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ERK1/2 deactivation enhances cytoplasmic Nur77 expression level and
improves the apoptotic effect of fenretinide in human liver cancer cells
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A B S T R A C T

Fenretinide, a synthetic retinoid, is a promising anticancer agent based on many in vitro, animal, and

chemoprevention clinical trial studies. However, cells such as HepG2 human liver cancer cells are

resistant to the apoptotic effect of fenretinide. Previously, we have shown that fenretinide-induced

apoptosis is Nur77 dependent, and the sensitivity of the cancer cells to fenretinide-induced apoptosis is

positively associated with cytoplasmic enrichment of Nur77. The goal of current study was to identify

means to modulate nuclear export of Nur77 in order to improve the efficacy of fenretinide. Fenretinide

treatment deactivated ERK1/2 in Huh7 cells, but activated ERK1/2 in HepG2 cells, which was positively

associated with the sensitivity of cells to the apoptotic effect of fenretinide. Neither fenretinide nor

ERK1/2 inhibitor PD98059 alone could affect the survival of HepG2 cells, but the combination of both

induced cell death and increased caspase 3/7 activity. In fenretinide sensitive Huh7 cells, activation of

ERK1/2 by epidermal growth factor (EGF) prevented fenretinide-induced cell death and caspase 3/7

induction. In addition, modulation of ERK1/2 changed the intracellular localization of Nur77.

Fenretinide/PD98059-induced cell death of HepG2 cell was positively associated with induction and

cytoplasmic location as well as mitochondria enrichment of Nur77. The effect was specific for ERK1/2

because other mitogen activated protein kinases such as P38, Akt, and JNK did not have correlated

changes in their phosphorylation levels. Taken together, the current study demonstrates that ERK1/2-

modulated Nur77 intracellular location dictates the efficacy of fenretinide-induced apoptosis.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Retinoids are essential for development and differentiation and
are used to treat and prevent various types of cancers. However,
retinoids were prevented from large scale use as anti-carcinogens
due to their poor clinical tolerability and toxicity [1]. Fenretinide, a
synthetic retinoid with low toxicity and long-term tolerability, is
emerging as a promising anticancer agent. The vast majority of
studies conducted to date show that fenretinide prevents the
carcinogenic process and induces apoptosis in hematological
malignancy and solid tumors like breast, neuroblastoma, and
bladder as well as head and neck [2,3]. In addition to inducing
apoptosis of cancer cells, fenretinide inhibits angiogenesis [4],
improves insulin sensitivity [5], and prevents fibrosis [6]. Thus,
fenretinide has a broad spectrum of effects in regulating liver
* Corresponding author at: Department of Pharmacology, Toxicology and

Therapeutics, University of Kansas Medical Center, 3901 Rainbow Boulevard,

Kansas City, KS 66160, United States. Tel.: +1 913 588 9111; fax: +1 913 588 7501.

E-mail address: ywan@kumc.edu (Y.-J.Y. Wan).

0006-2952/$ – see front matter � 2011 Elsevier Inc. All rights reserved.

doi:10.1016/j.bcp.2011.01.005
function and disease process. However, certain cancer cells such as
HepG2 are resistant to the apoptotic effect of fenretinide [7]. Thus,
it is important to improve the efficacy of fenretinide.

Fenretinide-induced apoptosis of human liver cancer cells is
Nur77 dependent, and the sensitivity of the cancer cells to
fenretinide-induced apoptosis is positively associated with cyto-
plasmic enrichment of Nur77 [7]. Nur77 (also known as NR4A1,
TR3 or NGFI-B), an immediate-early response gene, is rapidly
induced by a diverse group of agents, including growth factors,
mitogens, phorbol esters, and substances that influence cyclic
AMP-dependent synthesis pathways [8]. By interacting with other
nuclear receptors such as retinoid X receptor (RXRa), Nur77 can
exert pleiotropic biological activities ranging from survival and
differentiation to cell death in response to different extracellular
stimuli [9]. Translocation of Nur77 from nucleus to mitochondria is
the hallmark of the Nur77-mediated apoptotic pathway in cancer
cells [10]. Once Nur77 is in the cytoplasm, it targets mitochondria
through its interaction with mitochondrial Bcl-2, which in turn
induces a conformational change in Bcl-2, unmasking its hidden
BH-3 domain. This leads to the conversion of Bcl-2 from an anti-
apoptotic to a pro-apoptotic molecule [11].

http://dx.doi.org/10.1016/j.bcp.2011.01.005
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ERK1/2 plays a crucial role in cell fate ranging from prolifera-
tion, migration and differentiation to cell death [12,13]. ERK1/2
signaling is up regulated in hepatocellular carcinoma (HCC).
Molecular targeting of ERK1/2 has a therapeutic effect for HCC
treatment [14,15]. Activation of ERK1/2 signaling is frequently
associated with chemotherapeutic drug resistance in HCC and
hematopoietic tumors [16,17]. Our previous study shows that
HepG2 cells are resistant to fenretinide-induced apoptosis, but the
underlying mechanism is not clear [7]. Thus, the current study
examines whether ERK1/2 signaling is involved in the resistance of
HCC cells to fenretinide-induced apoptosis.

Our data for the first time provide direct evidence that ERK1/2
deactivation enhances cytoplasmic Nur77 expression level and
improves the apoptotic effect of fenretinide in human liver cancer
cells. Thus, ERK1/2-modulated Nur77 intracellular location dic-
tates the efficacy of fenretinide-induced apoptosis.

2. Materials and methods

2.1. Reagents

All reagents and chemicals used were from Sigma–Aldrich (St.
Louis, MO) unless noted otherwise. CellTiter-Glo1 Luminescent
Cell Viability Assay Kit and Caspase-Glo1 3/7 Assay Kit were
purchased from Promega (Madison, WI). VECTASHIELD Mounting
Medium with DAPI was purchased from Vector Laboratories
(Burlingame, CA). MitoSOXTM Red and NP40 Cell Lysis Buffer were
purchased from Molecular Probes, Invitrogen (Carlsbad, CA).
Rabbit polyclonal antibodies for Nur77, rabbit polyclonal anti-
PARP and FITC labeled secondary antibody were purchased from
Santa Cruz (Santa Cruz, CA). Rabbit polyclonal antibody for mouse
monoclonal antibody for Glyceraldehyde-3-Phosphate Dehydro-
genase (GAPDH) and rabbit polyclonal anti-Porin were purchased
from Abcam (Cambridge, MA). Rabbit polyclonal antibody specific
for p-ERK, p-AKT (Thr308), p-JNK, p-P38, Bax, Bcl-xL, and Bcl-2, and
mouse polyclonal antibody specific for Bid were purchased from
Cell Signaling (Beverly, MA). Protease and phosphatase inhibitors
were purchased from Roche Applied Science (Indianapolis, IN).
Fenretinide were dissolved in DMSO at 10 mM as the stock solution
and stored at �20 8C. PD98059 were dissolved in DMSO at 20 mM
as the stock solution and stored at�20 8C. Epidermal growth Factor
human (EGF) were dissolved in medium at 0.1 mg/ml and stored at
�20 8C.

2.2. Cell culture and treatment

Huh7 and HepG2 cells were maintained in Dulbecco’s
Modification of Eagle’s Medium (DMEM) (Mediatech, Herndon,
VA) and Minimum Essential Medium (Mediatech, Herndon, VA),
respectively, and supplemented with 10% fetal calf serum (Atlanta
Biologicals, Lawrenceville, GA). Cells were plated with approxi-
mately 1 � 106 cells per T-25 flask or 5 � 104 per well of 24-well
plates/4-well chamber slides overnight prior to the treatments.
HepG2 Cells were treated by PD98059 (20 mM) and fenretinide
(10 mM) for indicated time. Huh7 Cells were treated by EGF
(0.2 mg/ml) and fenretinide (10 mM). For combination treatment,
HCC cells were treated with PD98059 or EGF for 2 h before adding
fenretinide. The final concentration of DMSO in the culture
medium was 0.1% in all treatments. Fresh medium plus
chemical(s) were provided every 24 h.

2.3. Apoptosis assay

Caspase 3/7 activity and cell viability was studied by Caspase-
Glo1 3/7 kit and CellTiter-Glo1 Luminescent Cell Viability assay,
respectively (Promega, Madison, WI).
2.4. Western blotting and antibodies

Cells were lysed with NP40 Cell Lysis Buffer (Invitrogen,
Carlsbad, CA) including protease and phosphatase inhibitors
(Roche Applied Science, Indianapolis, IN). Equal amounts of lysates
(50 mg total protein) were electrophoresed on SDS–PAGE and
blotted onto PVDF membrane (Bio-Rad, Hercules, CA). The
membranes were first incubated with PBS supplemented with
0.1% Tween 20% and 5% nonfat dry milk (PBST-milk) for 1 h at room
temperature to block nonspecific binding. Immunostaining was
performed by incubating the membranes with primary antibodies
for Nur77, p-ERK, p-AKT, p-JNK, p-P38, Bax, Bcl-xL, Bcl-2, and
GAPDH in PBST-milk overnight at 4 8C. After three washes,
membranes were incubated with appropriate secondary antibody
for 1 h in PBST-milk. The signal was detected using the ECL system
SuperSignal West Pico Chemiluminescent Substrates (Pierce,
Rockford, IL).

2.5. Confocal microscopy and Western blotting

Huh7 and HepG2 cells were grown in Chamber BD FalconTM
Culture slides (BD Biosciences, Bedford MA, USA). Immunofluores-
cence staining and confocal microscopy was described previously
[7]. Preparation of subcellular fraction and performance of
Western blotting was described previously [7].

2.6. ROS assay

ROS (reactive oxygen species) was detected by flow cytometry
using MitoSOXTM Red mitochondrial superoxide indicator (Invi-
trogen, Carlsbad, CA). Following treatment, medium was replaced
with 2.5 mM MitoSOXTM reagent working solution. The cells were
incubated for 15 min at 37 8C in the dark. After the staining, the
cells were collected by trypsin and analyzed for MitoSOXTM Red
according to the manufacturer’s instruction using a Fluorescence
Activated Cell Sorter Calibur (FACSCalibur) (BD Biosciences, San
Jose, CA).

2.7. Statistical analysis

Data are presented as mean � SD. Statistical analysis was
performed using Student’s t-test for two-group comparison. Signifi-
cance was defined by p < 0.05.

3. Results

3.1. Differential effect of fenretinide on ERK1/2 activation in Huh7 and

HepG2 cells

To study the effect of fenretinide on ERK1/2 activation in HCC
cells, Huh7 and HepG2 cells were treated with fenretinide (10 mM)
for 6 and 12 h. Phosphorylation of ERK1/2 was evaluated by
Western blotting using antibody against the phosphorylated ERK1/
2. The effect of fenretinide on ERK1/2 activation in HCC cells was
cell line specific. Fenretinide increased phosphorylated ERK1/2 in
the fenretinide resistant HepG2 cells, but decreased phosphory-
lated ERK1/2 in the fenretinide sensitive Huh7 cells (Fig. 1). Thus,
the status of ERK1/2 is positively associated with the sensitivity of
the cell to fenretinide-induced apoptosis.

3.2. Modulation of ERK1/2 activity changes apoptotic effect of

fenretinide in HCC cells

To assess the effect of ERK1/2 on fenretinide-induced apoptosis,
MEK inhibitor PD98059 was used in conjunction with fenretinide
to treat HepG2 cells. Apoptosis was evaluated by cell survival and



Fig. 1. Differential effect of fenretinide on ERK1/2 activation in Huh7 and HepG2 cells. Huh7 and HepG2 cells were treated with fenretinide (10 mM) for 6 and 12 h.

Phosphorylation of ERK1/2 was analyzed by Western blotting using antibody specific for phosphorylated ERK1/2. Fenretinide increased phosphorylated ERK1/2 in HepG2

cells (A), but decreased phosphorylated ERK1/2 in Huh7 cells (B).

Fig. 2. Inhibition of ERK1/2 sensitizes HepG2 cells to the apoptotic effect of

fenretinide.

HepG2 cells were seeded onto a 96-well plate and treated with fenretinide (10 mM)

or PD98059 (20 mM). For the combination treatment, HepG2 cells were exposed to

PD98059 for 2 h and then co-exposed to fenretinide and PD98059 for additional

24 h. Caspase 3/7 activity and cell survival were determined by Caspase-Glo1 3/7

and CellTiter-Glo1 Luminescent Cell Viability Assay (Promega), respectively as

described in Section 2. Data were expressed as mean � SD from three independent

experiments, **p < 0.01, vs. DMSO; #p < 0.05.

Fig. 3. Activation of ERK1/2 by EGF protects Huh7 cells from fenretinide-induced

apoptosis. Cells were seeded onto a 96-well plate and treated with fenretinide

(10 mM) or EGF (0.2 mg/ml) for 24 h. For the combination treatment, Huh7 cells

were treated with EGF for 2 h followed by EGF and fenretinide combination

treatment for additional 24 h. Caspase 3/7 activity and cell survival were

determined by Caspase-Glo1 3/7 and CellTiter-Glo1 Luminescent Cell Viability

Assay (Promega), respectively as described in Section 2. Data were expressed as

mean � SD from three independent experiments, **p < 0.01, vs. DMSO; #p < 0.05.
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caspase 3/7 activities. Neither fenretinide nor PD98059 could
induce the death of HepG2 cells. The reduction of viability was only
observed in the combination treatment group (Fig. 2). Thus,
inhibition of ERK1/2 sensitizes HepG2 cells to the apoptotic effect
of fenretinide. EGF is a mitogen and can activate ERK1/2 [18,19].
EGF alone had no effect in regulating Huh7 cell survival. However,
fenretinide-induced apoptosis of Huh7 cells was significantly
reduced by EGF (Fig. 3). Western blots showed that PD98059 and
EGF specifically inhibited and activated ERK1/2 activation in
HepG2 and Huh7 cells, respectively (Fig. 4). p-Akt levels were
modestly increased in the conditions where treatment with
fenretinide does not induce cell death i.e. fenretinide-treated
HepG2 cells and fenretinide/EGF-treated Huh7 cells. The activation
status of other mitogen activated protein kinases including P38



Fig. 4. Fenretinide differentially regulates ERK1/2 activation in HepG2 (A) and Huh7 (B) cells.

HCC cells were treated as described in figure legends 2 and 3. Proteins were extracted for Western blot using specific antibodies as described in Section 2. GAPDH level was

used for loading control. Representative data are shown from three independent experiments.

Fig. 5. Modulation of ERK1/2 activation changes the intracellular localization of Nur77. HepG2 (A) and Huh7 (B) cells were treated as described in figure legends 2 and 3,

respectively for 24 h. Immunofluorescence staining was performed using anti-Nur77 antibody and nuclear counterstaining with DAPI and viewed by confocal microscopy.

Representative images of three independent experiments are shown. (C) Nuclear (Nu) and mitochondria (Mit) enriched fractions were isolated from treated HepG2 cells.

Proteins were fractionated followed by Western blot using antibodies specific to Nur77, PARP, and Porin.

H. Yang et al. / Biochemical Pharmacology 81 (2011) 910–916 913



H. Yang et al. / Biochemical Pharmacology 81 (2011) 910–916914
and JNK was associated with neither the sensitivity of the cells to
fenretinide-induced apoptosis nor PD98059/EGF-modulated effect
of fenretinide (Fig. 4).

3.3. ERK1/2 modulates the intracellular localization of Nur77 in HCC

cells

To examine whether fenretinide regulates Nur77 translocation
through ERK1/2 pathway in HCC cells, PD98059 and EGF were used
to modulate ERK1/2 activity. In fenretinide-resistant HepG2 cells,
fenretinide modestly induced Nur77 expression. The expression
pattern was diffuse and Nur77 could be detected in nucleus and
cytosol. PD98059 had no effect in inducing Nur77 in HepG2 cells.
Combination treatment significantly induced cytoplasmic Nur77
in HepG2 cells (Fig. 5A). In fenretinide sensitive Huh7 cells,
fenretinide alone strikingly induced cytoplasmic Nur77 expres-
sion. In contrast to fenretinide, EGF induced nuclear Nur77
expression in Huh7 cells. Addition of fenretinide plus PD98059
induced Nur77 expression in the nucleus as well as the cytosol of
Huh7 cells (Fig. 5B). To determine the subcellular localization of
Nur77 in response to the treatments in HepG2 cells, nuclear- and
mitochondria-enriched fractions were isolated. Porin and PARP
(Poly (ADP-ribose) polymerase) were used as mitochondrial and
nuclear markers, respectively. The data showed that Nur77 was
mainly located in the mitochondria-enriched fraction in fenreti-
nide and PD98059 combination treated cells (Fig. 5C). In addition,
nuclear localization of Nur77 was associated with the survival of
HepG2 cells (Fig. 5C). Taken together, the intracellular location of
Nur77 is positively associated with the apoptotic effect caused by
fenretinide in the presence or absence PD98059 or EGF.

3.4. The expression levels of anti-apoptotic and pro-apoptotic protein

were not associated with the apoptotic effect induced by fenretinide

and/or PD98059/EGF treatment

Study was performed to investigate the effect of fenretinide,
PD98059, or EGF on the expression of anti-apoptotic (Bcl-2 and
Bcl-xL) and pro-apoptotic (Bax and Bid) protein. Western blot
analysis showed that Bcl-2 was modestly reduced, but the levels of
Bcl-xL, Bax as well as Bid were not changed in HepG2 cells after
fenretinide or PD98059 treatments (Fig. 6A). In addition, neither
fenretinide nor EGF regulated Bcl-2, Bcl-xL, Bax, and Bid in Huh7
Fig. 6. The expression levels of Bcl-2, Bcl-xL, Bax, and Bid are not associated with the apopt

(B) cells were treated as described in figure legends 2 and 3, respectively. Proteins were e

level was used for loading control. Representative data are shown from three indepen
cells (Fig. 6B). Thus, the expression levels of anti-apoptotic (Bcl-2
and Bcl-xL) and pro-apoptotic (Bax and Bid) proteins were not
associated with the apoptotic effect of fenretinide and/or PD98059
and EGF treatments in HCC cells.

3.5. PD98059 or EGF did not affect fenretinide-generated ROS in HCC

cells

To evaluate whether ROS generation was involved in fenreti-
nide and/or PD98059 and EGF-regulated apoptosis of liver cancer
cells, ROS production was evaluated by flow cytometry using
MitoSOXTM Red mitochondrial superoxide indicator (Invitrogen).
In HepG2 cells, increased production of ROS was not detected in
any treatment groups (Fig. 7A). In Huh7 cells, the mitochondrial
ROS generation was modestly increased (Fig. 7B). Although EGF
prevented fenretinide-induced apoptosis, it did not prevent
fenretinide-induced ROS production. Thus, there was no correla-
tion between ROS production and apoptosis. Taken together, ROS
generation does not seem to have an important role in fenretinide/
PD98059 or EGF regulated apoptosis of HCC cells; instead, other
pathways such as induction and nuclear export of Nur77 may play
a more significant role.

4. Discussion

Our previously published data and current findings indicate
that Nur77 nuclear export is essential for fenretinide-induced
apoptosis of HCC cells. In the present study, we show that ERK1/2
activation modulates Nur77 intracellular location, which in turns
dictates the efficacy of fenretinide in inducing apoptosis of liver
cancer cells. Surprisingly, ROS production, which is the key
apoptogenic feature of fenretinide-induced apoptosis [2], does not
seem to play an important role in fenretinide/ERK1/2-modulated
liver cancer cell death. Modulation of ERK1/2 activity does not
affect ROS production, but can change the effect of fenretinide in
inducing apoptosis, further suggesting that Nur77 targeting of the
mitochondria is a more important mechanism by which fenreti-
nide induces apoptosis. Whether fenretinide-generated ROS,
which leads to apoptosis, is cell type-specific remains to be
investigated. Nur77 nuclear export is also involved in N-
butylidenephthalide-induced apoptosis in HepG2 and J5 hepato-
cellular carcinoma cells using a xenograft model [20]. In addition,
otic effect induced by fenretinide, PD98059, or EGF treatments. HepG2 (A) and Huh7

xtracted for Western blot using specific antibodies as described in Section 2. GAPDH

dent experiments.



Fig. 7. Modulation ERK1/2 activity does not affect fenretinide-generated ROS in HCC

cells.

HepG2 (A) and HuH7 (B) cells were treated as described in figure legends 2 and 3 for

6 h followed by staining using MitoSOXTM Red mitochondrial superoxide indicator.

Cells were analyzed by flow cytometry. The results were generated from three

independent experiments. *p < 0.05 vs. DMSO.

H. Yang et al. / Biochemical Pharmacology 81 (2011) 910–916 915
induction of nuclear Nur77 expression level by hepatitis B virus X
protein may play a role in viral carcinogenesis [21]. Interrupting
Nur77 intracellular translocation-mediated apoptosis sustain the
survival of HCC cells [22]. These findings point to the importance of
Nur77 in liver carcinogenesis and can be used as a target for liver
cancer treatment.

The apoptosis-associated nuclear export of Nur77 is regulated
by its heterodimerization with RXRa observed in many types of
cancer cells [23]. In PC12 phaeochromocytoma cells, the RXRa
translocates with Nur77 from nucleus to cytoplasm in response to
nerve growth factor treatment [24] and apoptotic stimuli such as
TPA [25]. The RXRa is also required for Nur77 nuclear export in
response to IGFBP-3 [26]. In addition, RXRa prevents EGF-induced
nuclear accumulation of Nur77 [27]. RXRa-modulated Nur77
subcellular localization is ligand-dependent as the activation of
RXRa nuclear export signaling is conformationally regulated by
ligand binding [25]. However, regardless of the sensitivity of the
cell to the apoptotic effect of fenretinide, fenretinide consistently
decreases RXRa protein level in both Huh7 and HepG2 cells (our
unpublished data). Thus, RXRa may not be responsible for Nur77
nuclear export in these two HCC cell lines. Our previous
publication shows that fenretinide can activate RARb-mediated
pathway and fenretinide-induced apoptosis is RARb dependent
[28]. It has been shown that PD153035, which is a tyrosine kinase
inhibitor and an upstream of ERK1/2 pathway, can inhibit the
growth of ovarian carcinoma cells through inhibiting EGF receptor
activation and inducing RARb [29,30]. It is a possibility that ERK1/2
is involved in RARb mediated pathway to exert the apoptotic effect
of fenretinide in HCC cells. Additional experiment is needed to
prove this.

ERK1/2 pathway plays an important role in regulating Nur77
function through phosphorylation of Nur77 [31]. ERK1/2 activation
and deactivation both contribute to cell death, activated ERK1/2
pathway contributes to phosphorylation of Nur77 and apoptosis in
human T cells and embryonic kidney FLP 293 cells [32,33]. EGF
inhibits glutamate-induced neuronal cell death by blocking
nuclear export of Nur77 through activating ERK1/2 pathway
[27,34]. Consistent with the findings, our data also show that
deactivation of ERK1/2 sensitizes fenretinide-resistant HepG2 cells
to become susceptible to fenretinide-induced apoptosis. In
addition, the increased sensitivity is due to Nur77 nuclear export.
Taken together, activation of ERK1/2 retains the transcriptional
function exerted by fenretinide, which is due to nuclear localiza-
tion of the receptors and thus apoptosis does not occur; whereas
deactivation of ERK1/2, which results in nuclear export of Nur77,
leads to apoptosis. Furthermore, because the expression levels of
apoptotic and anti-apoptotic protein were not associated with the
apoptotic effect of fenretinide and/or PD98059 or EGF treatments,
the deactivation of ERK1/2 and Nur77-induced apoptosis was most
likely due to conformational change of apoptotic-related protein
such as Bcl-2.

Taken together, the efficacy of fenretinide can be improved by
ERK1/2 deactivation and this is due to increased Nur77 nuclear
export. Combination treatment using fenretinide and ERK1/2
inhibitor may be an effective way to induce the death of liver
cancer cell.
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