anti-Flag (M2) antibody, SB203580, 
SP600125, leptomycin B (LMB) from Sigma, BIRB796 (Doramapimod, 
1358)  from Axon Medchem, polyvinylidene difluoride membranes from 
Millipore, enhanced chemiluminescence reagents from GE Healthcare and 
a cocktail of proteinase inhibitors from Roche were used in this study. Cell 
Mitochondria Isolation Kit was from Beyotime Institute of Biotechnology, 
China. All other chemicals used were commercial products of analytic grade 
obtained from Sigma.

Cell culture
NIH-H460 lung cancer cells were maintained in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum, and MCF-7 breast cancer cells were 
grown in Dulbeccos Modified Eagles (DME) medium supplemented with 
10% fetal bovine serum in a humidified atmosphere containing 5% CO2 at 
37°C. Cells seeded onto cell culture dishes and kept in medium with 10% fetal 
bovine serum for 24 h were treated with specified apaensin for the indicated 
times. When cells were cotreated with chemical inhibitors, they were added 1 h 
before apaensin. Cell transfections were performed using Lipofectamine 2000 
transfection reagent following the manufacturer’s instructions (22). Briefly, 
plasmid DNAs were mixed with Lipofectamine® Reagent in Opti-MEM® 
Medium at 1:1 ratio, incubated at room temperature for 15 min before adding 
to 70–90% confluent cells.

Co-immunoprecipitation assays
For co-immunoprecipitation assay, MCF-7 cells grown in 10 cm dishes were 
transfected with Myc-Nur77 and Flag-Bcl-2. Transfected MCF-7 cells were 
lysed in 500 μl of NETN (10 mM Tris–HCl, pH 8.0, 150 mM NaCl, 10 mM 
ethylenediaminetetraacetic acid and 0.2% NP-40) buffer containing protease 
inhibitors (Sigma). Lysate was incubated with 1 μg anti-Flag monoclonal anti-
body (Santa Cruz Biotechnology) at 4°C for 2 h. Immuno-complexes were then 
precipitated with 40 μl of protein A/G-sepharose (Santa Cruz Biotechnology). 
After extensive washing with NETN buffer, beads were boiled in 40 μl loading 
buffer and analyzed by western blotting (17,21,22).

Cellular fractionation
Briefly, cells were washed with cold phosphate-buffered saline (PBS), lysed 
in 0.5 ml of buffer A (10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl2, 10 mM 
KCl, 0.5 mM dithiothreitol, 10 mM of NaF and 1 mM Na3VO4) with a cock-
tail of proteinase inhibitors on ice for 5 min. The cell lysates were centrifuged 
at 10 000 r.p.m. for 30 s. The supernatant (cytosolic fraction) was collected. 
The nuclei-containing pellet was washed with cold PBS and resuspended in 
buffer B (20 mM HEPES-KOH, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM 
MgCl2, 0.2 mM ethylenediaminetetraacetic acid, 0.5 mM dithiothreitol, 10 mM 
NaF and 1 mM Na3VO4) to obtain the nuclear fraction. The isolation of mito-
chondrial fraction was performed using the Cell Mitochondria Isolation Kit 
(Beyotime Institute of Biotechnology). Briefly, cells were lysed in 100  μl 
ice-cold mitochondrial lyses buffer for 10 min, and cell suspension was then 
homogenized for 30 strokes using a tight pestle on ice. The homogenate was 
centrifuged at 600 g for 10 min at 4°C, and the resulting supernatant was 

centrifuged again at 11 000 g for 10 min at 4°C to obtain mitochondria, which 
was then resuspended in lyses buffer.

Western blotting
Equal amounts of protein lysates (20–40  μg) were electrophoresed on 8% 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred 
onto polyvinylidene difluoride membranes. The membranes were blocked with 
5% nonfat milk in TBST (50 mM Tris-HCl, pH 7.4, 150 mM NaCl and 0.1% 
Tween 20) buffer for 1 h, incubated with various primary antibodies for 2 h 
and detected with either anti-rabbit (1:5000) or anti-mouse (1:5000) secondary 
antibodies for 1 h, all of which were undertaken under room temperature. The 
final immunoreactive products were detected by using enhanced chemilumi-
nescence system, and examined by densitometric analysis.

Immunofluorescence microscopy
Cells mounted on glass slides were permeabilized with PBS containing 0.1% 
Triton X-100 and 0.1 M glycine for 15 min on ice, and blocked with 1% BSA 
in PBS for 30 min at room temperature. The cells were incubated with pri-
mary antibody (anti-Nur77) (1:200) or anti-Bcl-2 (1:200) respectively at 37°C 
for 1 h and detected by anti-rabbit IgG conjugated with Cy3 (1:200) or anti-
mouse IgG conjugated with fluorescein isothiocyanate (1:200) at room tem-
perature for 30 min. Cells were co-stained with 4',6'-diamidino-2-phenylindole 
(DAPI) to visualize nuclei. To detect mitochondria, cells were treated with 
MitoTracker® Red (Invitrogen) before adding the cell lysates. The images 
were taken using the LSM-510 confocal laser scanning microscope system 
(Carl Zeiss, Oberkochen, Germany (17,21,22)).

Statistical analysis
Data were expressed as mean ± SD. Each assay was repeated in triplicate in 
three independent experiments. Statistical significance of differences between 
groups was analyzed by using Student’s t-test or analysis of variance. P < 0.05 
was considered significant.

Results

Apaensin induces cancer cell PAPR cleavage
Four furanocoumarin, including isooxypeucedanin, oxyalloimpera-
torin, apaensin and demethylfuropinarine, were studied for their apop-
totic effect in NIH-H460 lung cancer cells known to be sensitive to the 
Nur77 dependent apoptotic effect (10). Apoptosis was examined for 
their ability to induce the cleavage of PARP protein, a sensitive apop-
totic marker occurring early in the apoptotic response (Figure 1A). 
Although various degrees of PARP cleavage was observed when cells 
were treated with 10 μM compound for 6 h, apaensin was the most 
potent inducer of apoptosis under the conditions used (Figure 1A). 
The apoptotic effect of apaensin was also confirmed by using DAPI 
staining that visualizes nuclear morphology of cells before and after 
apaensin treatment (Figure 1B). Although apoptotic nuclear morphol-
ogy such as nuclear condensation and fragmentation was seldom seen 
in the untreated cells (7.8%), 43.6% of NIH-H460 cells displayed the 
apoptotic nuclear morphology upon treatment with apaensin for 6 h 
(Figure 1B). Dose response study showed that the induction of PARP 
cleavage by apaensin was apparent in NIH-H460 lung cancer cells 
treated with 5 μM apaensin for 3 h, which was further increased when 
treated with higher concentration of apaensin (Figure  1C). Similar 
results were obtained in MCF-7 breast cancer cells, in which Nur77 
translocation and mitochondrial targeting were observed in response 
to apoptin (24). Time-course analysis demonstrated that PARP cleav-
age was observed in both NIH-H460 and MCF-7 cells when they 
were treated with 10 μM apaensin for as early as 3 h (Figure 1D). 
Thus, apaensin induces cell apoptosis in a dose- and time-dependent 
manner.

Activation of JNK and p38 MAPK is required for apaensin-induced 
apoptosis
Apoptosis induction in cancer cells by some coumarins was associ-
ated with MAPK signaling pathway (37). We therefore investigated 
whether apaensin could activate JNK and p38 MAPK in NIH-H460 
cells by western blotting. Figure  2A showed that both p38 MAPK 
and JNK were activated upon treatment with 10 μM apaensin in a 
time-dependent manner. JNK activation was clearly seen after 1 h 
apaensin treatment, which was further activated when treated for 3 or 
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6 h. Activation of p38 MAPK by apaensin appeared slightly delayed, 
with an apparent activation after cells were treated for 3 or 6 h. We 
next examined whether apaensin activation of JNK or p38 MAPK 
was required for its apoptotic effect by using chemical inhibitors of 
JNK and p38 MAPK. NIH-H460 cells treated with apaensin in the 
absence or presence of the JNK inhibitor SP600125 or the p38 MAPK 
inhibitor SB203580 were analyzed for PARP cleavage (Figure 2B). 
Treatment of cells with SP600125 completely blocked apaensin acti-
vation of JNK, while it had little effect on the activation of p38 MAPK, 
whereas treatment of cells with SB203580 inhibited the activation 
of p38 MAPK but not JNK by apaensin. When the PARP cleavage 
was assessed, the induction of PARP cleavage by apaensin was com-
pletely suppressed when cells were cotreated with either SP600125 or 
SB203580. These data demonstrated that the activation of JNK and 
p38 MAPK by apaensin was essential for its apoptotic effect.

Nur77 expression and its cytoplasmic localization are essential for 
the death effect of apaensin
JNK plays a critical role in both death receptor-initiated extrinsic 
and mitochondrial intrinsic apoptotic pathways by upregulating the 
expression of proapoptotic genes or modulating the activities of mito-
chondrial pro- and antiapoptotic proteins through phosphorylation 
(38,39). One of the downstream targets of JNK is Nur77 that trans-
locates from the nucleus to the cytoplasm upon JNK phosphoryla-
tion (10,19). To determine whether Nur77 mediated the death effect 
of apaensin, we first asked whether the nuclear export of proteins was 
required for the effect of apaensin on inducing apoptosis. Treatment 
of cells with LMB, an inhibitor of CRM1-dependent nuclear export 
(17,22), indeed abrogated the death effect of apaensin (Figure 2B), 
suggesting that the nuclear export of apaensin-targeting protein(s) 
was essential for its death effect. We next determined whether the 

Fig. 1.  Induction of apoptosis by apaensin. (A) Structure of four coumarin derivatives and their apoptotic effect. NIH-H460 cells treated with 10 μM of 
isooxypeucedanin (a), oxyalloimperatorin (b), apaensin (c) and demethylfuropinarine (d) for 6 h were analyzed for the cleavage of PARP by western blotting. (B) 
Apoptotic effect of apaensin revealed by DAPI staining. NIH-H460 cells treated with apaensin (10 μM) for 6 h were subjected to DAPI staining. Upon apaensin 
treatment, about 43.6% of cells displaying apoptotic nuclear morphology cells, while 7.8% of cells showed apoptotic nuclear morphology in the absence of 
treatment. (C) Dose dependent effect of apaensin. NIH-H460 cells or MCF-7 cells treated with apaensin (2.5, 5 and 10 μM) for 3 h were analyzed by western 
blotting. (D) Time-course analysis. NIH-H460 cells or MCF-7 cells treated with apaensin (10 μM) for 1, 3 and 6 h were analyzed by western blotting. One of 
three to five similar experiments is shown.
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expression of Nur77 was required for the death effect of apaensin by 
siRNA approach. NIH-H460 cells expressed a significant amount of 
Nur77, which was further increased upon treatment with apaensin 
(Figure 2C). Transfection with Nur77 siRNA completely suppressed 
the expression of Nur77 either in the absence or presence of apaensin. 
When the effect of apaensin on PARP cleavage was examined, we 
found that apaensin could induce PARP cleavage in cells transfected 
with the control siRNA but not in cells transfected with the Nur77 
siRNA. Thus, Nur77 represents a critical intracellular target medi-
ating the death effect of apaensin. It is worth noting that we could 
detect PARP cleavage even in cells transfected with Nur77 siRNA 
when treated with apaensin for longer time, suggesting that targets 
other than Nur77 might also play a role.

The apoptotic effect of Nur77 in NIH-H460 cells was shown to 
involve its cytoplasmic localization and subsequent mitochondrial 
targeting (10,22). We therefore examined whether apaensin regulated 
the subcellular localization of Nur77 in NIH-H460 cells by immu-
nostaining using anti-Nur77 antibody. In the absence of the apaensin 
treatment, Nur77 was exclusively localized in the nucleus of the cells 
(Figure 3A). However, Nur77 was diffusely distributed throughout the 
cells upon treatment of apaensin, suggesting that apaensin induced the 

cytoplasmic localization of Nur77. To determine the role of JNK, cells 
were cotreated with SP600125. Cotreatment with SP600125 could 
almost completely suppress the effect of apaensin on inducing Nur77 
nuclear export. By contrast, the p38 MAPK inhibitor SB203580 had 
no such an effect (Figure 3A). To confirm the ability of apaensin on 
inducing Nur77 nuclear export, NIH-H460 cells were treated with 5 
or 10  μM apaensin for different periods of time. Cytoplasmic and 
nuclear fractions were then prepared and analyzed for the presence 
of Nur77 by immunoblotting (Figure 3B). The purity of the fractions 
was verified by their selective expression of nuclear protein PARP 
or cytoplasmic protein α-tubulin. Nur77 was mainly detected in the 
nuclear but not in the cytoplasmic fraction prepared from control cells 
(Figure 3B). Upon apaensin treatment, however, the level of Nur77 
protein in the nuclear fractions decreased, which was accompanied 
with an increased level of Nur77 protein in the cytoplasmic fraction.

Nur77 displayed multiple bands on sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis upon apaensin treatment (Figure 2C), 
suggesting its post-translational modifications. Interestingly, the slow-
migrating Nur77 band was only seen in the cytoplasmic but not nuclear 
fraction of cells treated with apaensin (Figure 3B). These observations 
were consistent with the ability of apaensin to activate JNK known 

Fig. 2.  Role of apaensin activation of p38 MAPK and JNK. (A) Activation of p38 MAPK and JNK by apaensin. NIH-H460 cells treated with 5 μM of apaensin 
for 0, 0.5, 1, 3, 6 h were analyzed for the activation of JNK and p38 MAPK by western blotting using antibodies recognizing phosphorylated (P-) JNK and p38 
MAPK. The levels of β-actin were used for loading control. Right panels represent densitometric analyses of relative pJNK/JNK and P-p38/p38 MAPK ratio. (B) 
Role of p38 MAPK, JNK and LMB. NIH-H460 cells were incubated for 3 h with apaensin (10 μM), in the presence or absence of SP600125 (10 μM), SB203580 
(10 μM) or LMB (10 ng/ml), and analyzed by western blotting for PARP cleavage. (C) Nur77 expression is required for the death effect of apaensin. NIH-H460 
cells were transfected with control or Nur77 siRNA for 48 h, then treated with or without 5 μM apaensin for the indicated time. Lysates prepared were analyzed 
for PARP cleavage and Nur77 expression by western blotting. One of three to five similar experiments is shown.
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to phosphorylate Nur77 and induce Nur77 nuclear export (19). We 
therefore examined whether the expression of the slow-migrating 
Nur77 band was due to apaensin activation of JNK. Indeed, immu-
noblotting showed that apaensin treatment induced the expression 

of the slow-migrating Nur77 band, which was inhibited when cells 
were cotreated with SP600125 but not SB203580 (Figure  3C). 
Consistently, the presence of the slow-migrating Nur77 protein in the 
cytoplasmic fraction by apaensin treatment was inhibited when cells 

Fig. 3.  Induction and regulation of Nur77 nuclear export by apaensin. (A) Effect of apaensin on the subcellular localization of Nur77. NIH-H460 cells were 
treated with apaensin (5 μM) in the presence or absence of SP600125 (10 μM) or SB203580 (10 μM) for 3 h. The subcellular localization of Nur77 was 
examined by immunostaining using anti-Nur77 antibody and revealed by immunofluorescence microscopy. About 95% of control cells showed exclusive 
nuclear staining of Nur77, while approximately 80–85% of apaensin-treated cells displayed diffused distribution of Nur77 shown. (B) Effect of apaensin on the 
subcellular localization of Nur77 revealed by cellular fractionation. Nuclear and cytoplasmic fractions were prepared from NIH-H460 cells treated with apaensin 
(5 μM for 1 and 3 h or 10 μM for 1 and 2 h) and subjected to western blotting analysis using anti-Nur77 antibody. The purity of cellular fraction was confirmed 
by using anti-PARP and anti-α-tubulin antibodies. One of three similar experiments is shown. (C) JNK phosphorylation of Nur77. NIH-H460 cells treated with 
5 μM apaensin in the presence or absence of 10 μM SP600125 or 10 μM SB203580 were analyzed for Nur77 expression by western blotting using anti-Nur77 
antibody. (D) JNK activation is required for induction of Nur77 nuclear export. Nuclear and cytoplasmic fractions were prepared from NIH-H460 cells treated 
with apaensin (5 μM for 3 h) in the presence or absence of SP600125 (10 μM) and subjected to western blotting analysis using anti-Nur77 antibody. The purity of 
cellular fraction was confirmed by using anti-PARP and anti-α-tubulin antibodies. One of three similar experiments is shown.
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were cotreated with SP600125 (Figure  3D). Together, these results 
demonstrate that apaensin could induce nuclear export of Nur77 
through its activation of JNK.

Apaensin induces Nur77 mitochondrial targeting, Nur77 colocali-
zation with Bcl-2 and BAX activation
The above observation that apaensin could induce cytoplasmic locali-
zation of Nur77, the hallmark of the Nur77-mediated apoptotic path-
way (17), prompted us to examine whether the cytoplasmic Nur77 
could target mitochondria. Thus, NIH-H460 cells treated with or 
without apaensin were immunostained with anti-Nur77 antibody 
and Mito-Tracker® Red that specifically recognizes mitochondria. 
Confocal microscopy analysis revealed an extensive overlapping 
of the distribution patterns of Nur77 and Mito-Tracker® Red when 
cells were treated with apaensin (Figure  4A), demonstrating that 
the cytoplasmic Nur77 resided mainly at mitochondria. SP600125 

cotreatment resulted in exclusive nuclear localization of Nur77, con-
sistent with its inhibitory effect on Nur77 nuclear export (Figure 3A). 
Interestingly, cotreatment with SB203580 or another p38 MAPK 
inhibitor BIRB796 (Doramapimod) only impaired the colocaliza-
tion of Nur77 with Mito-tracker while it had no effect on the cyto-
plasmic localization of Nur77. These results suggested that apaensin 
activation of p38 MAPK, unlike its activation of JNK, might act to 
promote Nur77 mitochondrial targeting but not its nuclear export. To 
confirm the effect of p38 MAPK and JNK, mitochondrial, cytosolic 
and nuclear fractions of cells treated with apaensin in the presence 
or absence of SP600125 or SB203580 were prepared and analyzed 
for the presence of Nur77 (Figure  4B). In the absence of apaensin 
treatment, endogenous Nur77 was only found in the nuclear fraction. 
Upon apaensin treatment, a significant amount of Nur77 was detected 
in both the mitochondrial fraction and cytosolic factions. Cotreatment 
of cells with either SP600125 or SB203580 similarly inhibited the 

Fig. 4.  Effect of apaensin on Nur77 mitochondrial targeting and BAX activation. (A) Induction and regulation of Nur77 mitochondrial targeting by apaensin. 
NIH-H460 cells treated with apaensin (5 μM) for 3 h in the presence or absence of SP600125 (10 μM), SB203580 (10 μM) or BIRB796 (1 μM). Endogenous 
Nur77 was immunostained with anti-Nur77 antibody. Cells were co-stained with Mito-tracker that recognizes the mitochondria and with DAPI to visualize the 
nuclei. Fluorescent microscopy was used to determine the overlap of Nur77 and Mito-tracker. About 95% of control cells showed exclusive nuclear staining of 
Nur77, and approximately 65% of apaensin-treated cells displayed colocalization with mitochondria shown. Most of cells displayed exclusive nuclear staining 
of Nur77 upon cotreatment of apaensin with SP600125, whereas 50–55% of cells exhibited cytoplasmic Nur77 incapable of colocalizing with Mito-tracker 
when cotreated with apaensin and p38 MAPK inhibitor (SB203580 or BIRB796). (B) Apaensin activation of p38 MAPK is required for Nur77 mitochondrial 
targeting. Nuclear, cytosolic and mitochondrial fractions prepared from NIH-H460 cells treated with apaensin (5 μM for 3 h) in the presence or absence of 
SP600125 (10 μM) or SB203580 (10 μM) were subjected to western blotting analysis using anti-Nur77 antibody. The purity of cellular fractions was confirmed 
by using anti-PARP antibody, anti-α-tubulin and Hsp60 antibody. (C) Induction of Nur77 colocalization with Bcl-2 by apaensin. NIH-H460 cells were treated 
with apaensin (5 μM) for 3 h, and the localization of Nur77 and Bcl-2 was examined by immunostaining and revealed by immunofluorescence microscopy. 
Approximately 75% apaensin-treated cells displayed colocalization with Bcl-2 shown. (D) Induction of BAX activation by apaensin. NIH-H460 cells treated with 
apaensin (5 μM) for 6 h were examined for BAX activation by antibody against BAX (6A7). Cells were also stained with DAPI to visualize the nucleus. About 
85% of apaensin-treated cells displayed various degrees of BAX staining shown.
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presence of Nur77 in the mitochondrial fraction. However, cotreat-
ment with SP600125 but not SB203580 could also reduce the level 
of Nur77 in the cytosolic fraction. Together, these results demon-
strated that apaensin activation of JNK induced Nur77 nuclear export, 
whereas its activation of p38 MAPK promoted Nur77 mitochondrial 
targeting.

Nur77 interaction with Bcl-2 is known to mediate Nur77 mitochon-
drial targeting and apoptosis (21,22). To address whether apaensin 
induction of Nur77 mitochondrial targeting and apoptosis involved 
Nur77 interaction with Bcl-2, we first examined whether Nur77 and 
Bcl-2 co-localized by immunostaining NIH-H460 cells with anti-
Nur77 and anti-Bcl-2 antibodies. As shown in Figure 4C, Bcl-2 resided 
predominantly in the cytoplasm, while Nur77 was mainly nuclear in 
control cells. However, when cells were treated with apaensin, the 
distribution patterns of Nur77 and Bcl-2 overlapped extensively in 
the cytoplasm. Thus, Nur77 might target mitochondria through its 
interaction with Bcl-2. The interaction of Bcl-2 with Nur77 converts 
Bcl-2 from an antiapoptotic to a proapoptotic molecule, which acts 
as a BH3-only molecule to activate BAX (21,22). Thus, we analyzed 
whether BAX activation was involved in apaensin-induced apopto-
sis by immunostaining NIH-H460 cells with anti-BAX (6A7) anti-
body that only recognizes the active form of BAX protein (21). In 
the absence of apaensin treatment, BAX was not active as the 6A7 
anti-BAX antibody failed to show any staining (Figure 4D). However, 
a significant BAX staining was observed in cells treated with apaen-
sin, demonstrating its activation by apaensin. Consistent with their 
inhibitory effect on apaensin-induced PARP cleavage, cotreatment of 
cells with either SP600125 or SB203580 completely inhibited BAX 
staining in apaensin-treated cells. Thus, BAX activation is important 
for the apoptotic effect of apaensin.

p38 MAPK activation promotes Bcl-2-Nur77 interaction
The p38 MAPK inhibitor SB203580 could not affect the abil-
ity of apaensin to induce the cytoplasmic localization of Nur77 
(Figure 3A), and yet it potently inhibited the effect of apaensin on 
inducing Nur77 mitochondrial targeting (Figure 4A and B), PARP 
cleavage (Figure 2B) and BAX activation (Figure 4D). To determine 
the possibility that apaensin activation of p38 MAPK induced BAX 
activation and apoptosis through its modulation of Nur77 interaction 
with Bcl-2, we examined the effect of SB203580 on the interaction 
of Nur77 with Bcl-2 by co-immunoprecipitation assay. Thus, Myc-
tagged Bcl-2 (Myc-Bcl-2) and Flag-tagged Nur77 (Flag-Nur77) were 
co-transfected into MCF-7 cells, which were then treated with apaen-
sin and/or SB203580 and assayed for the interaction between Myc-
Bcl-2 and Flag-Nur77 by co-immunoprecipitation assay (Figure 5A). 
Myc-Bcl-2 was co-immunoprecipitated by anti-Flag antibody only in 
cells treated with apaensin, demonstrating that apaensin could pro-
mote the interaction of Myc-Bcl-2 with Flag-Nur77. When cells were 
cotreated with SB203580, apaensin-induced Bcl-2-Nur77 interaction 
was largely abolished. Thus, p38 MAPK activation by apaensin is cru-
cial for its promotion of the Bcl-2-Nur77 interaction.

Discussion

Coumarin and derivatives represent a class of potential anticancer 
drugs deserving further investigation of their anticancer activities 
and mechanisms (1,2). Recent studies have demonstrated that certain 
coumarin derivatives could regulate important biological functions by 
direct or indirectly acting on several nuclear receptors including estro-
gen receptor (40,41), peroxisome proliferator-activated receptor-γ 
(42), androgen receptor (43), progesterone receptor (44,45), pregnane 
X receptor (46), retinoic acid-related orphan receptor γt (47) and reti-
noid X receptor-alpha (36). Coumarin derivatives, SP500263 (40) and 
SS5020 (41), binds to estrogen receptor with high affinity and acts 
as a coumarin-based selective estrogen receptor modulators to inhibit 
the growth and breast cancer cells in vitro and in animals. We report 
here that apaensin, one of the coumarins that we isolated previously 
(36), induces apoptosis of cancer cells by targeting the Nur77-Bcl-2 

apoptosis pathway through its activation of JNK and p38 MAPKs 
(Figure 5B). Thus, coumarins with their unique structures represent a 
rich source for the discovery of new nuclear receptor modulators for 
studying nuclear receptor function and the underlying mechanisms.

Our results demonstrated that apaensin could induce apoptosis in 
NIH-H460 lung cancer and MCF-7 breast cancer cells in a time- and 
dose-dependent manner (Figure  1). Previous studies also reported 
that several coumarins, especially furanocoumarins such as impera-
torin (5) and 8-methoxypsoralen (4), could potently induce apopto-
sis of various cancer cells. Apoptosis induction is therefore likely an 
important mechanism by which this class of compounds exerts their 
anticancer effects. How coumarins induce apoptosis of cancer cells 
remains largely unknown. Results presented in this study demon-
strated that apaensin activation of JNK and p38 MAPK was required 
for its apoptotic effect in cancer cells. JNK and p38 MAPK function 
in a cell context-specific and cell type-specific manner to integrate 
signals that affect proliferation, differentiation, apoptosis and sur-
vival (38,48). Whether the activation of JNK and p38 MAPK leads 
to cell proliferation or apoptosis is dependent not only on the stimuli, 
but also on the cellular context (38,48). Our finding that cotreatment 
of cancer cells with either the JNK inhibitor SP600125 or the p38 
MAPK inhibitor SB203580 inhibited the apoptotic effect of apaensin 
(Figure 2B) demonstrated that the activation of JNK and p38 MAPK 
by apaensin was apoptotic at least in cancer cells studied.

Our results also demonstrated that orphan nuclear receptor Nur77 
was required for the apoptotic effect of apaensin in cancer cells. One 
of the apoptotic downstream events of JNK involves its induction of 
the migration of orphan nuclear receptor Nur77 from the nucleus to 
mitochondria (10,19). Transfection of Nur77 siRNA, which inhib-
ited the expression of Nur77 in cancer cells, abrogated the death 
effect of apaensin (Figure 2C). Consistent with the death effect of 
Nur77 nuclear export, the nuclear export inhibitor LMB abrogated 
the apoptotic effect of apaensin (Figure  2B). In addition, Nur77, 
which was predominantly nuclear in control cells, was detected in 
the cytoplasm upon apaensin treatment (Figure 3A). In response to 
certain apoptotic stimuli, cytoplasmic Nur77 could target mitochon-
dria through its interaction with Bcl-2, resulting in the conversion 
of Bcl-2 from an antiapoptotic to a proapoptotic molecule (21,22). 
Proapoptotic Bcl-2 acts as a BH3-only protein to induce activation 
of BAX (21). We found that apaensin induced cytoplasmic Nur77 
targeted mitochondria (Figure 4A and B) and colocalized with Bcl-2 
(Figure  4C). Co-immunoprecipitation assays showed revealed a 
strong interaction between Nur77 and Bcl-2 in cells treated with 
apaensin (Figure 5A). Apaensin treatment also resulted in activation 
of BAX revealed by immunostaining (Figure 4D). Together, these 
results demonstrate that apaensin is a new activator of the Nur77-
Bcl-2 apoptotic pathway.

In studying how apaensin activation of JNK and p38 MAPK was 
involved in the regulation of the Nur77-Bcl-2 apoptotic pathway, 
we showed that activation of JNK but not p38 MAPK promoted the 
nuclear export of Nur77. SP600125 but not SB203580 inhibited the 
effect of apaensin on inducing cytoplasmic localization of Nur77 
(Figure 3A). The role of JNK in inducing Nur77 nuclear export was 
also demonstrated by our cellular fractionation assays, which showed 
the presence of a hyperphosphorylated form of Nur77 in the cyto-
plasmic fraction but not in the nuclear fraction (Figure  3B). Such 
hyperphosphorylated form of Nur77 was likely caused by JNK phos-
phorylation as it disappeared in cells treated with SP600125 but not 
with SB203580 (Figure  3C). These results, which were consistent 
with our previous observations (10,19), demonstrated that apaensin 
activation of JNK regulated the Nur77-Bcl-2 apoptotic pathway by 
promoting Nur77 nuclear export through phosphorylation of Nur77. 
Whether the activation of JNK leads to cell proliferation or apopto-
sis depends on stimuli and cellular context (38). Our observation that 
apaensin activation of JNK led to Nur77 nuclear export suggested that 
Nur77 expression might be an important prerequisite for JNK to exert 
its death effect in cancer cells. Whether and how Nur77 expression in 
cancer cells plays a role in the switch of JNK signaling from survival 
and death remains to be further investigated.
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Another interesting finding reported here is the role of p38 MAPK 
activation in the regulation of the apoptotic effect of apaensin and 
the Nur77-Bcl-2 apoptotic pathway. In addition to its activation of 
JNK, apaensin strongly activated p38 MAPK (Figure 2A). Treatment 
of cancer cells with the p38 MAPK inhibitor SB203580 inhibited 
the effect of apaensin on inducing PARP cleavage (Figure 2B) and 
BAX activation (Figure 4D), similar to the effect of the JNK inhibi-
tor. However, the p38 MAPK inhibitor had no effect on the nuclear 
export of Nur77 (Figure  3A), suggesting that p38 MAPK might 
target at the different stage of the Nur77-Bcl-2 apoptotic pathway. 
Indeed, our confocal microscopy (Figure 4A) and cellular fractiona-
tion (Figure 4B) results demonstrated that p38 MAPK inhibitor acted 
to inhibit the ability of apaensin to induce the association of Nur77 
with mitochondria but not its nuclear export. Mitochondrial target-
ing of Nur77 involves its interaction with Bcl-2 (22). Interestingly, 

our co-immunoprecipitation assays (Figure 5A) showed that the p38 
MAPK inhibitor could abrogate the Nur77-Bcl-2 interaction induced 
by apaensin. Thus, the activation of p38 MAPK could contribute 
to the apoptotic effect of apaensin by promoting the interaction of 
cytoplasmic Nur77 with Bcl-2, leading to its mitochondrial target-
ing. How p38 MAPK regulates the Nur77-Bcl-2 interaction is cur-
rently unknown. There is no apparent p38 MAPK phosphorylation 
site on Nur77 (not shown). In addition, SB203580 had no effect 
on the appearance of the high molecular weight Nur77 induced by 
apaensin (Figure 3C). Thus, it is unlikely that apaensin activation of 
p38 MAPK acts at Nur77 to achieve its apoptotic effect. However, 
it is worth noting that p38 MAPK could phosphorylate Bcl-2 at its 
unstructured loop region, and that the phosphorylation of Bcl-2 by 
p38 MAPK could inhibit the antiapoptotic effect of Bcl-2, leading to 
apoptosis (49,50). Interestingly, the unstructured loop region of Bcl-2 

Fig. 5.  Role of p38 MAPK in Nur77-Bcl-2 interaction. (A) Induction of Nur77 interaction with Bcl-2 by apaensin and its inhibition by SB203580. Myc-Bcl-2 
(2 μg) and Flag-Nur77 (2 μg) alone or together were transfected into MCF-7 cells. After 16 h, cells were treated with apaensin (5 μM) in the presence or absence 
of SB203580 (10 μM) for 3 h. Cell lysates were immunoprecipitated by using monoclonal anti-Flag antibody. Lysates and immunoprecipitates were examined by 
immunoblotting using anti-Flag and anti-Myc antibody. The same membranes were blotted with anti-Flag antibody to determine immunoprecipitation specificity 
and efficiency. Input represents 5% of cell lysates used in the co-immunoprecipitation assays. (B) Role of apaensin activation of JNK and p38 MAPK in the 
regulation of the Nur77-Bcl-2 apoptotic pathway. Our results demonstrate that apaensin activation of the Nur77-Bcl-2 apoptotic pathway involves its activation 
of JNK and p38 MAPK. While apaensin activation of JNK promotes Nur77 nuclear export through phosphorylation of Nur77, apaensin activation of p38 MAPK 
induces interaction of cytoplasmic Nur77 with Bcl-2. The coordinated action of JNK and p38 MAPK and perhaps other undefined apaensin-regulated cellular 
factors results in Nur77 mitochondrial targeting, leading to apoptosis of cancer cells.
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mediates Bcl-2 interaction with Nur77 (21,22). Thus, apaensin activa-
tion of p38 MAPK could presumably phosphorylate the loop of Bcl-2 
by p38 MAPK, which may be responsible for its effect on enhancing 
the interaction of Bcl-2 with Nur77.

Taken together, the results demonstrate that apaensin promotes 
apoptosis of cancer cells by targeting the Nur77-Bcl-2 apoptotic 
pathway through its activation of JNK and p38 MAPK. JNK and p38 
MAPK target at different stages of the Nur77-Bcl-2 pathway to confer 
the death effect of apaensin in cancer cells. Further studies are war-
ranted for the use of apaensin or derivatives as potential chemopre-
ventive and chemotherapeutic agents for cancer.
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