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Abstract
Synthetic retinoid fenretinide is one of the most promising clinically tested retinoids. Previously,
we have shown that fenretinide induces apoptosis of Huh7 cells, but HepG2 cells are relatively
resistant to fenretinide-induced apoptosis. The current study examines the interactive role of
fenretinide and histone deacetylase inhibitors (HDACi) in inducing apoptosis of human
hepatocellular carcinoma (HCC) cells and the underlying mechanism. Trichostatin A (TSA) and
scriptaid can either enhance fenretinide-induced apoptosis in the fenretinide sensitive HCC cells
(Huh7 and Hep3B) or sensitize the fenretinide resistant cells (HepG2) to become sensitive to the
apoptotic effect of fenretinide in a cancer-cell specific manner. The sensitivity of cells to
fenretinide-induced apoptosis was neither associated with ROS production nor anti-oxidant gene
expression. However, the level of RARβ and Nur77 was important for inducing apoptosis. Upon
fenretinide and HDACi treatment, the expression of RARβ and Nur77 were induced and co-
localized in the cytosol. The induction of Nur77 protein level, but not the mRNA level, was
RARβ-dependent. In addition, RARβ interacted with Nur77. Nur77 was essential for fenretinide-
and HDACi-induced apoptosis of Huh7 cells. Induction of the expression, the interaction, and the
nuclear export of RARβ and Nur77 mediate fenretinide and HDACi induced apoptosis. Our
findings suggest that targeting Nur77 and RARβ simultaneously provides an effective way to
induce HCC cell death.
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Introduction
Fenretinide inhibited the carcinogenic process and induced apoptosis in hematological
malignancy and head and neck, breast, bladder and oral cancer.1 Fenretinide used in
chemotherapy of cancer was more effective than natural retinoids in clinical trials.2 In
addition, recent studies have shown that fenretinide can also prevent high-fat diet-induced
hepatic steatosis as well as reduce insulin resistance, ameliorate CCl4-induced liver fibrosis
and inhibit angiogenesis.3–5 Thus, it seems that fenretinide has a broad spectrum of effects
in regulating liver function and disease process. The objectives of the current study are to
improve the efficacy of fenretinide and to understand the underlying mechanism.

Histone modification is one of the epigenetic hallmarks of the cancer cell.6–8 Imbalance of
deacetylase activity is involved in cancer onset and progression. Thus, histone modification
is becoming a therapeutic target for cancer.9–11 Histone deacetylase inhibitors (HDACi)
have shown great anti-tumor activity by inducing apoptosis, differentiation, and/or cell-cycle
arrest in cancer cells. The combination effects of HDACi and retinoids have been indicated
in in vitro, animal, and clinical trial studies such as acute promyelocytic leukemia and
neuroblastoma.12 HDACi suberoylanilide hydroxamic acid synergizes with zoledronic acid
to induce apoptosis of prostate cancer cell lines LNCap and PC-3.13 The combination effect
of HDACi and all-trans-retinoic acid was demonstrated in neuroblastoma cells and a
xenograft model of neuroblastoma.14 The combination therapies using HDACi and retinoids
hold enormous promise for the treatment of hematological and solid tumors. However, the
underlying mechanism is not clear.

The current study tested the combination effect of fenretinide with two HDACi: TSA and
scriptaid, which has relatively lower toxicity in comparison with TSA.15 Our data showed,
for the first time, that HDACi could sensitize the fenretinide-resistant HCC cells to the
apoptotic effect of fenretinide. In addition, the apoptotic effect is cancer cell specific and is
mediated via induction and interaction as well as nuclear export of Nur77 and RARβ. Our
findings suggest that targeting Nur77 and RARβ simultaneously provides an effective way
to induce HCC cell death.

Materials and Methods
Cell cultures and treatment

Huh7 cells were maintained in Dulbecco’s Modification of Eagle’s Medium; HepG2 and
Hep3B cells in Minimum Essential Medium. Primary human hepatocytes were generously
provided by XenoTech, LLC (Lenexa, KS, USA) as a gift, and cultured according to our
previous publication.16 Fresh medium containing corresponding compounds was provided
every 24 hrs.

Cell death assay
Cell viability and caspase 3/7 activity were determined by CellTiter-Glo® Luminescent Cell
Viability assay and Caspase-Glo® 3/7 kit, respectively (Promega, Madison, WI).

Total RNA preparation and quantitative real-time PCR
Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) and real-time PCR was
performed according to our previous publication.17 Primers used are described in the
Supporting Materials and Methods.
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Western blotting and confocal microscopy
Preparation of subcellular fraction and performance of western blotting as well as confocal
microscopy were described previously.17

siRNA transfection
Scramble siRNA and pre-designed siRNA specific for human Nur77 and RARβ genes were
purchased from Ambion (Austin, TX), which were described previously.17

Double immunostaining (Nur77 and cleaved caspase 3 as well as Nur77 and RARβ)
Forty-eight hrs after the siRNA transfection, cells were treated by indicated chemicals
followed by immunofluorescence staining and confocal microscopy, which were described
previously.17

Co-immunoprecipitation
The interaction between RARβ and Nur77 was assessed by using Immunoprecipitation Kit-
Dynabeads® Protein G (Invitrogen Carlsbad, CA) followed by western blot. In brief, IgG
and anti-RARβ or -Nur77 antibody was immobilized on Dynabeads® protein G. Dynabeads-
antibody complex was isolated using magnet. Then, proteins (300 µg) extracted from treated
cell were incubated with Dynabeads-antibody complex overnight at 4°C. The Dynabeads-
antibody-antigen complex was isolated by magnet. After extensive washing, the complex
was denatured by NuPAGE® LDS Sample Buffer/NuPAGE® Reducing Agent mix followed
by isolation of protein using magnet and western blot using anti-RARβ or -Nur77 antibody.

Statistical analysis
Data are expressed as mean ± SD. Statistical analysis was performed using Student's t-test or
one-way ANOVA. Significance was defined by p < 0.05.

Results
HDACi enhanced fenretinide-induced apoptosis in human HCC cells, but not in primary
human hepatocytes

To study the effect of fenretinide and HDACi in inducing the death of HCC cells, Huh7,
Hep3B and HepG2 cells were treated with fenretinide (10 µM), TSA (1 µM), scriptaid (10
µM), and fenretinide plus HDACi. Apoptosis was evaluated by cell survival and caspase 3/7
activity. In Huh7 and Hep3B cells, reduction of viability was observed in all the treatment
groups. Both TSA and scriptaid were able to enhance fenretinide-induced cell death (Figure
1A, 1B). In comparison with Huh7 and Hep3B cells, HepG2 cells were relatively resistant to
fenretinide, but TSA and scriptaid could induce HepG2 cell death. In addition, the cell death
effect was enhanced when the combination treatments were used, and the effect was time-
dependent (Figure 1C). More than 60% of HepG2 cells died after 36 hrs combination
treatments. Consistent findings were noted when caspase 3/7 activity was monitored in three
HCC cell lines (Figure 1A–C). The effect of these compounds was tested in freshly isolated
primary human hepatocytes, which had not gone through any passage. Hepatocytes derived
from three individuals were tested. Neither single nor combination treatments induced the
death of primary human hepatocytes (Supplementary Figure 1).

Fenretinide and HDACi-induced apoptosis did not correlate with the level of ROS
generation and anti-oxidant gene expression in HCC cells

ROS generation has been considered the key mechanism accounting for fenretinide-induced
apoptosis in cancer cells.1 To study whether ROS generation was associated with the
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enhanced apoptosis induced by the combination treatment, Huh7 and HepG2 cells were
treated with fenretinide, TSA, scriptaid, and fenretinide plus HDACi for 6 hrs.
Mitochondrial ROS was evaluated by flow cytometry using MitoSOX™ Red mitochondrial
superoxide indicator (Invitrogen Carlsbad, CA). In Huh7 cells, the mitochondrial ROS
generation was modestly increased by fenretinide, TSA, and fenretinide plus HDACi
(Supplementary Figure 2A). However, the levels of induction were not correlated with the
degree of cell death. In HepG2 cells, increased production of ROS was not detected in any
of the treatment groups (Supplementary Figure 2B). It has been shown that RA inhibits Nrf2
and the expression of its target antioxidative genes. Nrf2-silenced cells are vulnerable to all-
trans RA-induced mitochondrial toxicity and apoptosis.18 Thus, we studied the possibility
that fenretinide-induced apoptosis may be a result of a compromise in Nrf2 signaling. The
expression of three Nrf2 target genes (GCLC, HO-1, and NQO1) was studied. There was no
consistent pattern in terms of the expression of those genes in either cell line (Figure 2A,
2B). The expression levels were not correlated with the level of cell death. Thus, ROS
generation and anti-stress gene expression do not seem to play a key role in fenretinide/
HDACi-induced apoptosis of HCC cells.

The effect of fenretinide and/or HDACi in regulating the expression of RARβ and Nur77
mRNA levels in HCC cells and primary human hepatocytes

To assess the effect of fenretinide and HDACi on RARβ and Nur77 expression, HCC cells
and primary human hepatocytes were treated with fenretinide (10 µM), TSA (1 µM),
scriptaid (10 µM), and fenretinide plus HDACi for 12 and 24 hrs. RARβ and Nur77 mRNA
level was quantified. Fenretinide, scriptaid (24 hrs), and TSA induced the mRNA level of
RARβ, and the levels of RARβ mRNA were further induced by combination treatments in
Huh7 cells (Figure 3A). In HepG2 cells, fenretinide had no effect in inducing RARβ mRNA
level. In contrast to fenretinide, HDACi increased RARβ mRNA levels. Similar to what
occurred in Huh7 cells, the RARβ mRNA levels were further increased by combination
treatments (Figure 3B). Nur77 mRNA levels in Huh7 cells were increased in fenretinide,
scriptaid, TSA (24 hrs), and combination treatment groups (Figure 3C). Fenretinide had no
effect in inducing Nur77 mRNA level in HepG2 cells. However, HDACi (12 hrs) did.
Combination treatments did not further induce the Nur77 mRNA level (Figure 3D). In
primary human hepatocytes, fenretinide, but not HDACi, increased RARβ mRNA level
(Figure 3E). Combination treatments did not further increase the expression level. Since
apoptosis did not occur in primary human hepatocytes, the induction of RARβ was not
sufficient for fenretinide to induce apoptosis. Neither fenretinide nor HDACi changed Nur77
mRNA level in primary human hepatocytes. Fenretinide plus TSA significantly reduced the
mRNA level of Nur77 in primary human hepatocytes (Figure 3F).

The interaction between Nur77 and RARβ
Our previous publication also shows that fenretinide-induced apoptosis of Huh7 cell is
RARβ and Nur77 dependent.17, 19 Thus, it is important to determine whether these two
nuclear receptors interact with each other or whether they represent two independent
pathways. We studied the effect of RARβ on Nur77 expression. Huh7 cells were transfected
with RARβ or scramble siRNA for 48 hrs followed by fenretinide or HDACi treatment to
study the expression of Nur77 by immunostaining and western blot. The anti-RARβ
antibody used was specific. We have used this antibody to show increased recruitment of
RARβ to the RARβ and Cyp26a1 promoters.19 The data showed that fenretinide and HDACi
induced the expression level of Nur77 and RARβ. Surprisingly, confocal microscopy
showed cytoplasmic localization of Nur77 and RARβ in fenretinide and HDACi treated
Huh7 cells. RARβ siRNA blocked fenretinide- and HDACi-induced RARβ expression.
Interestingly, Nur77 also became undetectable after RARβ expression was reduced (Figure
4A). Thus, the expression of Nur77 was dependent on the presence of RARβ. Western blot
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confirmed the findings. We also studied 12-hr time point because the majority of Huh7 cells
died after 24 hrs combination treatments. Using 30 µg of protein, RARβ could be detected in
control DMSO treated cells by western blot. Combination treatments substantially induced
RARβ and Nur77 protein level in scramble siRNA-transfected cells. RARβ siRNA
transfection substantially reduced RARβ protein in all treatment groups, which was
accompanied by decreased Nur77 protein level (Figure 4B). In addition, Nur77 level was no
longer regulated by fenretinide and HDACi treatments in RARβ siRNA-transfected cells. In
an independent experiment, when two doses of RARβ siRNA were used side-by-side (10
and 20 nM), a dose-dependent decrease of RARβ as well as Nur77 was noted (Figure 4B).
Consistently, Nur77 level was no longer regulated by fenretinide and HDACi after RARβ
expression was reduced. Thus, the Nur77 protein level was influenced by the presence of
RARβ. We also tested the hypothesis that RARβ can regulate the level of Nur77 mRNA
although the data generated using primary human hepatocytes, in which RARβ induction
was not accompanied by an increased level of Nur77 mRNA (Figure 3F), did not support
this scenario. Our data indicated that knockdown in the expression of RARβ was not
accompanied with reduction of Nur77 mRNA level (data not shown). Thus, RARβ has an
impact on Nur77 protein level, but not mRNA level.

The potential interaction between Nur77 and RARβ was studied by immunoprecipitation
followed by western blot. Figure 4C showed that RARβ could interact with endogenous
Nur77. These data indicate that RARβ and Nur77 directly or indirectly interact with each
other.

HDACi and/or fenretinide induced cytoplasmic Nur77 in HCC cells
The biological function of Nur77 is dependent on its intracellular localization. Nur77
induces apoptosis by binding to mitochondrial Bcl-2.20 Our previous publication shows that
induction and intracellular localization of Nur77 dictate fenretinide-induced apoptosis of
HCC cells.17 Thus, we studied whether HDACi can regulate intracellular location of Nur77
as well. When fenretinide alone was used, the cytoplasmic staining of Nur77 was apparent
after 24 hrs treatment. When combination treatments were used, the induced Nur77 level
was much higher than that by single treatments within 12 hrs. Combination treatment of
Huh7 cells using fenretinide plus HDACi for 24 hrs induced cell death as revealed by
condensed and fragmented DAPI staining of the nucleus. The expression pattern of Nur77 in
those cells was diffused and the level was reduced (Figure 5A). In HepG2 cells, fenretinide
modestly induced Nur77, which was found in both the nucleus and cytosol (Figure 5A).
HDACi and HDACi plus fenretinide induced cytoplasmic Nur77 expression in a time-
dependent manner.

To determine the subcellular localization of Nur77 in response to the treatments, nuclear-
and mitochondria-enriched fractions were isolated. Porin and Poly (ADP-ribose) polymerase
(PARP) were used as mitochondrial and nuclear markers, respectively. In Huh7 cells, Nur77
protein was predominantly found in the mitochondria-enriched fraction (Figure 5B). In the
fenretinide-resistant HepG2 cells, Nur77 was mainly expressed in the nuclear-enriched
fraction of DMSO and fenretinide treated cells. However, HDACi and combination
treatments changed the intracellular location of Nur77, which was mainly expressed in
mitochondria-enriched fractions. Thus, the mitochondrial localization of Nur77 was
positively associated with the sensitivity of the cell to the apoptotic effect of HDACi and/or
fenretinide (Figure 5B).

Nur77 was essential for fenretinide- and HDACi-induced apoptosis of Huh7 cells
In order to determine whether Nur77 was required for fenretinide- and HDACi-induced
apoptosis, the expression of Nur77 was knocked down by siRNA. Double
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immunofluorescence staining (Nur77 and cleaved caspase 3) was performed to evaluate the
role of Nur77 on fenretinide and HDACi-induced apoptosis. Fenretinide and HDACi
induced the expression of cytoplasmic Nur77, which co-existed with the induction of
cleaved caspase 3 in scramble siRNA-transfected Huh7 cells. Nur77 was not detected in
Nur77 siRNA transfected Huh7 cells, in which cleaved caspase 3 was also undetectable after
fenretinide or HDACi treatment (Figure 6). These findings indicate that Nur77 is the
common mechanism for fenretinide and HDACi to induce apoptosis of HCC cells. Taken
together, our data showed that induction, interaction, and nuclear export of RARβ and
Nur77 mediate fenretinide and HDACi induced apoptosis of HCC cells. The presented data
are summarized in figure 7.

Discussion
Among the retinoic acid receptors, RARβ is a tumor suppressor gene. Its expression is
frequently suppressed in lung cancer cell lines, 21, 22 head and neck, 23 and breast 24 as well
as liver cancer cell lines.25 The expression of RARβ can be regulated transcriptionally by
RAR and epigenetically by DNA methylation and histone acetylation.19, 26–28 However, our
unpublished data indicated that azacitidine, which causes DNA demethylation, was not able
to enhance fenretinide-induced apoptosis in HCC cells (data not shown). It has been shown
that HDACi plus 13-cis retinoic acid restores retinoid sensitivity by reverting RARβ
epigenetic silencing in human melanoma cell lines.29 In addition, HDACi and acyclic
retinoid cooperatively induce the expression of RARβ and cause apoptosis.30 Furthermore,
the anticancer effect of HDACi operates at least in part through retinoic acid signaling.31

These data along with ours shown in the current study indicate that RARβ is the common
target for HDACi and fenretinide. Thus, they enhance each other’s effect in inducing liver
cancer cell death. However, it remains unclear how RARβ induces apoptosis. For the first
time, we show that RARβ may interact with Nur77 to cause apoptosis.

Nur77 displays opposing effects on cell death and survival.32 The translocation of Nur77
from nucleus to mitochondria confers its apoptotic effect.33 Nur77 targets mitochondria
through its interaction with mitochondrial Bcl-2, which unmasks its hidden BH-3 domain.
This conformational change converts Bcl-2 into a pro-apoptotic molecule.34 Nur77 interacts
with nuclear receptors such as small heterodimeric partner (SHP) in HepG2 cells. This
interaction not only blocks Nur77-mediated transcription, but also causes resistance of
HepG2 cells to interferon γ and anti-Fas antibody-induced apoptosis.35 Interestingly, we
showed that Nur77 interacts with RARβ and that the expression of Nur77 is dependent upon
the presence of RARβ. Knockdown experiments suggested that Nur77 and RARβ interaction
might stabilize Nur77 and sustain its expression level. RARβ may also serve a chaperone
and carry Nur77 for nuclear export. Thus, it is possible that SHP and RARβ compete with
each other for binding to Nur77 in HepG2 cells. The induction of RARβ by fenretinide and
HDACi favors the interaction between RARβ and Nur77, and thus leads to apoptosis. This
may also explain why the level of RARβ can be used to determine the efficacy of retinoids
and the prognosis of cancer.36 Additional experimentation is needed to prove this.

The expression of Nur77 is regulated transcriptionally by AP-1.37 It is important to
determine the mechanism by which fenretinide induces Nur77 expression. We have
previously shown that fenretinide regulates RARβ-mediated gene transcription. 19 Data
generated using primary human hepatocytes do not support the idea that RARβ directly
regulates Nur77 gene expression. In addition, putative RARβ binding sites have not been
found in the Nur77 gene. It is important to note that non-genomic action of retinoids is
known 36 and this possibility cannot be excluded. Since scriptaid and TSA had a differential
effect in inducing Nur77, multiple mechanisms at transcriptional and post-transcriptional
levels might be involved. Based on the data presented in the current study, the increased
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expression of Nur77 could be due to histone acetylation of RARβ, which increased the
expression level of RARβ and therefore the stabilization of Nur77 protein.

Mitochondrial oxidative stress is an early event of apoptosis.38 Several studies have shown
that ROS production plays a key role in HDACi- as well as fenretinide-induced apoptosis.11,
39 However, neither ROS production nor the expression of anti-oxidant genes correlated
with fenretinide and HDACi-induced apoptosis in HCC cells in the current study. Thus,
other mechanisms such as RARβ/Nur77-mediated cell death may play a more significant
role.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

HDACi histone deacetylase inhibitors

TSA trichostatin A

ROS Reactive oxygen species

PARP Poly (ADP-ribose) polymerase

DAPI 4', 6-diamidino-2-phenylindole

HCC human hepatocellular carcinoma
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Figure 1.
HDACi enhanced fenretinide-induced apoptosis of human HCC cells. Huh7 (A), Hep3B (B)
and HepG2 (C) cells were treated with fenretinide (10 µM), scriptaid (10 µM), TSA (1 µM),
and combination of fenretinide plus HDACi for indicated time. Controls were treated with
DMSO. Cell survival and caspase 3/7 activity were determined by CellTiter-Glo®

Luminescent Cell Viability Assay and Caspase-Glo® 3/7 kit (Promega), respectively. Data
were expressed as mean ± SD from three independent experiments, *=p<0.05, **=p<0.01
vs. DMSO; &=p<0.05, vs. fenretinide; #=p<0.05 vs. TSA or scriptaid.
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Figure 2.
Fenretinide and HDACi-induced apoptosis did not correlate with the expression level of the
anti-oxidant genes in HCC cells. Huh7 (A) and HepG2 (B) cells were treated with
fenretinide (10 µM), scriptaid (10 µM), TSA (1 µM), and combination of both for 12 and 24
hrs followed by RNA extraction to study the expression level of Nrf2 target genes. The
results were generated from three independent experiments. *=p<0.05 vs. DMSO,
&=p<0.05, vs. fenretinide.
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Figure 3.
The effect of fenretinide and/or HDACi in regulating the expression of RARβ and Nur77
mRNA levels in HCC cells and primary human hepatocytes. Huh7 and HepG2 cells were
treated as described in Figure legend 1 for 12 and 24 hrs. Hepatocytes were obtained from
three individuals and were treated for 24 hrs. RARβ and Nur77 mRNA levels were
measured by RT-PCR. The results generated from cell lines were done by three independent
experiments. *=p<0.05, **=p<0.01 vs. DMSO; &=p<0.05, vs. fenretinide; #=p<0.05 vs.
TSA or Scriptaid.
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Figure 4.
The interaction between Nur77 and RARβ. Huh7 cells were transfected with either scramble
or RARβ siRNA (20 nM) for 48 hrs. Then, cells were treated with indicated chemicals for
an additional 24 hrs (A) followed by immunostaining with anti-Nur77 antibody and goat
anti-mouse IgG Alexa Fluor® 488 second antibody (green) and with anti-RARβ antibody
followed by Texas Red-conjugated secondary antibody. The staining was viewed using
confocal microscopy (A). In an independent experiment, Huh7 cells were transfected with
either scramble or RARβ siRNA (10 or 20 nM) for 48 hrs and treated with indicated
chemicals for an additional 12 hrs. Then, the treated cells were subjected to protein
extraction and western blot to study the expression of RARβ and Nur77. Numbers indicate
the relative level of the protein level normalized by the level of GAPDH (B). Proteins
extracted from 12 hrs treated cells were immunoprecipitated by anti-RARβ (upper panel) or
anti-Nur77 antibody (lower panel) or pre-immune IgG followed by western blot using anti-
Nur77 (upper panel) or anti-RARβ (lower panel) antibody (C).
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Figure 5.
HDACi and/or fenretinide induced cytoplasmic Nur77 expression in HCC cells. (A) HCC
cells were treated as described in Figure legend 1. Immunofluorescence staining was
performed using anti-Nur77 antibody and nuclear counterstaining with DAPI and viewed by
confocal microscopy. (B) Nuclear (Nu) and Mitochondria (Mit) enriched fractions were
isolated from treated cells. Proteins were fractionated followed by western blot using
antibodies specific to Nur77, PARP, and Porin. Numbers indicate the ratios of nuclear
protein vs. mitochondria protein.
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Figure 6.
Nur77 was essential for fenretinide- and HDACi-induced apoptosis of Huh7 cells. Huh7
cells were transfected with either scramble or Nur77 siRNA (50 nM) for 48 hrs and treated
with fenretinide or HDACi for an additional 24 hrs. Then, cells were immunostained with
anti-Nur77 antibody and FITC-conjugated goat anti-rabbit IgG (green) followed by staining
with anti-cleaved caspase 3 antibody and sheep anti-goat IgG-Texas Red. The staining was
viewed under confocal microscope. A representative result from three independent
experiments is shown.
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Figure 7.
Fenretinide can mediate via RARβ to increase the expression level of RARβ.19 The
fenretinide-induced RARβ directly or indirectly interacts with Nur77. Such interaction
stabilizes Nur77 protein level. The RARβ/Nur77 protein complex is exported to the cytosol
and most likely targets mitochondria to induce apoptosis.
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