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Abstract

Fenretinide is significantly more effective in inducing apoptosis in cancer cells than all-trans
retinoic acid (ATRA). The current study uses a genome-wide approach to understand the
differential role fenretinide and ATRA have in inducing apoptosis in Huh7 cells. Fenretinide and
ATRA-induced gene expressions and DNA bindings were profiled using microarray and
chromatin immunoprecipitation with anti-RXRa antibody. The data showed that fenretinide was
not a strong transcription regulator. Fenretinide only changed the expressions of 1 093 genes,
approximately three times less than the number of genes regulated by ATRA (2 811). Biological
function annotation demonstrated that both fenretinide and ATRA participated in pathways that
determine cell fate and metabolic processes. However, fenretinide specifically induced Fas/TNFa-
mediated apoptosis by increasing the expression of pro-apoptotic genes i.e., DEDD2, CASPS,
CASP4, and HSPA1A/B; whereas, ATRA induced the expression of BIRC3 and TNFAIP3, which
inhibit apoptosis by interacting with TRAF2. In addition, fenretinide inhibited the expression of
the genes involved in RAS/RAF/ERK-mediated survival pathway. In contrast, ATRA increased
the expression of SOSC2, BRAF, MEK, and ERK genes. Most genes regulated by fenretinide and
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ATRA were bound by RXRa, suggesting a direct effect. This study revealed that by regulating
fewer genes, the effects of fenretinide become more specific and thus has fewer side effects than
ATRA. The data also suggested that fenretinide induces apoptosis via death receptor effector and
by inhibiting the RAS/RAF/ERK pathway. It provides insight on how retinoid efficacy can be
improved and how side effects in cancer therapy can be reduced.

retinoic acid receptor; retinoid x receptor; nuclear receptor; hepatocellular carcinoma; ChlP-Seq

1. Introduction

Retinoic acid (RA) and synthetic retinoids have potential for the treatment and prevention of
cancers (1, 2). However, retinoids do have side effects, which limit their clinical usage. For
example, all-trans retinoic acid (ATRA) can cause a life-threatening RA syndrome in acute
promyelocytic leukemia (APL) patients (3). The hepatoxicity (3) and resistance (4) of
ATRA limits its activity against most types of cancer cells. Conversely, fenretinide, a
synthetic derivative of ATRA, is particularly promising as an antitumor agent as it has fewer
side effects and can induce cell apoptosis even in ATRA-resistant cell lines (5). Thus,
modification of the carboxyl end of ATRA with an N-4-hydroxyphenyl group would result
in increased efficacy and reduced toxicity compared to other retinoids (6). Furthermore,
fenretinide does not induce point mutations or chromosomal aberrations, and is therefore not
genotoxic (7). Fenretinide can prevent high-fat diet induced hepatic steatosis, reduce insulin
resistance, ameliorate CCls-induced liver fibrosis, and inhibit angiogenesis (8-10).
Conclusively, fenretinide has specific beneficial effects over classical RA and it is important
to understand the mechanism that accounts for such differences.

The mechanism by which fenretinide induces apoptosis is not very well understood. The
general consensus is that fenretinide is a reactive oxygen species (ROS) generator and it
induces apoptosis via lipid second messengers (11, 12) and activated caspases (13). In
contrast, ATRA induces differentiation and cytostasis in target cells, but cannot effectively
promote apoptosis (14). Whether the function of fenretinide is receptor dependent is another
debated issue. Our recent publication shows that fenretinide-induced apoptosis in the Huh7
cell is dependent on the nuclear export of RARB and Nur77 (15, 16). To gain insight into the
molecular mechanisms by which fenretinide functions as an apoptosis-inducing anti-cancer
agent with reduced toxicity, the current study compares the differential effects of fenretinide
and ATRA using non-biased genome-wide approaches. Chromatin immunoprecipitation
followed by next generation sequencing (ChIP-Seq) was performed using anti-retinoid x
receptor a (RXRa) antibody because RXRa is highly expressed in the liver and is a master
regulator that dimerizes with retinoic acid receptors (RAR) to regulate gene expression (17,
18). In addition, microarray was also performed. This global transcriptome profiling along
with RXRa binding allowed us to establish the relationship between gene expression and
DNA binding and thus enabled us to differentiate between the direct vs. indirect effects on
gene regulation. The data indicated that although fenretinide and ATRA regulate many
common target genes, fenretinide is a weaker transcriptional regulator. It uniquely up-
regulates pro-apoptosis gene expression and inhibits RAS/RAF/ERK-mediated survival
pathways to exert its apoptotic effect.
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2. Materials and Methods

2.1 Reagents

All reagents and chemicals used were from Sigma-Aldrich (St. Louis, MO) unless otherwise
noted. TRIzol Reagent, Dynase beads and NP40 cell lysis buffer were purchased from
Invitrogen (Invitrogen, CA). RNeasy Mini Kit and High Capacity RNA-to-cDNA Kit were
purchased from Qiagen (Qiagen, CA) and Applied Biosystems (Applied Biosystems, CA),
respectively. Rabbit polyclonal antibodies specific for RXRa and DDIT3, antibodies for
IgG, and mouse polyclonal antibodies specific for caspase 4 as well as HRP labeled anti-
rabbit and anti-goat 1gG were purchased from Santa Cruz (Santa Cruz, CA). Anti-RNA
Polymerase Il antibody was purchased from Millipore (Millipore, MA). Mouse monoclonal
antibody caspase 8, rabbit polyclonal antibody p-actin, and HRP labeled anti-mouse IgG
were purchased from Cell Signaling technology (Cell Signaling technology, MA). Rabbit
polyclonal antibodies specific for HERPUD1 and HSPA1A/B were purchased from
Lifespan Biosciences (Lifespan Biosciences, WA). Protease and phosphatase inhibitors were
purchased from Roche Applied Science (Roche Applied Science, IN). Fenretinide (4-(N-
hydroxyphenyl) retinamide) and ATRA were dissolved in DMSO at 1 mM as the stock
solution and stored at —20°C in the dark.

2.2 Cell culture and treatment

Human hepatocellular carcinoma Huh7 cells were maintained in Dulbecco’s Modification of
Eagle’s Medium (DMEM) (Gibco, VA) and supplemented with 10% fetal bovine serum
(Atlanta Biologicals, GA). Cells were plated with approximately 1x10° cells per 100-mm
dish or 5x10* cells per well in the 6-well plates overnight prior to treatment. Huh7 cells
were treated by fenretinide (10 pM) or ATRA (10 pM) in a serum-free medium. After 3 hrs
of treatment, cell pellets were fixed in 1% formaldehyde (pH = 7) and then chromatin was
extracted. After 12 hrs of treatment, cells were harvested for RNA preparation. The final
concentration of DMSO in the culture medium was 0.1% in all treatments.

2.3 RNA Preparation and Microarray

Total RNA was extracted using TRIzol Reagent (Invitrogen, CA) and purified with the
RNeasy Mini Kit (Qiagen, CA). The quantity and quality of the total RNA was assessed by
Bioanalyzer 2100 (Agilent Technologies, CA). Complementary DNA was made using High
Capacity RNA-to-cDNA Kit (Applied Biosystems, CA). The methods used for performing
microarray and data processing were described in our publication (19). The Affymetrix
Human Genome U133 plus 2.0 Array GeneChip (Affymetrix, CA) was used. Microarray
data were annotated using RMA (Robust Multiarray Average) by PARTEK 6.11.
0701Affymetrix Expression Console (MAS5). The probe signal with p values less than 0.05
were used for further analysis. For data validation, total RNA was isolated and reverse
transcripted to cDNA (n=3), and then quantified by gRT-PCR on an ABI 7900HT Fast Real
time PCR system (Applied Biosystems, CA) using Power SYBR® Green PCR Master Mix
(Applied Biosystems, CA). Primers were designed using Primer3 Input Software (v0.4.0)
and the primer sequences were available upon request.

2.4 Western blot

Cells were lysed with NP40 cell lysis buffer (Invitrogen, CA) including protease inhibitors
(Roche Applied Science, IN). Proteins (30 jug) were ran on a 12% SDS-PAGE and
transferred to a PVDF membrane (Bio-Rad, CA). The membrane was incubated with 5%
non-fat milk in TBST (10 mM Tris pH 7.5, 100 mM NacCl, 0.1% Tween 20) for 1 hour at
room temperature to block nonspecific binding. Immunostaining was performed using
antibodies for HSPA1A/B, DDIT3, HERPUDL, caspase 4, caspase 8, and p-actin in TBST-
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milk overnight at 4 °C. After three washes, membranes were incubated with appropriate
secondary antibody for 1 h in TBST-milk. The signal was detected using the ECL system
SuperSignal West Pico Chemiluminescent Substrates (Pierce, IL).

2.4 Chromatin immunoprecipitation followed by next generation sequencing (ChIP-Seq)
and ChIP-gPCR

Cell pellets were fixed in 1% formaldehyde (pH = 7) for 15 minutes before being quenched
with 0.125 M glycine. Following cell lysis, the nuclear part was extracted and sonicated to
yield 300-500 base-pair (bp) DNA fragments. Genomic DNA was prepared by treating
aliquots of chromatin with RNase and proteinase K, heating for de-crosslinking followed by
ethanol precipitation. Aliquot chromatin (30 jug) was precleared by Dynase beads
(Invitrogen, CA) before incubation with a ChlP-quality anti-RXRa antibody (Santa Cruz,
CA). Antibody to 1gG (Santa Cruz, CA) and RNA Polymerase Il (Millipore, MA) was used
as negative and positive control, respectively. Samples were incubated with prepared
Dynase beads at 4 °C overnight followed by de-crosslinking and purification. DNA
fragment library was size-selected (175-225 bp) on an agarose gel. Amplified DNAs (DNA
libraries) were sequenced on the Illumina Genome Analyzer Il (High-seq 2000, Illumina,
WI1). For ChlP-Seq data validation, DNA fragments generated based on the above
mentioned method (n=3) were quantified by real-time PCR with Power SYBR® Green PCR
Master Mix (Applied Biosystems, CA). Primers were designed using Primer3 Input
Software (v0.4.0) and the primer sequences were available if request.

2.5 Alignment, call peak, and annotation of ChIP-Seq data

Primary image and base calling were processed using Genome Analyzer Pipeline Software
(IMumina, CA). All sequenced reads were aligned to Human (Homao sapiens) reference
genome using bowtie version 0.12.7 (20). Only uniquely mapped reads were included.
Regions with reads enrichment were detected using Model-based Analysis of ChIP-Seq
(MACS v 1.4.1) method (21). By comparing with IgG background, non-specific peaks with
false discovery ratios (FDR) greater than 0.1 were eliminated. The identified peaks were
split by Mali Salmon’s PeakSplitter (http://www.ebi.ac.uk/bertone/software.html) and
filtered by p values with Poisson distributions lower than 107°. The peak annotation was
based on the UCSC genome NCBI/hg19 database.

2.6 Motif and Pathway Analysis

The sequences that were 100 bp up and downstream from the summit of the top 500 peaks,
which have the highest peak score, were subjected to motif analysis by MEME-ChIP
(Multiple Em for Motif Elicitation). Furthermore, a Hidden Markov Model (HMM) was
established based on the nuclear receptors binding sites from published work (22) and
JASPAR CORE (http://jaspar.cgb.ki.se/cgi-bin/jaspar_db.pl) to predict the specific motif
information for all of the RXRa binding sites. All biological function and pathway analyses
were generated by the Functional Annotation Tool in the Database for Annotation,
Visualization and Integrated Discovery (DAVID, http://www.david.niaid.nih.gov).
Functional pathways or processes with p < 0.05 and Bonferroni value < 0.1 were accepted.

2.7 Statistical Analysis

For ChIP-gPCR data and microarray data, the differences between the two groups were
analyzed with the Student’s t test. p<0.05 was considered statistically significant.
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3.1 Microarray data and ChlIP-Seq data validation

The expressions of 160 genes, which could be regulated by fenretinide and ATRA, were
validated by gRT-PCR. The results showed 95% and 92.5% consistency between qRT-PCR
and microarray data for the genes regulated by fenretinide and ATRA, respectively. To
validate the ChlIP-Seq results, RXRa binding sites with various peak scores were randomly
selected for confirmation by ChIP-qPCR. Peak score was used to scale the level of RXRa
binding. Overall, ChIP-gPCR was performed for 70 RXRa-bound genes, including 10
binding sites with score>100, 25 binding sites with score between 50 and100, and 35
binding sites with score<50. In fenretinide treated cells, 100%, 90%, and 83% of peaks with
strong (score>100), medium (50<score<100), and weak (score<50) bindings could be
validated by single gene ChIP-qPCR. Similarly, 100%, 95%, and 88% of peaks with strong
(score>100), medium (50<score<100), and weak (score<50) bindings could be confirmed in
ATRA treated cells.

3.2 Comparison the effect of fenretinide and ATRA in regulating gene expression

After 12 hrs fenretinide treatment, 1 093 genes (594 up- and 499 down-regulated) had a
greater than 1.5-fold change at the mRNA level while ATRA changed the expression of
2,811 genes (> 1.5 folds). The numbers of genes that were up- (1 463) or down- (1 348)
regulated by ATRA were close (Fig. 1A). The number of fenretinide-regulated genes was
only about one-third of those regulated by ATRA. Eighty-six percent of genes (942)
regulated by fenretinide were also regulated by ATRA. Thus, fenretinide and ATRA
regulate many common genes.

3.3 Comparison of RXRa binding and binding motif in fenretinide- and ATRA-treated Huh7

cells

In fenretinide- and ATRA-treated Huh7 cells, there were 14 267 and 13 768 RXRa-bound
genes, respectively, and most of them (12 191) were the same genes (Fig. 1B). Remarkably,
74.5% (814) of fenretinide-regulated genes and 73.6% (2 069) of ATRA-regulated genes
were bound by RXRa (Fig. 1C) suggesting that most of the genes were regulated in an
RXRa-dependent manner. The number of RXRa-bound genes was similar in fenretinide-
and ATRA-treated Huh7 cells, but the number of the genes regulated by fenretinide was
much less, suggesting that binding does not necessarily lead to expression.

Since RXRa dimerizes with multiple nuclear receptors, its binding sites are composed of
diverse binding motifs. Motif analysis by Hidden Markov Model confirmed that the RXRa-
binding motifs were similar in fenretinide- and ATRA-treated Huh7 cells. Direct repeat with
a spacer of one nucleotide (DR1) was the most common motif followed by DR4, DR3,
inverted repeat (IR) 1, and everted repeat (ER) 1. Furthermore, spacers 1, 3, and 4 were
relatively more prevalent than other spacers (Fig. 1D and E).

3.4 Functional analysis of fenretinide and ATRA based on transcriptome profiling

To study the global role of fenretinide and ATRA, biological function annotation was
performed based on the gene expression data. Table 1 shows that proliferation and apoptosis
as well as response to wounding, oxidation and reduction etc. were regulated by both
compounds. The most striking difference between fenretinide and ATRA was in the lipid/
fatty acid metabolic process and the DNA metabolic process. Fenretinide was specifically
involved in the biosynthesis of lipid and fatty acid metabolic process; whereas ATRA
participated in transcription regulation, DNA metabolic, and response to stress. Among
these, an average of 80% and 77% of the genes regulated by fenretinide and ATRA was
bound by RXRa, respectively.

Biochem Pharmacol. Author manuscript; available in PMC 2014 April 01.
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Based on the induction or inhibition of the gene expression, the roles of fenretinide and
ATRA were compared (Table 2 and 3). Both compounds regulate many common processes.
All the sterol and cholesterol metabolic/biosynthetic related genes were down-regulated by
both compounds, suggesting that they may play an important role in the metabolism of sterol
and cholesterol. Most importantly, many apoptosis related genes were up-regulated and cell
cycle related genes were down-regulated by both fenretinide and ATRA. This finding
suggests that both fenretinide and ATRA have a role in the control of cell fate and cell
metabolism.

3.5 Fenretinide and ATRA regulate genes that involved in apoptosis, proliferation, and cell

cycle

To understand the differential effects of fenretinide and ATRA in regulating cell fate,
specific genes involved in the apoptosis pathways were analyzed. Fenretinide regulated
fewer apoptosis-related genes than ATRA (74 vs. 239 genes). Pro-apoptotic genes DDIT3,
NUPR1, JMY, TGFB2, and HERPUD1 were up-regulated by both fenretinide and ATRA
after 12 hrs of treatment (Fig. 2A). Fenretinite uniquely induced four pro-apoptotic genes
including DEDD2, CASP8, and CASP4, which are involved in the Fas/TNFa-mediate death
receptor signaling pathway (Fig. 2B). In contrast, ATRA up-regulated two anti-apoptotic
genes (BIRC3 and TNFAIP3), which have negative regulatory effects in the Fas/TNFa-
mediate death receptor signaling pathway. In addition, ATRA induced the expression of
many anti-apoptotic genes (SOCS2, BIRC3, BRAF, TNFAIP3, and XIAP) and suppressed
the expression of pro-apoptotic genes (PCSK9, CITED2, TIMP2, and CASP6) by more than
2-fold (Fig. 2C).

In cell proliferation pathways, both compounds increased the expression of two anti-
proliferation genes (CTH and KLF4) and decreased the expression of six proliferation genes
(PLAU, CXCL10, MYCN, VASH2, PGF, and ICMT) (Fig. 3A). However, ATRA had
positive effects in regulating the proliferation process. For example, ATRA uniquely
increased the expression of proliferation genes ATF3, IL8, EREG, CCL15, HOXA3, HEY?2
and TIMP2 and inhibited the expression anti-proliferation genes such as D4, PROX1,
KLF5, CAV2, and TGFBR2 (Fig. 3B). In addition, most of those genes had RXRa binding.
These findings suggest the role of ATRA in cell proliferation.

As for cell cycle processes, both compounds up-regulated genes that are involved in cell
cycle arrest. For example, SESN2, GADD45A, GADD45B, CDKN2B, and I1L8 were up-
regulated. Both compounds also inhibited the expression of genes that contribute to cell
cycle progression (E2F, CCNE1 NEK6, MCM2, MCM3, and MCMB6) (Fig. 4A). However,
ATRA uniquely up-regulated genes involved in cell cycle stimulation. Those genes include
RHOU, HERC5, PDS5A, CDC23, CDC16, and CDC73. In addition, ATRA also uniquely
inhibited genes including CDKN2C, HPGD, FAM5C, RGS2, GAS2 and PSMD11that
participate in cell cycle arrest (Fig. 4B). Unlike ATRA, fenretinide could not regulate any of
those genes. These findings suggest the ATRA’s role in supporting cell cycle progression.

3.6 Temporal profiling of the effect of fenretinide and ATRA on the expression of genes in
death and survival pathways

Since gene regulation-associated phenotype change is a dynamic process, a time course
experiment was performed. The genes studied are those involved in the Fas/TNFa-mediated
signaling pathway. Figure 5A shows that many studied genes were up-regulated in the early
studied time points and the fold changes were even higher than that at later time points. For
example, six and one hr after ATRA treatment, the expression of anti-apoptotic genes
BIRC3 and TNFAIP3 was induced, respectively; whereas fenretinide only modestly induced
the expression of TNFAIP3 at 12 hrs. ATRA induced survival pathway via the induction of

Biochem Pharmacol. Author manuscript; available in PMC 2014 April 01.
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SOCS2, which is a positive regulator for IGF-R1 (23). SOCS2 is also the upstream regulator
of MEK1 and ERK2, which were up-regulated by ATRA at 3 hrs (Fig. 5A). In contrast to
ATRA, fenretinide had a greater impact on the induction of Fas/TNFa-mediated apoptosis
pathway by up-regulating pro-apoptotic genes such as HSPA1A/B, DEDD2, CASP8, and
CASP4 (Fig. 5B). Other pro-apoptotic genes including HERPUD1 and DDIT3 were able to
be induced by both compounds at multiple studied time points (Fig. 5B). Furthermore,
fenretinide inhibited cell survival by decreasing the expression levels of BRAF in the RAS/
RAF/ERK mediated survival pathway (Fig. 5A). These findings clearly indicated that
ATRA and fenretinide differentially regulate the Fas/TNFa-mediate death receptor signaling
pathway and the RAS/RAF/ERK survival pathway.

3.8 The effects of fenretinide and ATRA on expression levels of pro-apoptotic proteins

A time course experiment was performed to study the effect of fenretinide and ATRA on the
expression of pro-apoptotic proteins, HSPA1A/B, caspase 8, caspase 4, HERPUD1, and
DDIT3. The data showed that fenretinide and ATRA induced the levels of those five
proteins. However, fenretinide had a much greater effect than ATRA in increasing the levels
of HSPA1A/B, caspase 8, and capsase 4 as well as HERPUD1. Only fenretinide, and not
ATRA, had a time-dependent effect in inducing the protein levels of HSPA1A/B and
caspase 8 (Fig. 6). ChIP-qPCR data showed that RXRa bound to HSPA1A/B, caspase 8,
caspase 4, HERPUD1, and DDIT3 in fenretinide-treated Huh7 cells (3 hrs). However,
RXRa only bound to the caspase 8, caspase 4, and HERPUD1 genes, but not HSPA1A/B
and DDIT3, in ATRA-treated cells (data not shown). Thus, binding does not guarantee
expression, but expression requires binding.

3.8 The effects of fenretinide and ATRA on cytochrome P450 gene expression

The oxidation of RA by CYP26A1 and CYP26BL1 is an important mechanism to control the
levels of RA in cells and tissues (24, 25). Fig. 7 shows that ATRA highly induced the
MRNA levels of CYP26A1 and CYP26B1 at early time points. The induction of mMRNA
levels of CYP26A1 (19.8-fold) and CYP26B1 (11.8-fold) started at one and two hrs after
treatment, respectively. It reached to 1261.4-fold for CYP26A1 and 69.5-fold for CYP26B1
12 hrs after treatment. In contrast, the induction fold of these two genes by fenretinide was
much less. The maximal induction was 16.1 and 8.3 folds for CYP26A1 and CYP26B1,
respectively, 6 hrs after fenretinide treatment. These findings suggest that fenretinide might
be more stable than ATRA in Huh?7 cells.

4. Discussion

Although fenretinide and ATRA regulate many common genes, these two compounds have
their unique roles. In comparison with ATRA, fenretinide not only has strong apoptosis
effects, it also has fewer side effects. The pro-apoptotic effect of fenretinide has been shown
in various cancer cell lines including HeLa and breast cancer cell lines, whereas ATRA has
shown no growth inhibition effect in these cell lines (26). Fenretinide also induces
apoptosis/necrosis in primary Wilm’s tumor cell, but ATRA promotes cell growth (27). The
apoptosis effect of fenretinide is cancer cell specific, it does not induce apoptosis in normal
hepatocyte (15). In contrast, RA has diverse effects. It is used to treat acute promyelocytic
leukemia due to its differentiation effect, but it also has a mild mitogenic effect (3). In vivo
study shows that ATRA induces hepatomegaly (28), and compromises liver regeneration in
hepatocyte RXRa-deficient livers (29) and in vitamin A-deficient rats (30). These findings
indicate the importance of retinoic acid-mediated signaling in liver cell proliferation (31).
Despite efforts in identifying fenretinite and ATRA’s role in various cancer cell lines, little
is known about the molecular mechanisms by which these two compounds exert their
distinct effects. This study might be the first to use a non-biased global approach to
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determine the differential role. Our findings indicate that fenretinide is a much weaker
transcription regulator. By regulating fewer genes, fenretinide has specific effects.
Futhermore, although both compounds regulated many common pathways, they have
different effects in regulating death and survival genes and thus have distinct roles.

The biochemical pathways leading to fenretinide-induced apoptosis are complex. Whether
the action is retinoid receptor-dependent (26, 32) or -independent (5, 33-35) has been a long
debated issue. Cells that express mutated RAR are still able to respond to fenretinide
suggesting a receptor-independent mechanism (36). However, other studies showed that
RARs and RAR antagonists partially inhibit fenretinide-induced apoptosis implying a
receptor-dependent mechanism (37). Using a gene knockdown approach, our published data
indicated that fenretinide-induced apoptosis of human liver cancer cells is RARp and Nur77
dependent (16, 32). Furthermore, the sensitivity of the cancer cells to fenretinide-induced
apoptosis is positively associated with cytoplasmic enrichment of Nur77 that forms complex
with RARP (15). The current study shows that the majority of the genes regulated by ATRA
and fenretinide have the RXRa binding sites implying an RXRa-dependent mechanism. It is
likely that both compounds regulate gene expression in an RXRa-dependent manner. Their
role in regulating apoptosis and cell survival may require the coordinated effort of multiple
nuclear receptors.

It is important to note that HSPALA/B mRNA was only induced by fenretinide. HSPA1A/B
is an endoplasmic reticulum (ER)-stress-induced protein that promotes TNF-mediated
apoptosis (38). Thus, ROS generation may also play a role in fenretinide-induced apoptosis.
Consistently, fenretinide increased the mRNA and protein level of HSPALA in human head
and neck cancer cells. Hence, chemical inhibition and siRNA-mediated silencing of
HSPALA decrease fenretinide-induced apoptosis (38). In addition to HSPA1A/B, fenretinide
also up-regulates other pro-apoptosis genes i.e. DEDD2, CASP8 and CASP4, all of which
are involved in the Fas/TNFa-mediated apoptosis pathway. In agreement with this finding,
fenretinide-induced apoptosis is also involved in the caspase 8 activation in ovarian cells
(13). These data suggest that Fas/TNFa death receptor-mediated signaling is responsible for
fenretinide-induced apoptosis in Huh7 cells. In contrast, ATRA induces the expression of
BIRC3 and TNFAIP3, which inhibit Fas/TNFa-mediated apoptosis signaling pathway by
the interaction with TRAF2, and thus may prevent apoptosis. Furthermore, ATRA inhibits
the expression of PCSK9 (7.1 fold reduction), which encodes a novel member of the
subtilisin class of proteinase-K-like serine proteinases (39). PCK9 is involved in apoptosis
through modulation of the intrinsic apoptotic pathway. Knocking down the expression of
PCSK®9 inhibits apoptosis by reducing caspase activity (40, 41). Thus, ATRA-reduced
PCSK9 may suppress the Fas/TNFa-mediated apoptosis pathway through the reduction of
caspase activity. In contrast to the 7.1 fold reduction by ATRA, fenretinide only reduces
PCSK9 mRNA levels by 1.7 fold. A schematic of our findings that show the differential
mechanism by which fenretinide and ATRA regulate cell death is summarized in Fig. 8A.

Fenretinide and ATRA have distinct effects in regulating genes involved in RAS/RAF/ERK
mediated survival pathway. Fenretinide inhibits the expression of BRAF, which is upstream
of MEK1/ERK2. Consistent with our previous finding, which shows fenretinide induces
Huh7 cell death by deactivation of ERK1/2, our published data also showed that the
deactivation of ERK1/2 can sensitize fenretinide-resistant liver cancer cells to become
sensitive to the apoptotic effects of fenretinide (42). Conversely, ATRA significantly
induces the expression of BARF, MEK1, and ERK2. In addition, the expression of SOCS2,
downstream of IGF-R1, is also up-regulated by ATRA. The induction of those genes is
transient and takes place at relatively early time points (2-3 hrs). The expression of
CITED?2, a transcriptional repressor of NFkB (43), is reduced by ATRA (5.9-fold). Reduced
expression of CITED2 prohibits its ability to repress NFKkB, and therefore promotes the

Biochem Pharmacol. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hu et al.

Page 9

NFkB-dependent survival pathway. In comparison, fenretinide does not show any effect on
CITED2’s gene expression. A schematic of our current understanding of the differential
mechanism by which fenretinide and ATRA-regulates the survival signaling pathway is
shown in Fig. 8B. Taken together, ATRA promotes Huh7 cell survival via the RAS/RAF/
ERK signaling pathway. These findings not only explain why fenretinide induces apoptosis
more effectively than ATRA, they also explain why ATRA has a mitogenic effect.

Among the cell cycle regulated genes, the expressions of CCNE1 and E2F, which facilitate
G1/S transition, are down-regulated by fenretinide. Consistently, MCM2, MCM3, and
MCMB6 are also down-regulated by fenretinide. Loss of MCM causes G1 arrest (44).
Conversely, GADDA45A (45) and GADDA45B (46), which control G2/M arrest, are up-
regulated by fenretinide. Essentially, fenretinide-induced growth inhibition is associated
with the accumulation of cells in the G1/S and G2/M phases of the cell cycle. In other
words, inhibition of Huh7 cell growth by fenretinide is a consequence of blocking the cell
cycle at G1/S and G2/M transitions. These results are in agreement with the results
demonstrated using PC-3 cells; suppression of PC-3 cell growth by fenretinide is linked to
the accumulation of G1 phase cells (47).

In conclusion, the presented data provide a fundamental understanding of how retinoids
control cell fate. This study reveals that the distinct roles of the two retinoids lie in their
ability in regulating apoptosis and survival. Fenretinide induces apoptosis while ATRA
inhibits apoptosis via the death receptor effectors. Similarly, ATRA induces survival while
fenretinide reduces survival via RAS/RAF/ERK-mediated pathway. It would be important to
further understand how chemical structure changes can result in such drastic alterations in
the control of cell fate. The addition of ERK1/2 inhibitor along with fenretinide should have
a better effect in inducing apoptosis in cancer cells. We predict that the dose as well as the
side effects during cancer treatment can be reduced when a combination of ERK1/2 inhibitor
and fenretinide is used.
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APL acute promyelocytic leukemia

ATRA all-trans retinoic acid

ChIP-Seq chromatin immunoprecipitation followed by next generation sequencing
DAVID the Database for Annotation, Visualization and Integrated Discovery
DR direct repeat

ER everted repeat

ER stress endoplasmic reticulum stress

ERK extracellular-signal-regulated kinase
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FDR false discovery ratio
IR inverted repeat
RA retinoic acid
RAR retinoic acid receptor
ROS reactive oxygen species
RXR retinoid X receptor
gRT-PCR real-time quantitative reverse transcription PCR
gPCR guantitative PCR
TNF tumor necrosis factor
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Fig 1. Comparison of differential gene expression, RXRa binding genes, and binding motif

between fenretinide- and ATRA-treated Huh7 cells

(A) Comparison of fenretinide and all-trans RA based on gene expression. F: fenretinide; R:
all-trans RA. (B) Comparison of RXRa binding genes between fenretinide and all-trans RA.
(C) Comparison of genes bound by RXRa and regulated by fenretinide and all-trans RA.
(D) Motif analysis for genes bound by RXRa and regulated by fenretinide. (E) Motif
analysis for genes bound by RXRa and regulated by all-trans RA. For gene expression
analysis, total RNA was extracted from Huh7 cells after 12 hrs of fenretinide (10 uM),
ATRA (10 pM) or DMSO (control) treatment, followed by microarray analyses. For RXRa
binding and motif analysis, Huh7 cells were treated with fenretinide (10 uM) or ATRA (10
M) for 3 hrs and then subjected to ChlP-Seq assay using 1gG (negative control) or anti-
RXRa antibody. Global profiling of RXRa binding motifs in Huh-7 cells were predicted by
HiddenMarkov Model. DR: direct repeat; ER: everted repeat; IR: inverted repeat.
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Fig 2. The effect of fenretinide and all-trans RA on apoptosis-related genes

(A) Common apoptosis-related genes regulated by fenretinide and all-trans RA in Huh7 cell.
(B) The apoptosis-related genes regulated by fenretinide. (C) The apoptosis-related genes
regulated by all-trans RA. Total RNA was extracted from Huh7 cells treated with fenretinide
(10 pM), ATRA (10 pM) or DMSO for 12 hrs and subjected to microarray assay.
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Fig 3. The effect of fenretinide and all-trans RA on proliferation-related genes

(A) Common proliferation-related genes regulated by both fenretinide and all-trans RA. (B)
The proliferation-related genes regulated by all-trans RA. Total RNA was extracted from
Huh?7 cells treated with fenretinide (10 pM), ATRA (10 pM) or DMSO for 12 hrs and
subjected to microarray assay.
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Fig 4. The effect of fenretinide and all-trans RA on cell cycle-related genes

(A) Common cell cycle-related genes regulated by both fenretinide and all-trans RA. (B)
The cell cycle-related genes preferentially regulated by all-trans RA. Total RNA was
extracted from Huh7 cells treated with fenretinide (10 pM), ATRA (10 pM) or DMSO for

12 hrs and subjected to microarray assay.

Biochem Pharmacol. Author manuscript; available in PMC 2014 April 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Hu et al.

Page 17
10
iy BIRC3 _® TNFAIP3 5 s0Cs2
s 4 3 H
s H 28
5 4 . :.
2 3 £2
2 s 2
g2 ] &1
0
R 05 1 2 3 6 12
Time (hrs) Time (hrs) Time (hrs)
4 MEK1 54 ERK2 s BRAF
H H 312
<2 $s g
£ £ £
HE HE HES
5, 5, 54
& K] e 2
o 0 o
05 1 2 3 6 12 05 1 2 3 6 12 05 1 2 3 8 12
Time (hrs) Time (hrs) Time (hrs)
6 10 10
- HSPA1A/B = CASP8 5 CASP4 2
s £ o £
& < .
£ 31 r E £,
.'2’ 24 T L L THI .g b ‘E i
z Ll L 5 3 s . p
€1 g (. z s 2 g? Dl IHI
o« = o©
N el il IHi IHI |HI I , oL mllalln
05 1 2 3 6 12 o5 1 2 3 6 12 05 1 2 3 & 12
Time (hrs) Time (hrs) Time (hrs)
10, 10 = 6
= HERPUD1 1 s DDIT3 5 DEDD2
H g s g5
3 E“ 3 A 2
< < L4
Z 6 Z 6 . H
£ | 1 E £3
24 2 4 i e,
z, | = IH L P < s
© = T © I T © 1
AP TTEFU L T | ;
(R T e 05 1 2 3 6 12 05 1 2 3 6 12
Time (hrs) Time (hrs) Time (hrs)
30
- PCSK9 30 CITED2
S 251 = 3
K] i 325
<20 a 1 < 20 — DMSO
"E‘ 15 i I : T = 45 == Fenretinide
3 T ° wmmm all-trans RA
3 107 210
2 2 3
2 o5 & 05
0L 0.0
o0 05 1 2 6 12 s 1 2 3 6 12

3
Time (hrs) Time (hrs)

Fig 5. The effect of fenretinide and all-trans RA on anti-apoptosis genes (A) and pro-apoptosis
genes (B) by qRT-PCR

Total RNA was extracted from Huh7 cells treated with fenretinide (10 pM), ATRA (10 pM),
or DMSO for 30 min, 1, 2, 3, 6, and 12 hrs, and the gene expressions were studied by real-
time RT-PCR and normalization to that of GAPDH. Data were expressed as mean + SD
from three independent experiments.
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Fig 6. The effect of fenretinide and all-trans RA on protein levels of HSPA1A/B, caspase 8,
caspase 4, HERPUD1, and DDIT3

Huh7 cells were treated with fenretinide (10 pM), ATRA (10 pM), or DMSO for 6, 12, 18,
and 24 hrs. The protein levels were analyzed by western blot using specific antibodies as
described in Section 2. -actin level was used for loading control. Representative data are
shown from three independent experiments. Arrow indicated the position of cleaved caspase
4.
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Fig 7. The effect of fenretinide and all-trans RA on CYP26A1 (A) and CYP26B1 (B) gene
expression
Huh7 cells were treated with fenretinide (10 uM) or ATRA (10 pM) for 30 min, 1, 2, 3, 6,
and 12 hrs. Data were expressed as mean + SD from three independent experiments.
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Fig 8. Schematic presentationsfor the differential effects of fenretinide and all-transRA in
regulating apoptosis and survival of Huh7 cells

(A) Regarding the Fas/TNFa-mediate apoptosis pathway, fenretinide up-regulated the
expression of three pro-apoptotic genes including DEDD, CASP8, and CASP4, which
subsequently triggered the pathway; Additionally, fenretinide also induced apoptosis by up-
regulating pro-apoptotic genes HSPA1A/B, which is activated by ER stress and promotes
TNF-mediated apoptosis. In contrast, ATRA induced the expression of two anti-apoptotic
genes BIRC3 and TNFAIP3, which negatively regulated the Fas/TNFa-mediate signaling
pathway, and eventually inhibited Fas/TNFa-mediated apoptosis. The repressed expression
of PCSKO9, which play an important role in caspase-3 activation, also decreased ATRA-
mediated apoptosis. (B) Regarding the RAS/RAF/ERK-medicated survival pathway,
fenretinide repressed the expression of BRAF, and therefore decreased the expression levels
of MEK1 and ERK2, which finally inhibited cell survival. Conversely, ATRA up-regulated
the expression of SOSC2, successively increased the expression of three key genes: BRAF,
MEKZ1 and ERK2, and therefore induced the RAS/RAF/ERK-mediated survival pathway.
Additionally, ATRA promoted the NFkB-dependent survival pathway by repressing CITE2
gene expression. “—” indicates induction and “_L” indicates repression. The genes marked
in green circle indicate pro-apoptosis genes. The genes marked in red circle indicate anti-
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apoptosis genes. The numbers in bracket represent the fold-change of gene expression
changed by fenretinide or ATRA at corresponding time-point.
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