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Abstract

We have shown previously that N-(4-hydroxyphenyl)retinamide (4HPR, fenretinide), a retinoic acid
derivative, induces neuronal differentiation in cultured human retinal pigment epithelial (RPE) cells
(Chen et al., 2003, J Neurochem 84:972-981). We asked the question whether the mitogen-activated
protein kinase (MAPK) pathway is involved in the regulation of the 4HPR-induced neuronal
differentiation of RPE (ARPE-19) cells. When we treated ARPE-19 cells with 4HPR, c-Raf and
MEKZ1/2 kinase were activated resulting in activation of the downstream effector ERK1/2 and of
SAPK/JNK. By blocking the upstream kinase MEK1/2 with specific inhibitor U0126 we abrogated
the 4HPR-induced phosphorylation of ERK1/2 and SAPK/JNK, indicating that the neuronal
differentiation occurs through a positive cross-talk between the ERK and the SAPK/INK pathways.
Both U0126 and the suppression of ERK1/2 expression with small interfering RNA effectively
blocked the 4HPR-induced neuronal differentiation of RPE cells and the expression of calretinin.
The activated ERK1/2 then induced a sequential activation of p90RSK, and increase in
phosphorylation of transcription factors c-Fos and c-Jun leading to transcriptional activation of AP-1.
Taken together, our results clearly demonstrate that c-Raf/MEK1/2 signaling cascade involving
ERKZ1/2 plays a central role in mediating the 4HPR-induced neuronal differentiation and calretinin
expression in the human ARPE-19 retinal pigment epithelial cell line.
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Introduction

Retinal degeneration results in irreversible visual loss because, like other neuronal cells,
terminally differentiated retinal cells will not reenter the cell cycle. On the other hand, retinal
pigment epithelium (RPE) from several species, including human, can reenter the cell cycle,
and under certain conditions can be induced to dedifferentiate or transdifferentiate into cell
types other than RPE (Dutt et al. 1993, Zhao et al. 1997, Yan et al. 2001). The RPE, a
homogenous monolayer of cells, is located between the choroid and the neural retina in the
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eye (Bok 1993). It has been shown that RPE cells can be transdifferentiated into neuronal retinal
cells by basic fibroblast growth factor (bFGF) in vitro (Pittack et al. 1991). In addition, it has
been suggested that RPE cells could serve as a source of retinal stem cells (Fischer & Reh
2001).

The molecular mechanisms involved in the differentiation of RPE cells into neuronal cells still
remain unclear. Among the key signaling pathways, the mitogen-activated protein kinases
(MAPKSs) comprising a family of serine/threonine kinases named the extracellular signal-
regulated kinase 1 and 2 (ERK1/2), the stress-activated protein kinase/c-Jun N-terminal kinase
(SAPK/INK), and the p38 kinase (p38), are known to play a crucial role in the regulation of
cell growth and differentiation (Pearson et al. 2001). Once activated by a phosphorylation
cascade, these protein kinases function in specialized pathways by transducing signals from
cell surface receptors to the nucleus. Furthermore, studies have shown that MAP kinases
regulate neuronal differentiation by activating transcription factors such as AP-1, a regulatory
protein involved in cell growth and differentiation (Karin 1995, Whitmarsh & Davis 1996).

ARPE-19, a human RPE cell line (Dunn et al. 1996), retains many structural and functional
characteristics of RPE cells in vivo. These cells exhibit epithelial cell morphology and express
several genes specific for the RPE, such as RPE65 (MRNA only), and cellular retinaldehyde-
binding protein (CRALBP; mRNA and protein), both involved in the regeneration of visual
pigment. ARPE-19 cells show noticeable pigmentation, polarized distribution of cell surface
markers, and produce variety of growth factors and cytokines (Dunn et al. 1996, Holtkamp et
al. 1998). These cells perform some of the known functions of human RPE, including
assimilation of photoreceptor outer segments by phagocytosis (Finnemann et al. 1997). We
have shown that retinoic acid induced the expression of novel retinal pigment epithelial cell
gene (NORPEG/RAI14) in ARPE-19 cells (Kutty et al. 2001). In addition, we have shown that
retinoic acid and transforming growth factor-g (TGF-B) induce the expression of stearoyl
coenzyme A desaturase (SCD), a microsomal enzyme known to be involved in the regulation
of cell growth and differentiation (Samuel et al. 2001, Samuel et al. 2002).

Retinoic acid (RA), a natural derivative of vitamin A, and its synthetic analogs have profound
effects on cell growth, differentiation, and apoptosis, and are required for many cellular
functions (Chambon 1994). Of the synthetic analogues, N-(4-hydroxyphenyl)retinamide
(4HPR, fenretinide), has emerged as one of the most promising alternatives to the natural
retinoids. In particular, it has been used in a number of clinical trials as a chemopreventive
agent due to its ability to induce apoptosis in number of cancer cell lines (Malone et al.
2003). Recently, we observed that a high concentration of 4HPR induces apoptosis in cultured
RPE (ARPE-19) cells, through generation of reactive oxygen species (Samuel et al. 2006). On
the other hand, there is also compelling evidence from our earlier work that relatively low
concentrations of 4HPR induce neuronal type differentiation of ARPE-19 cells associated with
an increased expression of neurofilament proteins, NF160 and NF200, as well as calretinin
(calbindin 2), a protein generally expressed in retinal and other neuronal cells (Chen et al.
2003). At present, the molecular mechanism underlying this neuronal differentiation is still
unknown. Since MAPK signaling cascades play a crucial role in regulating mammalian cell
growth and differentiation, the objective of the present study was to investigate the specific
contribution of MAPK signaling pathways in the 4HPR-induced neuronal differentiation of
ARPE-19 cells. Here we present evidence that the 4HPR-induced neuronal differentiation of
ARPE-19 cells is associated with the activation of both ERK1/2 and SAPK/INK. U0126, a
specific inhibitor of MEK, blocks both neuronal differentiation and the increase in the
expression of the neuronal marker calretinin. Our results further indicate that the signaling
through both the ERK1/2 and SAPK/INK pathways converge in the transactivation of AP-1.
Thus, we conclude that the 4HPR-induced neuronal differentiation of ARPE-19 cells is
mediated through the MAPK pathway.
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Materials and methods

Materials

4HPR (N-(4-hydroxyphenyl)retinamide), fenretinide) was obtained from Biomol (Plymouth
Meeting, PA). Rabbit antibodies and phospho-specific antibodies of c-Raf, MEK1/2, ERK1/2,
SAPK/JINK, c-Jun, PathScan® Phospho-p44/42 MAPK sandwich ELISA kit, and human
specific SignalSilence® p44/p42 MAPK siRNA kit were from Cell Signaling Technologies
(Beverly, MA). Monoclonal anti-calretinin, anti-p-actin and anti-phospho-c-Fos were from US
Biologicals (Swampscott, MA). The enhanced chemiluminescence (ECL) detection system
and peroxidase-conjugated anti-rabbit and anti-mouse antibody were from GE Healthcare Life
Sciences (Piscataway, NJ). PD98059 and U0126 were purchased from Sigma (St. Louis, MO).
TransAM™ AP-1 quantitative ELISA and Nuclear Extract Kits were from Active Motif
(Carlsbad, CA).

Cells and culture conditions

The ARPE-19 human retinal pigment epithelial cell line, obtained from ATCC (Manassas,
VA), were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing nutrient
mixture F12, 50/50 mix (Cellgro, Herndon, VA) supplemented with 5% fetal bovine serum, 2
mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids and penicillin
(100 U/ml) and streptomycin (100 pg/ml), as described previously (Samuel et al. 2001). Cells
were seeded onto tissue culture plates at a density of 2 x 10° cells/ml in complete medium and
allowed to grow overnight. The culture medium was replaced next day with fresh serum-free
medium containing penicillin (100 U/ml) and streptomycin (100 pg/ml) before adding 4HPR
(1 uM) in the presence or absence of 1 pM of U0126, and the cells were allowed to grow for
additional indicated time intervals. U0126 was added 1 h prior to the addition of 4HPR.
Treatments were performed under subdued light and other conditions as reported previously
(Samuel et al. 2001). All compounds were dissolved at a concentration of 10 mM in DMSO
before adding to the cell culture medium. The controls received the same amount of DMSO.
The cells were maintained at 37°C in a humidified environment of 5% CO, in air.

Analysis of neurite outgrowth

Cells were examined using an inverted microscope (model 1X 70; Olympus, Tokyo, Japan)
every day using criteria as described previously (Chen et al. 2003). The cells were judged to
be differentiated when the length of their processes was longer than the diameter of the soma
or at least two neurites extending from the soma. Cells bearing bidirectional or multidirectional
neurite-like processes were counted in minimum 10 randomly selected fields. Each randomly
selected area was about 1 mm? and contained 15-25 cells at the start of the treatment. The
percentage of differentiation was calculated from the number of cells that showed neurite
outgrowth divided by the total number of cells in each field. Three dishes were used in each
experiment, which was repeated three times.

Western immunoblot analysis

Equal amounts of total protein (50 pg) from each sample were subjected to SDS-
polyacrylamide gel electrophoresis using 4-12% NUPAGE Bis-Tris gels and then transferred
to a nitrocellulose membrane (Invitrogen, Carlsbad, CA). After blocking in 5% non-fat milk
in Tris-buffered saline (TBS) containing 0.05% Tween 20 for 1 h, the membranes were
incubated overnight at 4°C with non-phospho or phospho-specific antibodies (1:1000) of c-
Raf (Ser338), MEK1/2 (Ser217/221), p44/42 MAP kinase (Thr202/Tyr204), SAPK/INK
(Thr183/Tyr185), p90RSK (Ser380), c-Jun (Ser73) or c-Fos (Thr232). Membranes were also
incubated at room temperatures for 1 h with monoclonal anti-calretinin or anti-f-actin antibody
at 1:1000 dilutions (US Biological). Peroxidase-conjugated goat anti-rabbit or anti-mouse 1gG
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antibody (1:5000) was used as secondary antibody. Immunocomplexes were visualized by a
chemiluminescence method using the ECL Plus Western blotting Detection Kit (Amersham
Biosciences).

Phospho-p44/42 MAPK ELISA

The quantity of Phospho-p44/42 (ERK1/2) protein was measured using PathScan® Phospho-
p44/42 MAPK (T202/Y204) sandwich ELISA kit (Cell Signaling, Danvers, MA). Control and
treated the cells were lysed using Cell Lysis Buffer (Cell Signaling) containing protease and
phosphatase inhibitors (500 pl/well). After a brief sonication on ice, the cell lysates were
centrifuged at 21,000 x g for 10 min at 4°C. Supernatants (100 ul) were analyzed by ELISA
using phospho-ERK1/2 antibody to detect the captured phospho-ERK1/2 protein, by
measuring the absorbance at 450 nm (Victor? Multilabel Counter).

RNA interference

RNA interference (RNAI) of the ERK1/2 (p44/p42) transcript was performed in ARPE-19 cells
plated in 6-well plates at 50-60% confluence using equimolar concentrations of
SignalSilence™ p44 MAPK and SignalSilence® Pool p42 MAPK siRNA from Cell Signaling
Technology (Danvers, MA). Small interfering RNA (siRNA) duplexes were transiently
transfected with TransI T-TKO® transfection reagent (Mirus). Mock siRNA was targeted to an
unrelated gene. After an overnight exposure, the RNAi complex was removed, the cells were
washed one time in growth medium, and the medium was replaced with serum free medium
before adding 1 uM of 4HPR. Effects on neuronal differentiation, ERK1/2 phosphorylation
and calretinin mRNA expression were assessed 72 h after transfection.

Quantitaive Real-Time RT-PCR

For quantitative real-time RT-PCR, 2 g of total RNA extracted from ARPE-19 cells with
RNeasy Protect Mini Kit (Qiagen) was reverse transcribed using High Capacity cDNA Archive
Kit (Applied Biosystems). After reverse transcription, 5 ul of cDNA preparations were used
as templates for quantitative real-time PCR performed on an Applied Biosystems 7500 Real-
Time PCR System using TagMan Universal PCR Master Mix and other reagents from Applied
Biosystems. Each PCR reaction was set up in 50 ul using validated TagMan probe and primers
of calretinin (assay identification number Hs00418693_m1). Human GAPDH gene (catalog
number 4326317E) was used as endogenous control. The gene specific probe was labeled with
reporter dye FAM, and the endogenous control GAPDH was labeled with a different reporter
dye VIC at the 5’ end. Gene amplification data were analyzed with an Applied Biosystems
7500 System Sequence Detection Software version 1.2.3. The results were expressed as n-fold
change in gene expression relative to endogenous control calculated using the AACt method.

Transcription factor assay

AP-1 binding activity in nuclear extracts was measured with a TransAM™ AP-1 family
transcription factor ELISA kit (Active Motif). Nuclear extracts (10 pg proteins) from control
and treated samples were added to a 96-well plate immobilized with TPA-responsive element
(TRE, 5-TGAGTCA-3') consensus binding site, and incubated for 1 h at room temperature.
For competition experiments, wild-type (WT) or mutated oligonucelotide (MO) were added
to the well prior to the addition of the nuclear extract. After washing, phospho-specific c-Jun
or c-Fos antibodies were added to the wells, and incubated further for 1 h at room temperature.
Peroxidase conjugated secondary antibody at 1:1000 dilutions was used to detect the antibody
binding. AP-1 activation was quantified by measuring the absorbance within 5 minutes at 450
nm with a reference wavelength of 655 nm using a Victor? Multilabel Counter (Perkin Elmer).
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Statistical analysis

All values have been expressed as mean £ SD, n = 4. For statistical significance, paired
Student’s t-test in Excel was used. P < 0.05 denotes statistically significant differences. The
results shown are representative of 3 or more independent experiments.

Results

4HPR-Induces differentiation of RPE cells into a neuronal phenotype

The morphology of ARPE-19 cells treated with 1 uM of 4HPR in serum free medium for
various time points was examined by phase-contrast microscopy. Neurite outgrowth was
employed as a marker for neuronal differentiation (Chen et al. 2003). 4HPR treatment resulted
in visible changes in cell morphology such as shrinkage of the cell body and appearance of
processes longer than the cell body (Fig. 1A). This morphological change was time dependent
and more than 80% of the cells were differentiated and produced long processes that are
characteristic of neurites. The concentration at which 4HPR (1 uM) induced the neuronal
differentiation in ARPE-19 cells is similar to our earlier report observed in the presence of
serum (Chen et al. 2003). However, a single addition of 1 uM 4HPR was more than enough to
induce the neuronal differentiation of cells grown in serum-free condition as compared to daily
addition of 4HPR for cells cultured in the presence of serum. In addition, the cells treated under
serum-free condition tend to differentiate within 3 days of treatment compared to 5-7 days for
the cells treated in the presence of the serum.

To correlate the observed morphological changes with neuronal differentiation, we analyzed
the expression of calretinin, a Ca?*-binding protein normally expressed in retinal ganglion cells
and other retinal neurons (Pochet et al. 1989, Nag & Wadhwa 1999), by RT-PCR. Treatment
of ARPE-19 cells with 4HPR induced the expression of calretinin as expected (Fig. 1B). The
calretinin expression was markedly increased in a time-dependent manner, supporting the light
microscopy observations. Significant increase in calretinin mMRNA expression was observed
even after 24 h of treatment and more than 25 and 50-fold increase over the control were
observed when cells were treated with 1 uM of 4HPR for 48 and 72 h, respectively.

To see whether the increase in calretinin mRNA expression induced by 4HPR is translated into
a corresponding increase in calretinin protein expression, we performed Western blot analysis.
AsseeninFig. 1C, a~ 29 kDa immunoreactive band specific for calretinin was detected. 4HPR
treatment increased the calretinin protein expression in a time-dependent manner. No increase
in the immunoreactivity for p-actin, used as endogenous control, was detected in control or
treated cells.

Involvement of MAPK pathway in 4HPR-induced neuronal differentiation

Itis well established that MAPK signaling cascades play a crucial role in regulating mammalian
cell growth and differentiation (Pearson et al. 2001). To elucidate how 4HPR mediates the
normal differentiation of ARPE-19 cells, the cells were treated in the presence or absence of
various inhibitors specific for three major groups of MAP kinases JNK, p38 MAPK and
ERK1/2 (p44/p42 MAPK). Morphological changes and the expression of calretinin were
analyzed by phase-contrast microscopy and by RT-PCR, respectively. INK and p38 MAPK
are unlikely to be involved as SP600125, an inhibitor of INK, and SB202190, an inhibitor of
p38 MAPK, were ineffective in preventing the neurite outgrowth induced by 4HPR (data not
shown). U0126, which specifically inhibits both the inactive and active forms of MEK1/2
(Favataetal. 1998), was used to assess the role of ERK1/2. As shown in Fig. 2A, cells pretreated
with 1 pM of U0126 effectively blocked the differentiation induced by 4HPR. Further, the
cells treated for 72 h with U0126 alone retained their normal epithelial morphology and
appeared viable.

J Neurochem. Author manuscript; available in PMC 2009 June 10.
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To address whether the MAPK pathway is involved in 4HPR-induced calretinin expression,
we examined the effect of ERK1/2 inhibitor U0126 on calretinin expression. After pre-treating
the cells for 1 hwith 1 uM U0126, the calretinin expression level was analyzed in 4HPR-treated
and untreated cells by RT-PCR (Fig. 2B). As expected, more than a 50-fold increase in
calretinin expression was observed with 1 uM of 4HPR after 72 h. U0126 pretreatment caused
a marked decrease in calretinin expression induced by 4HPR.

ERK1/2 mediates 4HPR-induced neuronal differentiation

Itis known that ERK1/2 are dual specificity kinases that function in a mitogen activated protein
kinase cascade controlling cell growth and differentiation (Pearson et al. 2001). To establish
whether the 4HPR-induced neuronal differentiation involves the phosphorylation of ERK1/2,
cell extracts from ARPE-19 cells, treated with 1 uM of 4HPR for different period of time, were
analyzed by Western blotting (Fig. 3A) for p-ERK1/2 (phospho-ERK1/2, upper panel) and
total ERK1/2 (ERK1/2, lower panel). An increase in ERK1/2 phosphorylation was detectable
as early as 6 h after the 4HPR treatment, and the maximum level reached at 48 h. This increase
in phosphorylation of ERK1/2 was transient and decreased substantially at 72 h; however, it
remains elevated over its control in the fully differentiated cells. On the other hand, we did not
observe any noticeable change in the total ERK1/2 level with 4HPR treatment. These results
indicate that 4HPR induces a time-dependent phosphorylation of ERK1/2.

To determine whether the activation or phosphorylation of ERK1/2 is associated with 4HPR-
induced neuronal differentiation, cells were treated with 4HPR in the presence or absence of
U0126 added 1 h prior to stimulation. After 48 h, phosphorylation of ERK1/2 was analyzed in
cell lysates by Western blotting. As shown in Fig. 3B, an increase in ERK1/2 phosphorylation
was observed with 4HPR treatment. Under similar conditions, the increase in ERK1/2
phosphorylation was completely inhibited in U0126 pretreated cells

To further demonstrate the differentiation associated phosphorylation of ERK1/2, we measured
phospho-ERK1/2 protein formation in 4HPR treated cells in the presence or absence of U0126
by ELISA. As expected, a significant induction in phospho-ERK1/2 protein formation was
observed with 4HPR treatment (Fig. 3C). By contrast, inhibition of ERK1/2 activation with its
selective inhibitor U0126 had completely blocked the phospho-ERK1/2 protein formation.

ERK1/2 siRNAs specifically inhibit 4AHPR-induced neuronal differentiation

Numerous studies performed on primary cell cultures have suggested that ERK activation is a
prerequisite for neurite outgrowth and cell transformation (Pang et al. 1995, Robinson et al.
1998). To rule out the possibility that importance of ERK1/2 signaling is not due exclusively
to a pharmacologic inhibitor, and assess further the hypothesis that p-ERK1/2 plays an
important role in 4HPR-induced neuronal differentiation, we used small interfering RNAs to
specifically knockdown ERK1/2 expression in ARPE-19 cells. After exposure of each
transfected cell line with 1 pM 4HPR for 72 h, the morphology of the cell was examined using
a phase-contrast microscope. As shown in Fig. 4A, the 4HPR-induced neuronal differentiation
of ARPE-19 cells was completely blocked in ERK1/2 silenced cells. The suppression was
specific, since the cells transfected with mock siRNA or with transfection reagent alone did
not block the neuronal differentiation induced by 4HPR.

To examine whether silencing ERK1/2 cause a decrease in ERK1/2 phosphorylation induced
by 4HPR, we performed Western blot analysis on the cell lysates made from the transfected
cell line treated with 1 uM of 4HPR for 72 h. As shown in Fig. 4B, in ERK1/2 siRNA transfected
cells, the amount of p-ERK1/2 was greatly decreased. However, the level of p-ERK1/2 was
not significantly altered in cells transfected with mock siRNA or in the cell transfected with
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reagent alone. In addition, the basal level expression of ERK1/2 was significantly inhibited in
the cells transfected with ERK1/2 siRNA duplexes.

Lastly, we examined the effect of 4HPR on calretinin expression in ERK1/2 silenced cells. The
cells transfected with siRNA duplexes specific for p44 (ERK1) and p42 (ERK?2) at equimolar
concentration or mock siRNA were treated with 4HPR for 72 h, and calretinin expression was
analyzed by RT-PCR. As shown in Fig. 4C, 4HPR-induced calretinin expression was
significantly blocked (~70%) in ERK1/2 silenced cells. The calretinin expression induced by
4HPR was not blocked in cells transfected with mock siRNA or transfection reagent alone
under standard culture conditions.

4HPR induces ERK activation through a Raf-dependent pathway

Since neuronal differentiation induced by 4HPR is associated with activation of ERK1/2, we
next analyzed whether the activation of ERKs induced by 4HPR is mediated through the
common Raf/MEK cascade or via an alternative route. To address these questions, ARPE-19
cells in culture were treated with 4HPR (1 uM) in the presence or absence of U0126 (1 pM)
for 48 h. Using phospho-specific antibodies, the activation of c-Raf and MEK1/2 was
determined by Western blot analysis. As shown in Fig. 5A, we observed an increase in phospho-
c-Raf (upper panel) compared to total c-Raf (lower panel) with 4HPR treatment. Under similar
conditions, 4HPR treatment increased the phosphorylation of MEK1/2 in RPE cells
significantly. However, the finding that 4HPR-induced activation of c-Raf and MEK1/2 was
not inhibited by U0126 pretreatment further supports the evidence that U0126 inhibits the
catalytic activity of MEKSs but not its phosphorylation (Favata et al. 1998). In addition, it also
supports the notion that the activation of c-Raf precedes MEK1/2 activation due to the
correlation between the activation of MEK1/2 and the corresponding increase in the level of
p-ERKs. Furthermore, the increase in activation of c-Raf and MEK1/2 (Fig. 5A) observed after
48 h of treatment with 4HPR was similar to ERK1/2 phosphorylation, which reached its
maximum level at 48 h (Fig. 3B). Taken together, these results suggest that 4HPR-induced
activation of ERKSs is mediated by c-Raf and MEK1/2, the upstream components involved in
MAPK signal transduction pathway.

To further determine whether the induction of differentiation induced by 4HPR is associated
with the classical MAPK phosphorylation cascade of Raf/MEK/ERK, we studied the effect of
4HPR on the phosphorylation of the down-stream components of this pathway. To ensure
identical activation range between each condition within the experiment, the same batch of
cells were treated with 1 uM 4HPR in the presence or absence of U0126 (1 uM) for 48 h, and
the phosphorylation of 90-kDa ribosomal S6 kinase (p90RSK) and c-Fos were analyzed by
Western blotting (Fig. 5B). Interestingly, the phosphorylation of p90RSK, a potential
downstream target of ERK1/2, was increased with 4HPR treatment in differentiating cells. In
addition, treatment of the cells with 4HPR also enhanced the phosphorylation of c-Fos, a
downstream target of p90RSK. This increase in phosphorylation of both p90RSK and c-Fos
was dependent on the activation of ERK1/2 because U0126, a selective inhibitor of MEK1/2,
completely blocked p90RSK and c-Fos phosphorylation. This shows that ERK1/2, p90RSK
and c-Fos activation closely parallel each other, and that the inhibition of ERKSs activation by
U0126 decreases the levels of both p-p90RSK and p-c-Fos. Together, these experiments
provide compelling evidence that activated p90RSK and c-Fos are downstream mediators of
ERKZ1/2 in the neuronal differentiation induced by 4HPR.

The signaling connection between SAPK/INK, another family member of MAPK pathway,

and ERK, and the existence of multiple interactions between them have been reported (Cowan
& Storey 2003). Therefore, we explored whether 4HPR induced the phosphorylation of SAPK/
JNK and c-Jun in ARPE-19 cells using Western blot analysis (Fig. 5C). The 4HPR treatment
also induced the phosphorylation of SAPK/JNK and c-Jun. However, in the presence of U0126
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the phosphorylation of SAPK/INK and c-Jun induced by 4HPR was significantly decreased.
Thus, our results indicate the possible involvement of INK signal transduction pathways in the
neuronal differentiation of ARPE-19 cells induced by 4HPR. Additionally, the inhibition of
SAPK/INK phosphorylation by U0126, suggests that Raf/MEKZ1/2 are upstream components
involved in this signaling cascade.

ERK regulates 4HPR-induced neuronal differentiation of ARPE-19 cells through AP-1-

activation

As the signal transduction pathway regulated by both SAPK/INK and ERK1/2 terminates with
the activation of the transcription factor activator protein-1 (AP-1), an ELISA-based
transcription factor activation assay was performed to determine which of the AP-1 members
were activated. Nuclear extracts prepared from ARPE-19 cells treated with 4HPR in the
presence or absence of U0126, which block ERKSs activation, was used. Binding of AP-1
components present in the nuclear extracts to its immobilized AP-1 consensus oligonucleotide
on the 96-well plate was detected using specific phosphorylated antibodies. As shown in Fig.
6A, 4HPR treatment significantly increased AP-1 binding to its specific responsive element
sequence when c-Jun was used as a primary antibody. The binding of AP-1 is specific since
an excess of AP-1 binding element (4HPR-WT) blocked AP-1/DNA complex formation
whereas the addition of mutated oligonucleotide (4HPR-MO) had no competitive effect. No
significant AP-1 activation by 4HPR was observed in nuclear extracts of U0126 pretreated
cells. These results suggest that c-Jun/AP-1 complex is formed when the cells are stimulated
with 4HPR.

Asillustrated in Fig. 6B, AP-1 activation was also significantly increased with 4HPR treatment
when c-Fos was used as primary antibody. Furthermore, the binding of AP-1 is specific since
excess of AP-1 blocked the AP-1/DNA complex formation. As expected, the addition of
mutated oligonucleotide prior to nuclear extract did not block the AP-1/DNA complex
formation. Nuclear extracts from U0126 treated cells also had no significant AP-1 activation
by 4HPR further suggesting that the phosphorylation of AP-1 is mediated through ERK1/2 of
MAPK kinases. Thus, 4HPR treatment activates c-Fos/AP-1 complex formation in ARPE-19
cells. Together, these findings suggest a role for AP-1 signaling in mediating the 4HPR-induced
neuronal differentiation of ARPE-19 cells.

Discussion

RPE cells from many vertebrate species can be induced to differentiate both in vivo and in
vitro into neuronal cells using different biochemical and other stimuli (Pittack etal. 1991, Zhao
et al. 1997, Fischer & Reh 2001, Yan et al. 2001), but little is known about the neuronal type
differentiation of mammalian RPE cells. In the present study, we have provided evidence that
4HPR-induced neuronal differentiation of ARPE-19 cells, a human RPE cell ling, is
predominantly mediated through the MAP kinase pathway (Fig. 7). However, it should be
noted that this line may not be representative of the effects of 4HPR on an intact RPE
monolayer. The neuronal differentiation induced by 4HPR in ARPE-19 cells is evident not
only by the appearance of the neuron-like morphology but also by the observed increase in the
expression of calretinin, a retinal neuronal marker (Nag & Wadhwa 1999). Treatment of the
ARPE-19 cells with 4HPR resulted in the activation of c-Raf and MEK1/2, the typical all-
purpose signaling kinases. This activation was accompanied by an increase in the
phosphorylation of their downstream mediators SAPK/IJNK and ERK1/2. Importantly, the
activation of both SAPK/INK and ERK1/2 were blocked by U0126, a potent inhibitor of the
dual-specific protein kinase MEK 1 and 2. The activated ERK1/2 then induced the
phosphorylation of key regulatory protein p9ORSK, and of transcription factors c-Fos and c-
Jun. The phosphorylation of c-Fos and c-Jun, the main AP-1 proteins present in mammalian
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cells, resulted in increased AP-1 transcriptional activity. This in turn could regulate the
expression of many genes such as the neuronal marker calretinin, and thereby elicit the neuronal
differentiation of ARPE-19 cells.

N-(4-hydroxyphenyl)retinamide is known to exert its chemotherapeutic effects in cancer cells
through induction of apoptosis (Malone et al. 2003). Administration of 4HPR for long term in
cancer patients causes a dose-dependent decline of plasma retinol levels and retinol binding
protein, which can lead to night blindness and dermatologic disorders (Camerini et al. 2001).
However, a recent study raises the potential of 4HPR in long-term treatment of lipofuscin-
based retinal diseases by blocking the formation of A2E in the RPE of ABCA4 knockout mice
(Radu et al. 2005). In the present study, we have observed that relatively low concentration of
4HPR (1 pM) induces morphological alteration of cultured ARPE-19 cells. These
morphological alterations, elongation of cells equal to or longer than the axis of the cell body,
and cells bearing bidirectional or multidirectional neurite-like processes, are a typical
phenomenon associated with cells undergoing neuronal type differentiation (Munch et al.
2003). Another important finding in the present study is that 4HPR tends to induce the neuronal
type differentiation very early when the cells are cultured in medium lacking fetal bovine serum
(FBS) compared to cells cultured in the presence of the serum (data not shown). The reason
may be that FBS has a growth promoting effect rather than a differentiation effect (Ikegami
et al. 2002). In addition, the concentration at which 4HPR (1 uM) induced the neuronal
differentiation in ARPE-19 cells is similar to our earlier report observed in the presence of
serum (Chen et al. 2003). This concentration was found to be optimal and does not result in
appreciable apoptosis or necrosis. However, 4HPR at high concentrations (5 and 10 puM)
induces membrane blebbing and the change into round morphology, which is a typical
phenomenon associated with cells undergoing apoptosis or necrosis in ARPE-19 cells (Samuel
et al. 2006). Apart from the observation that RPE cells differentiate into neuronal-like cells
much earlier under our culture conditions, there was no other noticeable difference between
the cells grown in the presence or absence of serum. The 4HPR-induced neuronal
differentiation and the associated increase in calretinin expression observed in the presence of
serum were also blocked by the MEK1/2 specific inhibitor, U0126 (data not shown).

Neuronal differentiation induced by retinoic acid (RA) has been shown in a variety of
embryonic neuronal cell types, and RA receptors may be involved in this process (Guan et al.
2001). Further, RA promotes activation of MAPK pathways, and activated MAPKs
differentially regulate the induction of neurite outgrowth and expression of neuronal markers
(Singh et al. 2003). Like other retinoids, 4HPR exerts its chemotherapeutic effect through the
nuclear retinoid receptor pathway (Sabichi et al. 1998). We have also shown recently that
4HPR-induced apoptosis in human RPE cells were mediated through a signal transduction
pathway involving retinoid receptors (Samuel et al. 2006). Its ability to induce apoptosis in
RA-resistant cells raises the possibility that 4HPR mediates its effect through a retinoid
receptor-independent mechanism (Dmitrovsky 1997). Thus, 4HPR can mediate its effects
through both receptor-dependent and receptor-independent mechanisms. Such a situation is
seen in F9 carcinoma cells treated with 4HPR. At 10 uM, 4HPR induces apoptosis, while at 1
uM it induces differentiation of these cells into primitive endodermal phenotype (Clifford et
al. 1999). The hypothesis that 4HPR mediates the neuronal differentiation of ARPE-19 cells
through activation of nuclear retinoid receptors is an attractive one, but remains to be
investigated (Fig. 7).

The signal transduction pathway of MAP kinases has been shown to play an important role in
the neuronal differentiation and expression of neuronal markers in PC12, cultured embryonic
stem and neural precursor cells (Morooka & Nishida 1998, Wang et al. 2007, Li et al. 2006).
We observed an increase in ERK1/2 phosphorylation in response to 4HPR treatment that was
completely blocked by U0126, suggesting that the phosphorylation of ERK1/2 occurs via
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MEKS. In addition, U0126 also blocked the increase in calretinin expression associated with
4HPR-induced neuronal differentiation, which then seems to be specifically mediated by the
activation of the ERK MAPK signaling pathway. It is possible that the increase in calretinin
expression evokes alteration in Ca2* concentrations, and calcium ions could act as a second
messenger in the signal transduction pathway. Fluctuation in intracellular Ca2* concentrations
has been proposed to be a critical event in both apoptosis and necrosis. 4HPR-induced apoptosis
in glioma cells has been shown to be mediated by an increase in free cytosolic as well as
mitochondrial CaZ* (Tiwari et al. 2006). Ca%* signaling may act through its downstream
effectors such as MAPKS to regulate neuronal growth and differentiation (Zheng & Poo
2007). Furthermore, when we silenced ERK1/2 by siRNA, 4HPR neither induced the neuronal
differentiation of ARPE-19 cells nor increased the expression of calretinin.

Activation of SAPK/JNK has been shown to play a crucial role in neurite outgrowth (Waetzig
& Herdegen 2003), and in the proliferation and differentiation of multipotent neural precursor
cells (Wang et al. 2007, Yu et al. 2003). In the present study, we have also observed that 4HPR
induces the phosphorylation of SAPK/JNK in ARPE-19 cells in addition to the phosphorylation
of ERK1/2. Furthermore, the observed inhibition of SAPK/INK phosphorylation by MEK1/2
specific inhibitor U0126 indicates that 4HPR-induced neuronal differentiation of ARPE-19
cells occurs through a crosstalk between the ERK1/2 and SAPK/INK pathways. An active
cross-talk between SAPK/JNK and ERK1/2 pathways has been shown to mediate the neuronal
differentiation of PC12 cells induced by NGF (Leppaetal. 1998), and is necessary for increased
expression of neuronal cytoskeleton proteins during NGF-induced neuronal differentiation of
PC12 cells (Zentrich et al. 2002). The SAPK/JNK signaling pathways are activated by dual
phosphorylation at its regulatory Tyr and Thr motif by MEKKSs 1-4 (Hirai et al. 1996).
Although, the three MAPK modules, ERK1/2, SAPK/INK and p38 are in parallel, there is
considerable crosstalk at the upstream level specific to their activation (Cowan & Storey
2003). It is possible that the phosphorylation of SAPK/INK could be mediated via MEK1/2,
since U0126 blocked the phoshorylation of SAPK/INK, and its downstream target c-Jun.

Activated Raf, either through the downstream MEK and ERK or independently of MEK and
ERK, plays a critical role in mediating the signals from cell surface receptors to transcription
factors (McCubrey et al. 2006). In the present study, we observed an increase in c-Raf
phosphorylation at Ser259 following 4HPR treatment, suggesting that the activation of the
downstream components occurs via the c-Raf pathway. The activation of c-Raf precedes that
of MEK1/2 as U0126 was unable to inhibit the c-Raf phosphorylation associated with the
4HPR-induced neuronal differentiation of ARPE-19 cells. We have also observed an increase
in MEK1/2 phosphorylation associated with 4HPR-induced neuronal differentiation. This
correlates with the report that activated Raf phosphorylates the dual-specificity kinase MEK,
and produces a fully active MEK (McCubrey et al. 2006). Also we have observed that the
4HPR-induced phosphorylation of MEK1/2 was not blocked by U0126 as previously observed
(Favata et al. 1998). Thus, the c-Raf/MEK1/2 plays a central role in mediating the 4HPR-
induced neuronal differentiation of ARPE-19 cells.

p90RSK, a downstream component of the typical Raf/MEKZ1/2 signaling cascade, functions
as an important intermediate in mediating the ERK1/2 signals (Moor et al. 2001, Luo et al.
2007). In this study, we observed an increase in the phosphorylation of p90RSK with 4HPR
treatment, and complete inhibition of this by U0126. Thus, ERK1/2 lies upstream of p90RSK
since the phosphorylation of p90RSK depends on ERK1/2 activation. The activation of
P90RSK has been shown to regulate gene expression via phosphorylation of transcription
factors such as c-Fos (Moor et al. 2001), and members of the ERK pathway translocated into
the nucleus phosphorylate c-Fos (Monje et al. 2003). Similarly, SAPK/INK translocated to the
nucleus phosphorylates c-Jun (Leppa & Bohmann 1999), and c-Jun can also be phosphorylated
by ERK1/2 (Pearson et al. 2001). Thus, the observed increase in phosphorylation of both c-
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Fos and c-Jun with 4HPR treatment correlates well with these observations. Further, the
phosphorylation of both c-Jun and c-Fos was inhibited by U0126, suggesting a role for complex
formation between AP-1 components c-Jun/c-Fos in mediating the neuronal differentiation
(Karin 1995, Whitmarsh & Davis 1996, Shaulian & Karin 2002). In the present study, an
increase in AP-1 transcriptional activation was observed during the 4HPR-induced neuronal
differentiation of ARPE-19 cells. Thus, our findings point to a critical function of the AP-1
transcription factors in this process.

In summary, we show that neuronal differentiation and calretinin expression induced by 4HPR
in human RPE cells is blocked by the MEK1/2 inhibitor U0126. This was accompanied by a
marked decrease in phosphorylation of ERK1/2 and SAPK/INK, the downstream mediators
of the MAPK pathway. This resulted in the suppression of phosphorylation of the
transcriptional mediators c-Fos/c-Jun, and led to the inhibition of AP-1 transcriptional activity.
Further, the suppression of ERK1/2 expression with small interfering RNA effectively blocked
the 4HPR-induced neuronal differentiation of RPE cells, and the expression of neuronal
marker, calretinin. Thus, both neuronal differentiation and the associated increase in calretinin
expression induced by 4HPR are mediated through a signal transduction pathway involving
MAPKSs. c-Raf/MEKZ1/2, in particular, play a central role in this process.
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Fig. 1. Differentiation of human RPE cells into a neuronal phenotype by 4HPR

Panel A, Phase-contrast microscopic analysis of ARPE-19 cells treated with indicated
concentrations of 4HPR for 1, 2 and 3 days. Scale bar = 100 um. Panel B, 4HPR-induced
calretinin mRNA expression is time-dependent. Cultured cells were treated with 1 uM 4HPR
for indicated time points, and the total RNA preparations were analyzed by real-time
quantitative PCR as described under Materials and Methods. Panel C, the time-dependent
increase in calretinin (protein) expression by 4HPR. Cytoplasmic proteins were extracted from
the cultured ARPE-19 cells treated with 1 uM 4HPR for indicated time points, protein levels
were determined by Western blot analysis using calretinin antibody. B-Actin expression shows
that the amount of protein used in different samples were similar. The values are mean + SD,
n=4.*P < 0.001 compared with respective control.
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Fig. 2. 4AHPR-induced neuronal differentiation of human RPE cells is blocked by U0126
ARPE-19 cells in culture were pretreated with 1 uM of U0126, a selective inhibitor of MEK1/2,
for 1 h followed by incubation with 4HPR for additional 72 h. Panel A, Phase-contrast
microscopic analysis of the inhibition of 4HPR-induced neuronal differentiation of ARPE-19
cells by U0126. Scale bar = 100 um. Panel B, the inhibition of 4HPR-induced calretinin mRNA
expression by U0126. Total RNA extracted from treated cells was analyzed by real-time
guantitative PCR as described under Materials and Methods. The values are mean + SD, n =
4. *P < 0.001 compared with control; **P < 0.001 compared with 4HPR treatment.
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Fig. 3. 4HPR-induced phosphorylation of ERK1/2 is blocked by U0126

Panel A, 4HPR-induced phosphorylation of ERK1/2 is time-dependent. ARPE-19 cells in
culture were treated with 1 uM of 4HPR for indicated time points, and the cell extracts were
analyzed for phosphorylation of ERK1/2 by Western blotting described under Materials and
Methods. Panel B, the inhibition of 4HPR-induced phosphorylation of ERK1/2 by U0126.
Cells were pretreated with 1 uM of U0126 for 1 h followed by 4HPR for additional 48 h, then
analyzed by Western blotting. Panel C, ELISA analysis of the inhibition of 4HPR-induced
phosphorylation of ERK1/2 by U0126. The cultured ARPE-19 cells were treated with 1 uM
of 4HPR for 48 h in the presence or absence of U0126, and the phosphorylation of p44/42
MAPK was measured by PathScan®Phospho-p44/42 MAPK sandwich ELISA kit as described
under Materials and Methods. The values are mean £ SD, n =4. *P <0.01 compared to control,
**P < 0.01 compared with 4HPR treatment.
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Fig. 4. AHPR-induced neuronal differentiation is blocked by ERK1/2 siRNA

Panel A, ERK1/2 siRNA blocked the neuronal differentiation induced by 4HPR. Cultured
ARPE-19 cells were transfected with ERK1/2 siRNA, and after 24 h of post-transfection the
cells were treated with 1 pM 4HPR for 72 h, and then analyzed by phase contrast microscopy
as described under Materials and Methods. Scale bar = 100 um. Panel B, ERK1/2 siRNA
blocked the ERK1/2 phosphorylation induced by 4HPR. After 24 h of post-transfection with
ERK1/2 or mock siRNA, the cells were treated with 1 uM of 4HPR for 72 h. Cell lysates were
analyzed for phosphorylation of ERK1/2 by Western blotting. Panel C, ERK1/2 siRNA
attenuated the expression of calretinin induced by 4HPR. Cells transfected with ERK1/2 or
mock siRNA were treated with 1 uM 4HPR for 72 h after 24 h of post-transfection. Total RNA
was extracted and analyzed by real time quantitative PCR as described under Materials and
Methods. The values are mean + SD, n = 4. *P < 0.001 compared with 4HPR treatment.
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Fig. 5. MEK1/2 pathway mediates 4HPR-induced neuronal differentiation of ARPE-19 cells
Cultured ARPE-19 cells were pretreated with 1 uM U0126 for 1 h followed by incubation with
1uM 4HPR for additional 72 h. Cell lysates were prepared, and then analyzed by Western
blotting using non-phospho or phospho-specific antibodies of MAPK/ERK pathway as
described under Materials and Methods. Panel A, 4HPR-induced phosphorylation of c-Raf and
MEK1/2 were not blocked by U0126. Panel B, the inhibition of 4HPR-induced
phosphorylation of p9ORSK and c-Fos by U0126. Panel C, the inhibition of 4HPR-induced
phosphorylation of SAPK/INK and c-Jun by U0126.
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Fig. 6. MEK1/2 inhibitor U0126 attenuates 4HPR-induced AP-1 transactivation

ARPE-19 cells in culture were pretreated with 1 pM of U0126 for 1 h followed by incubation
with 1 uM 4HPR for additional 72 h. Nuclear extracts prepared were used for analyzing the
AP-1 transcription factor activation by quantitative ELISA using antibodies specific for the
activated form of c-Fos or phosphorylated c-Jun as described under Materials and Methods.
The specificity of AP-1 activation was verified using wild type oligonucleotide (4HPR-WT)
or mutated oligonucleotide (4HPR-MO). Panel A, c-Jun mediates 4HPR-induced
transactivation of AP-1. Panel B, c-Fos mediates 4HPR-induced transactivation of AP-1. The
values are mean + SD, n =4. *P < 0.01 compared to control; **P <0.001 compared with 4HPR
treatment.
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Fig. 7. Schematic representation of the postulated MAP kinase signaling pathways involved in
4HPR-induced neuronal differentiation of ARPE-19 cells

4HPR mediates the neuronal differentiation of ARPE-19 cells by activating both c-Raf and
MEKZ1/2, while the activation of its downstream targets such as SAPK/INK and MAPK/
ERK1/2 was regulated by MEK1/2. The activation of ERK1/2 appears to activate its
downstream targets such as p90RSK and SAPK/INK, and resulted in the phosphorylation of
c-Fos and c-Jun, respectively. The activated form of c-Fos and c-Jun mediates the
transactivation of AP-1, one of the effectors of differentiation, perhaps through an AP-1
response element present in the promoter of the neuronal marker calretinin. The question mark
(?) indicates that the involvement of retinoid receptors in this process is not yet known.
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