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Raphaël Roduit Æ Daniel F. Schorderet

� Springer Science+Business Media, LLC 2008

Abstract The retinal pigment epithelium (RPE) is con-

stantly exposed to external injuries which lead to

degeneration, dysfunction or loss of RPE cells. The balance

between RPE cells death and proliferation may be

responsible for several diseases of the underlying retina,

including age-related macular degeneration (AMD) and

proliferative vitreoretinopathy (PVR). Signaling pathways

able to control cells proliferation or death usually involve

the MAPK (mitogen-activated protein kinases) pathways,

which modulate the activity of transcription factors by

phosphorylation. UV exposure induces DNA breakdown

and causes cellular damage through the production of

reactive oxygen species (ROS) leading to programmed cell

death. In this study, human retinal pigment epithelial cells

ARPE19 were exposed to 100 J/m2 of UV-C and MAPK

pathways were studied. We first showed the expression of

the three major MAPK pathways. Then we showed that

activator protein-1 (AP-1) was activated through phos-

phorylation of cJun and cFos, induced by JNK and p38,

respectively. Specific inhibitors of both kinases decreased

their respective activities and phosphorylation of their

nuclear targets (cJun and cFos) and reduced UV-induced

cell death. The use of specific kinases inhibitors may

provide excellent tools to prevent RPE apoptosis specifi-

cally in RPE diseases involving ROS and other stress-

related compounds such as in AMD.
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Introduction

UV radiation is part of the sunlight spectrum and is divided

into three wave bands (UV-A, UV-B and UV-C). Experi-

mental studies have used all three ranges of UV in various

combinations and with multiple doses (see review [1]). The

role of UV has been extensively studied in skin carcino-

genesis because of the exposure of this organ. The eye is

another directly exposed major organ and in contrary to the

skin very little is known about the role of UV exposure on

the retina. A recent study described the in vitro effect of

UV-C irradiation on lens a-crystallin, a protein thought to

play a role in maintaining lens transparency [2], whereas

another study analyzed signaling pathways associated with

corneal epithelial cell apoptosis [3]. All UV-radiations are

genotoxic and even if human lenses differ from rat or

mouse, components of UV are capable of reaching the

retina, as shown by a structural study of the rat retina

exposed to UV, where UB-B and UV-C produced altera-

tions, which affected the function of the retina [4].

The MAPK (mitogen-activated protein kinases) consti-

tute a major element in cellular signaling. Their distinctive

feature is their ability to directly phosphorylate, and thereby

modulate the activity of transcription factors that are targets

of the initial stimuli [5]. In mammals, three major MAPK

have been described: (1) the ERK1/2/3 (extracellular reg-

ulated kinases 1–3) [6], (2) the p38 kinases (p38 a/b/d, and
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p38c) also named ERK6 [7] and (3) the JNK1/2/3 (c-Jun N-

terminal Kinases 1–3) [8]. Whereas ERKs are preferentially

activated by growth factors and mitogens, JNKs and p38

kinases primarily respond to a variety of stimuli collectively

designated as ‘‘stress-signals’’. These stresses include UV

exposure, osmotic shocks, oxidative stress and cytokine

treatments (IL-1b, TNFa). Activation of the p38 and JNK

cascades is associated with major changes in cell fate

including growth arrest, apoptosis and activation of immune

cells and it is believed that such activation dictates a

functionally important fraction of the response in inflam-

matory and autoimmune diseases. MAPK signaling

cascades are targets for UV and are important in the regu-

lation of the multitude of UV-induced cellular responses

(see review [1]).

Activated protein-1 (AP-1) transcription factor consists

of a variety of dimers composed of the Fos (c-Fos, FosB,

Fra1, Fra2), Jun (cJun, JunD, JunB) and CREB/ATF

(ATF1, 2, 3, 4 and 5) families of proteins. AP-1 has been

implicated in a large number of biological processes

including cell differentiation, proliferation, apoptosis and

oncogenic transformation. These families of proteins are

downstream target of MAPK pathways and have been

largely described to play a role in programmed cell death,

especially in light-induced photoreceptor cell death [9].

Binding of AP-1 complex leads to activation or repression

depending on the target gene and cellular context. These

immediate early genes regulated by AP-1 are key players in

the apoptotic mechanism of cell death.

Retinal pigmented epithelial (RPE) cells are highly

polarized cells. Their integrity is critical for the mainte-

nance of neural retina functions. In healthy subjects, RPE

cells have limited potential of proliferation associated with

growth and age, while in disease uncontrolled RPE cells

proliferation may contribute to retinal diseases such as

proliferative vitreoretinopathy (PVR). On the other hand,

RPE is thought to be the prime early target for age-related

macular degeneration (AMD), which involves RPE cells

death and atrophy of the photoreceptors. Majors studies

performed in RPE fields used a spontaneously arising

human RPE cell line, ARPE19, as cellular model. ARPE19

cells exhibit a polarization and are capable of tight junction

formation [10]. Previous studies have shown that overex-

pression of ERK1/2 confers resistance against RPE cells

death mediated by oxidative stress [11], whereas inhibition

of MEK1/2 completely abolished ERK1/2 activation and

reduced cell proliferation [12]. Overactivation of the two

other MAPK, p38 and JNK, was involved in RPE cell

death induced by FCS-depleted cultures [13] and hydrogen

peroxide exposure [14].

In this study, we showed for the first time in the human

RPE cell line ARPE19, a link between UV-induced JNK

and p38 activation, transactivation of AP-1 complex and

ARPE19 cell apoptosis. By using specific kinase inhibitors,

we were able to decrease kinase activation, AP-1 transac-

tivation and consequently block UV-induced cell apoptosis.

Materials and methods

Animals

These studies adhered to the Association for Research in

Vision and Ophthalmology (ARVO) statement for the use

of animals in ophthalmic and vision research and were

approved by the Veterinary Service of the State of Valais

(Switzerland). NMRI and C57BL/6 mice were purchased

from Charles River (Les Oncins, France) and kept in a 12-h

light-dark cycle with unlimited access to food and water.

Materials

Primary antibodies anti-phospho-JNK1/2 and anti-JNK1/2

were purchased from Santa Cruz Biotechnology, Inc.

(Santa Cruz, CA, USA); anti-ERK2 were purchased from

Abcam, Inc. (Cambridge, MA, USA); anti-phospho-ERK2,

anti-phospho-p38, anti-p38, anti-phospho-cJun, anti-phos-

pho-ATF2 were purchased from Cell Signaling

Technology, Inc. (Danvers, MA, USA); and anti-tubulin

were purchased from Sigma-Aldrich (St. Louis, MO,

USA). Secondary antibodies, anti-rabbit-HRP and anti-

mouse-HRP were purchased from Amersham (United

Kingdom). Alexa-Fluor 594 goat anti-rabbit antibody was

purchased from Invitrogen AG (Basel, Switzerland).

SB203580 inhibitor was purchased from Promega (Madi-

son, USA). JNKi and Tat peptides were a gift from

XigenPharma (Lausanne, Switzerland).

RPE cells isolation and cell culture

RPE cells were isolated from enucleated (C57BL/6 mice)

eyes under microscope and lysed directly in loading buffer

solution for western blot analysis. For in vitro studies,

ARPE19 cells were cultured in DMEM-F12 medium

(#31330, Invitrogen AG, Basel, Switzerland) comple-

mented with 10% FCS, 100 U/ml penicillin and 100 lg/ml

streptomycin [10]. The cells were grown at 37�C in a

humidified 5% CO2 condition. Cultures were plates in

60 mm tissue culture-treated dishes to confluence. Pas-

sages 20–40 were used for this study. Two days after

plating, the medium was changed to culture medium con-

taining 10 lM SB203580, 10 lM Tat-D-JNKi or 10 lM

Tat-peptide (control) as described before [15] for a 2-h

period. Then ARPE19 cells were exposed to 100 J/m2, by
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using a UV CL-100 crosslinker (UVP, Inc. Cambridge,

England), and incubated for diverse periods of time prior to

be analyzed for protein expression or apoptosis. For

experiment performed on whole eye, we enucleated the eye

and exposed the entire organ to UV, then the eye was

incubated in DMEM medium at 37�C for 30-min before

RPE cells isolation. RPE cells were isolated under micro-

scope; after retrieving the retina, melanin-containing cells

were isolated mechanically and suspended in 50 ll sample

buffer containing 20 mM Hepes, 0.5% Tween, phosphatase

inhibitors cocktail 1 and 2 (Sigma #p2850, #p5726) and

Complete protease inhibitors (Roche Applied Science,

Rotkreus, Switzerland). Then cells were lysed with three

successive freeze and thaw. Proteins content were quanti-

fied with Bradford assay before analysis.

Western blot analysis and AlphaScreen assay

ARPE19 cells were in culture medium condition as

described above. At the end of the incubations, they were

washed in PBS, suspended in 100 ll sample buffer con-

taining 20 mM Hepes, 0.5% Tween, phosphatase inhibitors

cocktail 1 and 2 (Sigma #p2850, #p5726) and Complete

protease inhibitors (Roche Applied Science, Rotkreus,

Switzerland). Then cells were lysed with three successive

freeze and thaw. The detergent-insoluble material was

pelleted by centrifugation at 15,000 rpm for 5 min at 4�C.

The supernatants containing protein cell lysate were used

for western blotting or AlphaScreen assays. For western blot

analysis, proteins were electrically transferred to PVDF

filters and incubated with anti-phospho-JNK1/2 (1/500),

anti-JNK1/2 (1/2,000), anti-phospho-ERK2 (1/1,000),

anti-ERK2 (1/5,000), anti-phospho-p38 (1/1,000), anti-p38

(1/400), anti-phospho-ATF2 (1/1,000), anti-phospho-cJun

(1/1,000) and anti-tubulin (1/40,000) antibody as primary

antibodies. Secondary antibodies, anti-rabbit-HRP

(1/25,000) and anti-mouse-HRP (1/15,000) were used to

detect protein expression. Immune complexes were detec-

ted by chemiluminescence using LumiGLO (Amersham).

For AlphaScreen assay, P-p38 and P-ERK2 were quantified

using SureFire kit (#TGR38S500 and #TGRES500, TGR

BioSciences, Australia) as described by manufactors;

briefly 5 lg of protein lysates were incubated during

1–2 min in activation buffer, then reaction buffer containing

both anti-kinase and anti-phospho kinase antibodies were

mixed with AlphaScreen donor and acceptor beads and

added to activated protein lysates. After 2 h of incubation,

AlphaScreen signal was measured on Envision� system.

The measurement of JNK activity was performed as

described previously [16]; briefly kinase reagents (10 nM

B-GST-cJun, 30 nM anti P-cJun antibody and 50 lM of

ATP) were first diluted in kinase buffer (20 mM Tris–HCl

pH 7.6, 10 mM MgCl2, 1 mM DTT, 100 lM Na3VO4,

0.01% Tween-20) and added to 1 lg of proteins for 30 min

at 23�C. Detection was performed by an addition of 10 ll of

beads mix (Protein A acceptor 20 lg/ml and Streptavidin

donor 20 lg/ml), diluted in detection buffer (20 mM

Tris–HCl pH 7.4, 20 mM NaCl, 80 mM EDTA, 0.3%

BSA), followed by a 1 h incubation at 23�C in the dark. The

AlphaScreen signal was analyzed directly on EnVision�

system.

AP-1 binding assay

ARPE19 cells were in culture medium condition as

described above. At the end of the incubation period,

nuclear extracts were prepared as previously described;

briefly, cells were suspended in 1 ml cold buffer A (10 mM

Hepes, pH 7.9, 10 mM KCl, 1 mM DTT and protease

inhibitors) and placed for 15 min on ice. Then 62.5 ll of

10% NP-40 were added and supernatant discarded after

centrifugation. Nuclei were then lysed in buffer B (20 mM

Hepes, pH 7.9, 400 mM NaCl, 1 mM DTT and protease

inhibitors) and quantified for protein content. Eight

micrograms of protein lysates were used for AP-1 binding

assay with TransAM AP-1 kit (Active Motif, Carlsbad, CA,

USA) as described by the manufacturer.

Immunostaining

Enucleated eyes (NMRI mice) were rapidly fixed in para-

formaldehyde 4% during 45 min prior to overnight

incubation in 0.6 M sucrose. Then eyes were mounted in

Yazula and sections of 8 lm performed. Sections were

stained for MAPKs protein expression with rabbit anti-p38

antibodies (dilution 1/2,000), anti-ERK2 (dilution 1/2,000)

and JNK1/2 (dilution 1/1,000). FITC Alexa-Fluor 594

goat anti-rabbit antibody (dilution 1/2,000) was used as

secondary antibody.

Cell death analysis

In situ cell death detection was performed 24 h after UV

treatment by TUNEL technology as described by the

manufacturer (#11684795910 Roche Applied Science,

Rotkreus, Switzerland). Quantification of ARPE19 cells

apoptosis was performed after various periods of time (12,

24 and 48 h) by staining with propidium iodide and Hoechst

33342. Cells were defined as apoptotic when they exhibited

a condensed nuclear chromatin or a fragmented nuclear

membrane when visualized with Hoechst 33342. Necrotic

cells were characterized by nuclear PI staining but without
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condensed chromatin or fragmented nuclear membrane.

Cells without apoptotic or necrotic features where consid-

ered viable. A minimum of 1,000 cells were counted in five

different fields in each experiment and results were given in

percentage of apoptotic cells versus viable cells.

Statistical analysis

All results were expressed as means ± SEM of the indi-

cated number of experiments. Statistical significance was

calculated with the Student’s t test.

Results

UV-C induced apoptosis of cultured ARPE19 cells

To study UV impact on ARPE19 cells, we cultured these

cells in DMEM-F12 medium prior treatment by UV-C

(100 J/cm2) during 10 s. Then cells were further cultured

for diverse periods of time at 37�C and stained with Hoechst

33342 and PI for apoptosis analysis. We observed a time

dependent apoptosis of ARPE19 cells induced by UV

(Fig. 1a). Significant difference was observed 24 h after

treatment with 3.69 ± 0.68% of apoptotic cells compared

to 0.93 ± 0.33% for control. Apoptosis reached 8.8 ±

0.81% (0.77 ± 0.1% for control) of apoptotic cells 48 h

after UV treatment. Panel B of Fig. 1 shows the increase of

TUNEL positive cells 48 h after UV treatment. Arrow

heads showed nuclear condensation at higher magnification

which correspond to TUNEL positive cells.

The three major MAPKs are expressed in mouse

RPE cells

To test the expression of JNK1/2, p38 and ERK2 MAPKs

in RPE cells, we performed western blot analysis of whole

mouse retina, isolated mouse RPE and human ARPE19

cells. As shown in Fig. 2, the three major MAPKs were

expressed. It is interesting to notice that p38 was princi-

pally expressed in RPE cells as shown by western blot

analysis (Fig. 2a) and immunostaining (Fig. 2b), whereas

ERK2 was expressed in RPE cells, in outer nuclear layer

(ONL), inner nuclear layer (INL) and ganglion cell layer

(GCL) and JNK1/2 in RPE, INL and GCL.

JNK1/2 and p38 are activated by UV treatment

To determine the role of MAPKs in UV-induced RPE cells

apoptosis, we tested the phosphorylation state of those

kinases, 30 min after UV treatment. As shown by western

blot analysis (Fig. 3a), no phosphorylation of either

JNK1/2 or total p38 was observed in control cells, but UV

exposure clearly induced phosphorylation of both JNK1/2

and p38 kinases. ERK2 was highly phosphorylated at basal

level (control condition) and slightly decreased by UV. The

expression of non-phosphorylated kinases was not changed

after UV stress for all three tested kinases. To confirm

western blot observations, we measured the activity of

JNKs by a non-radioactive AlphaScreen assay [16]. In this

assay, the luminescence of the acceptor beads was pro-

portional to JNKs activity, as shown in panel B of Fig. 3,
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Fig. 1 UV-C induced apoptosis of cultured ARPE19 Cells. ARPE19

cells were cultured as described in Section ‘Materials and methods’.

Then cells were treated by UV at 100 J/m2 and we measured

apoptotic cells by TUNEL assay and by Hoechst and PI staining after

UV treatment. (a) Percentage of ARPE19 cells presenting a

condensed nuclear chromatin or a fragmented nuclear membrane

were quantified by Hoechst and PI staining. Thousands of cells were

counted in five different fields. The results were expressed as

means ± SEM of three experiments. *p \ 0.001 and **p \ 0.002

versus CTL at the same period of time. (b) TUNEL assay experiment

was performed to visualize ARPE19 apoptosis 48 h after UV

treatment. White arrows indicate TUNEL positive cells and arrows

head show a condensed nuclei (TUNEL positive) at higher magni-

fication. This TUNEL assay is representative of three different

experiments
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where JNK activity was largely induced by UV. Because a

similar kinase assay was not available to measure p38 and

ERK2 activity, we used this AlphaScreen techniques to

measure endogenous phosphorylation of both kinases

(Fig. 3c). In this assay, the transfer of luminescence

from donor to acceptor beads is proportional to the phos-

phorylation state of the kinase. Both assays correlated

with the western blot analysis, and showed a high increase

of p38 phosphorylation (700% increase vs. control;

p \ 0.002) and a significant decrease of ERK2
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Fig. 3 JNK1/2 and total p38 are phosphorylated after UV treatment.

ARPE19 cells were cultured as described in Section ‘Materials and

methods’. Then cells were treated 10 s by UV (100 J/m2) and protein

extraction were performed 30 min after UV treatment. Activation of

kinases was analyzed by western blot analysis (a) and quantification

was performed by JNK AlphaScreen assay (b) and by AlphaScreen

SureFire kit which measured endogenous P-ERK2 and total P-p38 (c)

as described in Section ‘Materials and methods’. Western blot are

representative of three distinct experiments; same samples were

analyzed by AlphaScreen assays. The results are expressed as

means ± SEM of three experiments. *p \ 0.002 UV versus CTL.

(d) Enucleated whole eye are treated by UV, as described for

ARPE19 cells (100 J/m2) and cultured for 30 min at 37�C prior RPE

cells isolation and protein expression analysis. RPE cells were

isolated form the whole retina and western blot analysis was

performed to analyze the phosphorylation state of JNK. These results

are representative of two distinct experiments

A BFig. 2 The three major

members of the MAPK family

are expressed in RPE cells. (a)

Expression of ERK2, JNK1/2,

total p38 and tubulin was

analyzed in isolated neuronal

mouse retina, human ARPE19

cells and isolated mouse RPE

cells by western blot analysis.

(b) Immunostaining of the three

kinases in NMRI mouse retina.

Arrows showed the RPE cells of

the retina. ONL: outer nuclear

layer; INL: inner nuclear layer;

GCL: ganglion cell layer
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phosphorylation (30% decrease vs. control; p \ 0.002)

after UV treatment (Fig. 3c). Time course analysis was

performed on ARPE19 cells and showed a rapid increase of

JNK1/2 phosphorylation after 5 min with a sustained effect

until 30 min and a decrease until 2 h, whereas the higher

level of p38 phosphorylation occurred at 30 min and was

maintained until 2 h (Fig. 4).

JNK2 is induced by UV in RPE mouse retina

To validate the use of the ARPE19 cells as a working

model, we tested the effect of UV treatment on the whole

mouse eye. Eyes were enucleated and treated by UV for

10 s, then the whole eye was incubated for 30 min in

DMEM-F12 medium at 37�C. RPE cells were isolated and

the phosphorylation state of JNK1/2 was tested by western

blot analysis. Figure 3d shows the increase of JNK1/2

expression after UV exposure whereas tubulin expression

was not changed. Interestingly, only JNK2 isoform phos-

phorylation, not JNK1, was increased by UV stress.

Inhibition of both JNK and p38 pathways prevented

UV-induced RPE cell apoptosis

To determine a direct implication of JNK pathways in the

UV-induced ARPE19 cells apoptosis we used a specific

Tubulin

P-p38

CTL UV

P-JNK2

P-JNK1

5min 30min 1h 2h

Fig. 4 Time curse of UV-induced JNK and p38 phosphorylation.

ARPE19 cells were cultured as described in Section ‘Materials and

methods’. Cells were treated by UV (100 J/m2) and protein extraction

were performed at different time. Phosphorylation of JNK and p38, as

well as tubulin expression was assess by western blot analysis. These

results are representative of two distinct experiments
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Fig. 5 Specific kinase inhibitors decreased JNK and p38 activity.

ARPE19 cells were cultured as described in Section ‘Materials and

methods’. Then proteins were extracted 30 min after UV treatment

and western blot analysis (a, c) were performed to analyze kinase

phosphorylation. (b) Quantification of the ratio phospho-kinase/

kinase was performed on western blot by densitometry analysis. The

results are expressed as means ± SEM of three experiments.

*p \ 0.005 CTL versus UV; **p \ 0.02 UV/Tat versus UV/JNKi.

(d) Measurement of endogenous phospho-p38 by AlphaScreen

SureFire as described in Section ‘Materials and methods’. The results

are expressed as means ± SEM of three experiments. *p \ 0.0001

CTL versus UV; **p \ 0.0001 UV versus UV/SB
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JNK inhibitor peptide (D-JNKi) which entered the cell

and blocked JNK activation and cJun phosphorylation

[15]. As shown in Fig. 5a and quantified in Fig. 5b,

phosphorylation of JNK1/2 after UV treatment was

drastically decreased when 10 lM of JNKi peptide was

added 2 h prior the UV stress. Transfection of the control

peptide (Tat) did not affect the expression or the phos-

phorylation state of JNK1/2. A slight but non-significant

decrease of JNK1/2 expression was observed after JNK

inhibition (Fig. 5).

As both JNK and p38 pathways were activated by UV,

we tested the implication of p38 in this apoptotic mecha-

nism. Using SB203580, an inhibitor of p38a/b, we first

showed that UV-induced phosphorylation of p38 was

decreased after inhibition (Fig. 5c). Then, by Alphascreen

assay, we confirmed and quantified the induction of p38

phosphorylation by UV (Fig. 5d; six-fold induction by UV,

p \ 0.0001), and the inhibitory effect of SB203580, which

decreased the phosphorylation of p38 (Fig. 5d; 60% of

reduction compared with UV, p \ 0.0001).

More interestingly, the decreased of JNK1/2 and p38

phosphorylation was accompanied by a strong reduction of

UV-induced ARPE19 cells apoptosis, as measured and

quantified by Hoechst/PI staining (Fig. 6a) and seen by

TUNEL assays (Fig. 6b). Apoptosis reached 10.21 ± 1.1%

(1.04 ± 0.07% for control) of apoptotic cells 48 h after

UV treatment; JNK inhibition reduced cell death to

2.94 ± 0.17%, while p38 inhibition reduced cell death to

3.9 ± 0.4%. Similar results were obtained by quantifica-

tion (data not shown) of TUNEL positive cells shown in

Fig. 6b. Both, JNK and p38, inhibitors decreased level of

UV-induced apoptosis, which clearly supports a role of

both kinases in this apoptotic mechanism.

This mechanism may involve AP-1 complex

The activator protein-1 (AP-1) transcription factor is

composed of a mixture of heterodimeric complexes of

proteins derived from the Fos, Jun and ATF families. The

role of cFos and cJun, two partners of the AP-1 complex

and known targets of p38 and JNK, were evaluated in this

UV model. As shown by western blot analysis (Fig. 7a) the

phosphorylation of cJun was induced by JNK activation,

30 min after UV treatment, whereas inhibition of JNK

decreased this phosphorylation. No effect was observed in

presence of the Tat peptide control. Since no high-quality

anti-phospho cFos antibody was available, we tested the

activation of cFos with an AP-1 binding assay. Figure 7b

shows the increase of cFos binding to AP-1 sequence 6 h

after UV stress. Inhibition of p38 with SB203850 signifi-

cantly decreased the AP-1 binding of cFos. AP-1 binding

of the other members of Jun and Fos families were not

changed after UV stress (data not shown). To exclude a

role of ATF2 in the AP-1 complex, we tested the effect of

both JNK and p38 inhibitors in the UV-induced ATF2

phosphorylation. Figure 7c clearly shows the induction of

ATF2 phosphorylation by UV, while a small but not sig-

nificant effect of both inhibitors was observed.

Discussion

Retinal pigment epithelium (RPE) cells play a critical role

in the neural retina by maintaining functional and healthy

photoreceptors. These cells may experience various extra-

cellular stimuli which promote survival or cell death

through highly regulated signaling. UV exposure is one of
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Fig. 6 Specific JNK and p38 kinase inhibitors decreased UV-induced

apoptosis. ARPE19 cells were cultured as described in Section

‘Materials and methods’. (a) Percentage of ARPE19 cells presenting a

condensed nuclear chromatin or a fragmented nuclear membrane

were quantified by Hoechst and PI staining. Thousands of cells were

counted in five different fields. The results were expressed as

means ± SEM of three experiments. **p \ 0.0001 versus CTL and

*p \ 0.0006 versus UV. (b) Apoptosis analysis by TUNEL assay was

performed 48 h after UV treatment according to guideline protocol.

White arrows indicate TUNEL positive cells. Experiments were

representative of three distinct experiments
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this external stress agent and UV-induced MAPKs activity

has largely been documented in human prostate adeno-

carcinoma DU-145 cells [17], human keratinocytes [18,

19], human embryonic kidney 293 cells [20], mouse epi-

dermal JB6 cells [21], mouse embryonic fibroblasts [22]

and corneal epithelial cells (see review [1] and [3, 23]).

Surprisingly, few studies were performed on retina or RPE

cells. In this study we focused on the effect of UV on

RPE cells and deciphered the mechanism of UV-induced

RPE cells apoptosis. Human RPE cell line (ARPE19) is not

similar to primary cultured RPE cells. Despite these dif-

ferences, this cell line has extensively been studied to

obtain important insights into RPE cell biology [14].

Recently, Cai et al. compared gene expression profile in

adult isolated human RPE and ARPE19 cells line and

showed no clear difference in the global expression of

genes known to be involved in angiogenesis, phagocytosis

and apoptosis [24]. This and other studies supported the use

of human ARPE19 cells as a model to analyze mechanism

of RPE cells death. The UV-activated signal transduction

pathways are mediated primarily through signaling cas-

cades involving MAPKs, including ERK, JNK and p38

kinases which control the activities of various transcription

factors [1]. Herein, we confirmed in ARPE19 cells, the

preponderate role of either JNK or p38 in the transactiva-

tion of AP-1 transcription factor, via the phosphorylation of

cJun and cFos. The activation of both pathways triggered

the UV-induced apoptotic process of ARPE19 cells. Spe-

cific inhibitors of JNK and p38 were sufficient to block

70–60% of UV-induced apoptosis. Further studies using

isolated human RPE cells instead of human ARPE19 cell

line will be needed to confirm the role of AP-1 in

UV-induced RPE cell death.

Several studies showed an activation of ERK1/2 path-

way by UV [11, 21, 25, 26]. In contrast, we observed a

slight decrease of phospho-ERK1/2 in ARPE19 cells. This

decrease fit well with the low proliferation rate of cells

observed after the UV stress (data not shown) and with the

study of Hecquet et al. where inhibition of ERK1/2 by

cAMP inhibited RPE cells proliferation [12]. In our cellular

model, ERK1/2 may have played an anti-apoptotic role and

therefore the observed decrease could have amplified the

apoptotic effect of the two other kinases, JNK and p38.

As it is generally accepted that ERK1/2 activation is

essential for cell survival, whereas activation of JNK and

p38 is thought to play a role in death signaling [27];

therefore we focused on the JNK and p38 pathways. Since

fibroblasts from JNK1-/- JNK2-/- double knock-out mice

are resistant to UV-induced cell death [28], we postulated

that both JNK isoforms were essential for apoptosis.

Indeed, we observed activation of JNK1/2 after UV

exposure as reported in many other cell systems [3, 14, 17,

19, 21, 27, 29–32]. On the other hand, only phosphoryla-

tion of JNK2, not JNK1, was observed in whole eye

exposed to UV. These results suggest that JNK2 is the

major and primary isoform responsible for the phosphor-

ylation/activation of cJun in mouse RPE. However, in its

absence, JNK1 could substitute for and phosphorylate cJun

[33]. Further analyses, also including the neuronal JNK3,

will be needed to dissect the various contributions of each

of these isoforms in UV-induced apoptosis.

p38 is usually associated with JNK and has been impli-

cated in numerous stress-induced apoptosis [1, 13, 20, 31,

34]. In this study, we found an activation of this pathway

after UV stress and specific inhibition of p38 blocked the

UV-induced apoptosis. There are four different isoforms (a,
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Fig. 7 UV-induced cJun and

cFos phosphorylation activated

AP-1. ARPE19 cells were

cultured as described in Section

‘Materials and methods’.

ARPE19 cell were then treated

with UV and incubated for

30 min at 37�C prior western

blot analysis for phospho-cJun

(a) and phospho-ATF2 (c) or for

6 h for cFos AP-1 binding

analysis (b). Eight micrograms

of nuclear extract proteins were

used for AP-1 binding assay as

described in Section ‘Materials

and methods’. The results are

expressed as means ± SEM of

three experiments. *p \ 0.0001

CTL versus UV/Tat or UV;

**p \ 0.0001 UV versus UV/

JNKi and #p \ 0.04 UV versus

UV/SB
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b, d and c) of p38 kinase, but a specific expression profile of

each isoform in the retina as well as in the RPE cells line has

not been performed, yet. Therefore we measured the acti-

vation of total p38 either by western blot or by AlphaScreen

techniques. As SB203580 has been shown to efficiently

inhibit the a and b, but much less the c and d isoforms [35],

the a and b isoforms may be involved in UV-induced

ARPE19 cells apoptosis. Development of isoform specific

kinase assays is needed to precisely determine which p38

isoform is implicated in this mechanism.

The transcription factor AP-1 consists of a variety of

dimers composed of the Fos, Jun and CREB/ATF families

of proteins, which are potential JNK and p38 targets. It has

been implicated in a large number of biological processes

including cell differentiation, proliferation and apoptosis

[36]. Phosphorylation of cJun by JNK is required for UV

effect, because mouse embryonic fibroblasts cells isolated

from cJunAA63/73/cJunAA63/73 mouse, a mutant with non-

phosphorylable c-Jun, were insensitive to UV-induced cell

death [37]. Moreover inhibition of cJun activity suppressed

apoptosis whereas overexpression of cJun leads to cells

apoptosis [38]. Herein, we were able to show by western

blot analysis a strong phosphorylation of cJun after UV

treatment. The use of a very specific JNK inhibitor peptide

[39] was able to decrease this phosphorylation and the

related UV-induced apoptosis. These results strongly argue

for a role of JNK-activated cJun in the UV-induced RPE

cells death.

Specific inhibition of p38 was also accompanied by a

major decrease of cells apoptosis, similar to that observed

with JNK inhibition. Therefore we tested for ATF2 and

cFos activation, two other AP-1 binding partners of cJun

described as potential targets of p38 kinase. ATF2 has been

described to be phosphorylated either by ERK2, JNK or

p38 [40]. In our cell model, UV induced ATF2 phosphor-

ylation, but inhibitors of JNK and p38 failed to

significantly block this activation. We could suspect that

the high level of phospho-ERK2, present in the cell after

UV stress, could be sufficient to activate ATF2. Since

ATF2 phosphorylation was still high, despite a strong

reduction in UV-induced apoptosis following inhibition of

JNK and p38, we ruled out this nuclear factor as a main

actor of this mechanism. Interestingly, we detected a

reactive band induced by UV (lower band *45 kDa

Fig. 7c) with the anti phospho-ATF2 antibody, which

could be a specific ATF2 isoform. Further analysis will be

needed to investigate this result.

We then looked for the activation of Fos family mem-

bers, other potential partners of cJun nuclear factor. Recent

studies showing a direct activation of cFos by p38 in HEK

293T cells after a UV stress [20] and the fact that absence

of cFos prevents light induced apoptosis [9], suggest that

cFos could be involved in UV-induced apoptosis. We were

able to show an activation of cFos binding to AP-1

sequence, 6 h after UV stress. AP-1 binding of the other

members of Fos family (FosB, Fra1 and 2, FosD) was not

changed (data not shown). The inhibition of cFos binding

to AP-1 with SB203850 was partial but very similar to

previously reported data on HEK-293T cells treated by UV

[22]. This result, together with the incomplete inhibition of

phospho-cJun by JNKi suggest that UV-induced apoptosis

is an AP-1 dose, possibly threshold dependent mechanism.

An approach using siRNA to decrease either cJun or cFos,

or both nuclear factors expression may be used to confirm

the specific role of AP-1 in such mechanism.

Although we described the mechanisms by which UV

induced ARPE19 cells apoptosis, we still do not know how

UV light is sensed by the cells and which final targets of

AP-1 are involved in the cell death program. One

hypothesis, besides DNA breakage, is that UV acts directly

by producing of reactive oxygen species (ROS) [41], which

leads to the activation of MAPK signaling pathways [42].

Retina is an ideal environment for generation of ROS:

oxygen consumption is high, photoreceptors are composed

of polyunsaturated fatty acids readily oxidized, RPE cells

contain an abundance of photosensitizers and finally the

photoreceptors phagocytosis process generates high level

of ROS by itself. Many MAPK pathways including the

apoptosis signal-regulating kinase 1 (ASK1) are activated

by ROS and a body of evidence suggests that ASK-1 could

be the major actor of this apoptotic process. ASK1 is able

to activate both JNK and p38 pathways [43, 44] and

deletion of ASK1 in mice protects against TNF- and H2O2-

induced apoptosis in fibroblast and prevents prolonged

activation of JNK and p38 [42]. The use of specific

inhibitors of ASK-1 will provide more insight into its role

in this apoptotic process. Finding downstream targets of

AP-1 transactivator will also be a challenge to fully

describe this mechanism. The family of Foxo genes could

be a target, as they have been described to be potential

effectors of p38. Moreover FOXO1 mediates transcrip-

tional induction of the pro-apoptotic molecule, Bim [45]

and has been implicated in UV-induced DNA damage in

the developing Drosophila retina [32]. JNK phosphorylates

also non-transcription factors such as members of the Bcl-2

family (Bcl-2, Bcl-XL, Bax, Bim and Bad) which have

been implicated in apoptotic processes [46]. Furthermore,

both JNK and p38 are able to phosphorylate BAX, con-

sequently promoting its mitochondrial translocation and

triggering apoptosis [47].

Conclusion

The role of oxidative stress (call the ‘‘free radical theory’’

in the middle of the twentieth century [48]) has been
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implicated in many age-related diseases, where it was

generally induced by multiple environmental stimuli

including cytokines, UV radiation, chemotherapeutic

agents and other stresses. Large numbers of studies support

a key role of reactive oxygen species in AMD (see review

[49]). Deciphering the whole mechanism of RPE cells

apoptosis with a special focus on this mechanism in AMD

pathology will give us important insight to understand

processes involved in aging pathologies. It will be inter-

esting to test MAPKs activity (JNK, p38 and ASK1) and

ROS production in RPE cells of AMD mouse models

described by Ambati et al. [50] and Tuo et al. [49], as well

as directly on retina from AMD patients. Modulation of

RPE cell proliferation or death with the use of specific

inhibitors or selective activators may be useful to reduce

oxidative damage occurring in age-related diseases.
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