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Role of Constitutive Nitric Oxide Synthases in Dynamic Regulation of Autophagy 

Response of Keratinocytes Upon UVB Exposure

Abstract: Ultraviolet B (UVB) radiation induces autophagy responses, which play a role 

in the regulation of oncogenic processes of the irradiated cells. However, the mechanism 

of autophagy responses post-UVB remains to be fully elucidated. Previous studies indicate 

that UVB induces the activation and uncoupling of constitutive nitric oxide synthases 

(cNOS), which produce nitric oxide and peroxynitrite, both have been shown to regulate 

autophagy responses. In this study, the UVB-induced autophagy responses were analysed 

in cell line- and UVB dose-dependent manners, and the role of cNOS in UVB-induced 

autophagy responses was also studied. Our data showed that UVB induces both 

autophagosome formation and degradation, and that cNOS is involved in the regulation of 

autophagy responses post-UVB. Both nitric oxide and peroxynitrite, the two products that 

are produced in cells immediately after UVB exposure, could upregulate autophagy in a 

dose-dependent manner. Furthermore, cNOS is involved in the UVB-induced 

downregulation of SQSTM1/p62, a scaffold protein used as a reporter of autophagy 

response. However, the cNOS-mediated reduction of SQSTM1/p62 is autophagy-

independent post-UVB. Our results indicated that autophagy responses post-UVB are a 

dynamic balance of autophagosome formation and degradation, with cNOS playing a role 

in regulation of the balance.

Keywords: Autophagic flux; constitutive Nitric Oxide Synthases (cNOSs); 

keratinocytes; nitric oxide; peroxynitrite; ultraviolet radiation B.

Abbreviations: cNOS: constitutive Nitric Oxide Synthase; CQ: Chloroquine; HEKa: 

Human Epidermal Keratinocytes; MAP1LC3A/B: Microtubule-associated proteins 

1A/1B light chain 3 alpha/beta; L-NAME: Nω-Nitro-L-arginine methyl ester 

hydrochloride; MEF: murine embryonic fibroblast; NO•: nitric oxide; O2
• −: 

superoxide radical; ONOO−: peroxynitrite; SIN-1: 3-Morpholino-sydnonimine; 

SQSTM1/p62: sequestosome-1; SNAP: S-Nitroso-N-acetyl-DL-penicillamine; UVB: 

Ultraviolet B.
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Introduction 

After ultraviolet B (UVB) radiation, a rapid increase in the nitric oxide (NO•) and 

superoxide radical (O2
• −) levels has been described in epithelial cells (1-4). Previously, we 

reported that NO• and O2
• − levels in keratinocytes are elevated in the early phase after 

UVB (0-6 h) due to the activation and uncoupling of constitutive nitric oxide synthase 

(cNOS) respectively (2, 4). The O2
• − could quickly react with NO• to form peroxynitrite 

(ONOO−), leading to a lower [NO•]/[ONOO−] ratio in the UVB irradiated keratinocytes 

(4). Oxidative stress, through reactive oxygen and nitrogen species such as hydrogen 

peroxide (H2O2), NO•, and ONOO−, regulates cellular responses. One of these responses is 

the macro-autophagy (generally just referred as autophagy) mechanism (5-10).

Autophagy is regulated by different stress stimuli (e.g. nutrient starvation and oxidative 

stress) having a constitutive and an adaptive role in cells. For example, autophagy 

eliminates damaged or senescent cellular components (constitutive autophagy), and 

provides energy in case of metabolism alteration and nutrient starvation, through the 

degradation and reutilization of building blocks such as amino acids, nucleotides, and fatty 

acids (adaptive autophagy) (11). Autophagy participates in the degradation of aggregated 

proteins, organelles, etc. by lysosomes, through the formation of autophagosomes and its 

fusion with lysosomes (11). In the skin, autophagy has been described to be important in 

keratinocytes for cell differentiation (12-14), melanosome degradation (14, 15), immune 

response-inflammation (14, 16, 17), aging-senescence (14, 18-20), and protection against 

stress (14, 20-22). Nevertheless, after UVB exposure, the autophagy response in 

keratinocytes is still not very well understood; and indeed, reports about the autophagy 

response are contradictory (21, 23). 

Previously, our group has characterized the early imbalance between NO• and ONOO− 

after UVB treatment due to cNOS activation and its uncoupling (2, 4). In addition, we 

observed that cNOS activation after UVB regulates the phosphorylation of eukaryotic 

translation initiation factor 2 subunit alpha (eIF2α) (24), the activation of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB), and the expression of IκB kinase 

(IKK) in the early phase (6 h) after UVB irradiation (25); being all of them related with the 

regulation of autophagy (26-32). In this study, we further analysed the autophagy responses 
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in various cell lines in a UVB dose- and time-dependent manner and determined the role of 

cNOS in autophagy responses post-UVB. 

Materials and Methods

Cell culture. Human Epidermal Keratinocytes, adult (HEKa) cells (Gibco™, C-005-5C) 

and Human Epidermal Keratinocytes, neonatal (HEKn) cells (Gibco™, C-0015C)  

(passage 3 to 6) were grown in EpiLife medium (Gibco™, M-EPI-500-CA) supplemented 

with Human Keratinocyte Growth Supplement (Gibco™, S-001-5), at 37°C with 5 % CO2. 

Human keratinocytes HaCaT cells at passage 5 to 11 (AddexBio, T0020001) and mouse 

embryonic fibroblast (MEF) cells were grown in Dulbecco’s minimal essential medium 

(Corning™, Cellgro™, 10-013-CV) supplemented with 10 % v/v fetal bovine serum and 1 

% v/v penicillin/streptomycin, at 37°C with 5 % CO2.

UVB irradiation.  UVB was generated from a bench XX-15 series UV lamp (UVP Inc.) 

equipped with a 15 Watts tube (302 nm, UVP Inc.) The intensity of UVB was calibrated 

using a UVP model UVX digital radiometer (UVP Inc.) after lamp warmed up for at least 5 

min. 10, 25 and 50 mJ/cm2 of UVB were used with a dose rate of 0.85 milliwatts/cm2 per 

second. Prior to UVB radiation, the medium with or without drugs was removed to then be 

added back after radiation.

Drug treatments. S-Nitroso-N-acetyl-DL-penicillamine (SNAP, Cayman Chemical, 

82250) was prepared on Dimethyl sulfoxide (DMSO, Millipore Sigma, D2438) and diluted 

prior to use in cell medium to final concentrations of 0.0125, 0.05 and 0.1 mM. 3-

Morpholino-sydnonimine (SIN-1, Cayman Chemical, 82220) was prepared in DMSO and 

diluted prior to use in cell medium to final concentrations of 0.0015, 0.005, 0.015 and 0.03 

mM. SNAP and SIN-1 were kept in the medium during 3 h until protein extraction. 

Chloroquine (CQ, Sigma-Aldrich®, C6628) was diluted in cell medium to a final 

concentration of 50 µM and was added 1 h before UVB or NO•/ONOO− donor treatment 

and kept for the whole period until protein analysis. Nω-Nitro-L-arginine methyl ester 

hydrochloride (L-NAME, Sigma-Aldrich®, N5751) was prepared prior to use in cell 

medium to a final concentration of 1 mM. L-NAME was added to the cells 1 h before UVB 
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and continuously kept after irradiation until protein extraction.

Western blot analysis. Radioimmunoprecipitation assay (RIPA) buffer (100 mM Tris-HCl, 

2% v/v Triton X-100, 300 mM NaCl, 0.2% w/v SDS, 10 mM EDTA, and 1% w/v Sodium 

deoxycholate) with the proteinase inhibitor mixture (Complete™, Mini, EDTA-free 

Protease Inhibitor Cocktail, Roche, 11836170001) was used to lyse the cells. Cells were 

scraped directly from the plates, pipetted and incubated on ice during 30 min vortexing 

them each 5 min. The lysate was centrifuged at 12,000 rpm at 4°C for 10 min and the 

supernatant was saved. Protein concentration was measured using the DC protein assay 

(Bio-Rad Laboratories, Inc) according to manufacturer instructions. Proteins were 

separated by SDS-PAGE and transferred to PVDF membrane (pore size 0.45 µm, 

Immobilon-P, Millipore, IPVH00010). The membrane was blocked in 5 % w/v milk in 

Tris-buffered saline plus Tween 20 (TBST) for 1 h and then incubated overnight with the 

antibodies anti LC3A/B-I and II (1:1000, Cell Signaling Technology®, 4108), β-actin 

(1:1500, Santa Cruz Biotechnology, sc-47778), SQSTM1/p62 (1:1000, Santa Cruz 

Biotechnology, sc-28359) diluted on TBST. After washing, the membranes were incubated 

with the corresponding HRP-conjugated-secondary antibody for 1 h at room temperature 

(Cell Signaling Technology®) in 5 % w/v milk in TBST. The membranes were developed 

using the West Pico Super Signal chemiluminescent substrate (Thermo Fisher Scientific, 

34580) or the Western Sure PREMIUM Chemiluminescent Substrate (LI-COR 

Biosciences, 926-95000). Images were obtained from Odyssey® Fc Imaging System (LI-

COR Biosciences) and quantified using the software Image Studio Lite (LI-COR 

Biosciences).

Autophagy and Autophagy flux evaluation. The most valid system described to study 

autophagy is to determine the “autophagy flux”, which involves the dynamic process of 

autophagosome synthesis, delivery of autophagic substrates to the lysosome, and 

degradation of autophagic substrates inside the lysosome (33, 34). MAP1LC3A/B-II levels 

were identified though immunoblot using an antibody that recognize MAP1LC3A/B (Cell 

Signaling Technology®, 4108). To inhibit autophagosomes degradation and recycling of 

MAP1LC3A/B-II, cells were treated with CQ 50 µM (Sigma-Aldrich®, C6628) 1 h before 

and continuously after UVB irradiation until protein extraction.
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Immunofluorescence staining of MAP1LC3A/B and SQSTM1/p62. Cells were fixed and 

permeabilized with cold methanol for 10 min. After washing them with PBS, cells were 

blocked with 5% w/v BSA for 1 h at room temperature. Cells were incubated with the 

primary antibodies against MAP1LC3A/B (1:100, Cell Signaling Technology®, 4108) and 

SQSTM1/p62 (1:100, Santa Cruz Biotechnology, sc-28359) overnight at 4°C. After 

washing with PBS, cells were incubated with the corresponding secondary antibodies 

(1:200, Vector laboratories) plus DAPI (4′-6-diamidin-2′-phenylindol-dihydrochlorid) for 1 

h at room temperature. Pictures were taken using a confocal microscope (Zeiss).

Statistical analysis. Each experiment was repeated at least three times. For blots 

quantification and comparison of samples under different conditions; samples were 

separated electrophoretically in the same gel, and in its defect, they were transferred 

together to the same membrane. The bar plots are expressed as the mean values ± S.D. The 

significance of the differences between mean values was assessed using Student’s t-test. p-

values smaller than 0.05 were considered significant.

Results 

UVB induces both autophagosome synthesis and degradation.

To analyse autophagosome synthesis and degradation, MAP1LC3A/B-II protein levels 

were evaluated at 3 h post-UVB in the presence or absence of chloroquine (CQ), which 

impairs the fusion autophagosome-lysosome and sequentially inhibits autophagosome 

degradation and recycling of  MAP1LC3A/B-II (33-35). Our data shows that the level of 

MAP1LC3A/B-II was not altered in HaCaT cells at 3 h after UVB exposure alone (Fig. 

1A, Lanes 1-4). However, in the presence of CQ, the level of MAP1LC3A/B-II was 

increased by approximately 20% in the cells after UVB (25 mJ/cm2) exposure (Fig. 1A, 

Lane 7 vs. 5), and slightly increased non-statistically significantly in the cells after UVB 

(10 and 50 mJ/cm2) exposure (Fig. 1A, Lanes 6, 8 vs. 5). Immunofluorescence detection of 

autophagosome formation in the HaCaT cells showed that HaCaT cells treated with UVB 

(10 and 25 mJ/cm2) and CQ form more intracellular aggregates of MAP1LC3A/B (Fig. 
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1B), which is correlated with the elevation of MAP1LC3A/B-II levels detected in the 

western blot (Fig. 1A). These results indicated that UVB induces both autophagosome 

formation and degradation.

UVB-induced autophagy response in HaCaT cells is cNOS-dependent.

To determine if cNOS plays a role in regulation of the dynamic autophagy response after 

UVB radiation, we analysed the effect of L-NAME (1 mM), a selective inhibitor of cNOS, 

on MAP1LC3A/B-II in HaCaT cells without or with UVB exposure. Our data shows that 

MAP1LC3A/B-II in HaCaT was not statistically significantly affected by L-NAME alone 

without or with UVB exposure (Fig. 2, Lanes 2 vs. 1, 3-5 vs. 2). However, in the presence 

of CQ, MAP1LC3A/B-II in L-NAME-treated cells was increased by approximately 29% 

without UVB exposure (Fig. 2, lanes 7 vs. 6); and reduced by approximately 39 or 28% in 

the cells with 25 or 50 mJ/cm2 of UVB exposure, respectively (Fig. 2, Lanes 9 and 10 vs. 

7). These results indicated that cNOS plays differential roles in regulation of background 

autophagy and dynamic autophagy responses to UVB irradiation.

UVB-induced cNOS-mediated dynamic autophagy responses are time-dependent.

To analyse the temporal autophagy response after UVB, we evaluated MAP1LC3A/B-II 

protein levels at 1 and 6 h after UVB. As it was observed in the 3 h experiment, the level of 

MAP1LC3A/B-II was not altered in HaCaT cells after UVB exposure alone (Fig. 3A). In 

the presence of CQ, at 1 h after UVB, MAP1LC3A/B-II was increased non-statistically 

significantly by approximately 20% and 25% in HaCaT cells after UVB at 10 and 25 

mJ/cm2 respectively; and increased statistically significantly by approximately 50% in cells 

after UVB at 50 mJ/cm2 (Fig. 3A). Nonetheless, at 6 h after UVB, MAP1LC3A/B-II was 

decreased statistically significantly compared to the control after UVB 50 mJ/cm2 (Fig. 

3A). The extend of the effect of L-NAME on autophagy was also evaluated at 1 h and 6 h 

after UVB. In the presence of CQ, MAP1LC3A/B-II was increased by approximately 50% 

at 1 h (Fig. 3B), but non-statistically significantly changed at 6 h after treatment of L-

NAME alone (Fig. 3B). Similar to the effect observed at 3 h (Fig. 2), L-NAME treatment 

led to a reduction of MAP1LC3A/B-II by approximately 28% and 47% at 1 h and 6 h after 

UVB (50 mJ/cm2), respectively (Fig. 3B). These results indicated that the cNOS-mediated 
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regulation of dynamic autophagy response post-UVB is time-dependent.

cNOS regulated SQSTM1/p62 expression post-UVB is autophagy-independent.

To determine if UVB-induced cNOS mediated autophagy response regulates the 

expression of sequestosome-1 (SQSTM1/p62), which is a known autophagy adaptor for 

substrate degradation (36), we analysed the effect of L-NAME (1 mM) on SQSTM1/p62 

levels in HaCaT cells without or with UVB exposure. Our data shows that the 

SQSTM1/p62 level is decreased in HaCaT cells at 3 h after UVB exposure (Fig. 4A, Lines 

2-4 vs. 1), and after treatment with L-NAME alone (Fig. 4A, line 5 vs. 1). The combined 

treatment of L-NAME and UVB further reduced SQSTM1/p62 expression in the cells with 

statistical significance (Fig. 4A, Lanes 6-8 vs. 5).  In the presence of CQ, the SQSTM1/p62 

level was not changed without UVB exposure (Fig. 4A, Lanes 9 vs. 1), and was decreased 

in the cells in a UVB dose-dependent manner (Fig. 4A, Lanes 10-12 vs. 9). The treatment 

of CQ statistically significantly alters the effect of L-NAME, decreasing further the levels 

of SQSTM1/p62 (Fig. 4A, Lane 13 vs. 5). CQ did not significantly alter the combination of 

UVB and L-NAME on SQSTM1/p62 levels (Fig. 4A, Lanes 14-16. vs. 6-8). The UVB 

dose-dependent reduction of SQSTM1/p62 after CQ treatment was confirmed by 

immunofluorescent staining of SQSTM1/p62 in the cells (Fig. 4B). Comparing with the 

autophagy data showed in Figs. 1-2, these results suggest that L-NAME alters 

SQSTM1/p62 expression in an autophagy-independent manner.

Nitric oxide and peroxynitrite are involved in the regulation of the autophagy response on 

HaCaT cells.

As cNOS regulates NO•/ONOO− balance in cells post-UVB, we determined that these 

molecules play a role in regulation of autophagosome synthesis in HaCaT cells after UVB 

exposure. A NO• donor S-Nitroso-N-acetyl-DL-penicillamine (SNAP) and an ONOO− 

donor 3-Morpholino-sydnonimine (SIN-1) were used in the study. Our data showed that 

the level of MAP1LC3A/B-II was not altered by SNAP (Fig. 5A, Lanes 2-4 vs. 1), and was 

slightly increased without statistical significance by SIN-1 (Fig. 5B, Lanes 2-5 vs. 1). In 

the presence of CQ, the level of MAP1LC3A/B-II was increased by 24% in the cells after 
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SNAP (100 µM) treatment (Fig. 5A, Lane 8 vs. 5), and by > 40% in the cells after SIN-1 (5 

and 30 µM) treatment (Fig. 5B, Lanes 8, 10 vs. 6). Higher doses of SIN-1 (500 to 1500 

µM) were also tested but did not result in any significant autophagic response in the cells 

(data not shown). These results indicated that deregulation of either NO• or ONOO− could 

have an effect on autophagosome synthesis.

The dynamic of autophagy response after UVB varies in different cell lines. 

To determine the cell line-dependency of autophagy response, we analysed the effect of 

UVB on MAP1LC3A/B-II expression in the presence or absence of CQ and L-NAME in 

two primary keratinocytes cells lines; adult’s human keratinocytes (HEKa) and neonatal’s 

human keratinocytes (HEKn) (with passages ≤ 6). In addition, a non-keratinocyte cell line, 

the mouse embryonic fibroblast (MEF) cells; which has shown autophagy activation after 

UVB (21), was used to compare our results regarding the role of cNOS in autophagy 

regulation after UVB in keratinocytes. Our data showed that in HEKa cells at 1 h, but not 

at 3 h (data not shown) after UVB exposure in the presence of CQ, MAP1LC3A/B-II was 

increased statistically significant after 10, 25, and 50 mJ/cm2 (Fig. 6A). As in HaCaT cells, 

MAP1LC3A/B-II levels increased by L-NAME alone, while L-NAME plus UVB mostly 

decreases them (Fig 6A). In the HEKn cells at 3 h post UVB, MAP1LC3A/B-II levels in 

the presence of CQ also increased significantly after UVB (25 mJ/cm2). In the presence of 

L-NAME plus CQ, MAP1LC3A/B-II protein levels increased significantly by about 78%, 

but this increase was supressed after UVB under cNOS inhibition (Fig. 6B). Finally, MEF 

cells evaluated at 3 h after UVB, effectively showed an increased level of MAP1LC3A/B-

II by approximately 100% after UVB exposure alone (50 mJ/cm2) (Fig. 6C); and the 

increase was not affected by L-NAME (Fig. 6C). In the presence of CQ, MAP1LC3A/B-II 

was increased 45% after UVB exposure alone (Fig. 6C). Similar to the results obtained in 

all the keratinocyte lines, the increase of MAP1LC3A/B-II was diminished in the presence 

of L-NAME post-UVB (Fig. 6C). These results demonstrated that the UVB-induced 

dynamic autophagy response is regulated by cNOS in all the evaluated cells lines with a 

potential shifting of time frame.
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Discussion

Previous reports indicate that either UVB or NO• could induce or inhibit autophagy (21, 

23). Our previous studies demonstrated that UVB induced the cNOS-mediated release of 

NO•, which could quickly react with O2
•− to form ONOO−, and led to NO•/ONOO− 

imbalance in HaCaT cells (4). However, the role of NO• and ONOO− in regulation of 

autophagy in UVB-exposed cells has not been well elucidated. In this study, we 

systematically analysed the effects of cNOS inhibitor as well as NO• and ONOO− donors 

on UVB-induced autophagy response. Due to several contradictory reports on the 

mechanisms of UVB-induced autophagy, we first analysed the autophagic flux, including 

both autophagosome synthesis and degradation, in HaCaT cells post-UVB. Our data 

showed that MAP1LC3A/B-II levels were first increased (at 1 and 3 h post-UVB) and then 

decreased (at 6 h post-UVB) in HaCaT cells, only in the presence of CQ (Fig. 1 and Fig. 

3A), suggesting UVB-induced autophagy response with similar effects on both synthesis 

and degradation of autophagosome. The analysis of autophagy in HEKa and HEKn 

corroborates that UVB increases the synthesis of autophagosomes (Fig. 6A and 6B). 

However, the time frame for this response was different between these three keratinocytes 

cells (Figs. 1, 3A, 6A, and 6B). Since autophagy is a dynamic process that depends of 

many regulators, some differences between cell lines are expected. In fact, we observed 

that, in HEKa cells, the induction of autophagy happened at 1 h post-UVB (Fig. 6A), but 

not much changed at 3 h post-UVB (data not shown) as the other cell lines did (Figs. 1, 6B 

and 6C).  Differences in functional properties have been described previously between 

neonatal and adult cells lines, as well as differences in gene expression profile and in the 

differentiation potential (37, 38). In addition, our data also indicated that the autophagy 

response, either synthesis or degradation of autophagosome, post-UVB is not linearly 

correlated to the doses of UVB (Figs. 1, 3, and 6), but mostly to a combination between the 

time of measurement and UVB dose. All of these results could be summarized to that 

UVB-induced autophagy response is a dynamic process with an up- or down-regulation of 

the synthesis and/or degradation of autophagosome in cell line- and UVB-dose dependent 

manners. 
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An analysis of the role of cNOS in the regulation of UVB-induced autophagy 

response showed that L-NAME did not have significant effects on the MAP1LC3A/B-II 

level in all cell lines without or with UVB exposure (Figs. 2, 3B, and 6), suggesting cNOS 

activity does not play a role in regulation of dynamic balance of autophagosome synthesis 

and degradation before and after UVB exposure. However, in the presence of CQ without 

UVB exposure, L-NAME either had no significant effect on MAP1LC3A/B-II in MEF 

cells (Fig. 6C) or increased MAP1LC3A/B-II in HaCaT, HEKa, and HEKn cells at short 

incubation time (Fig. 2, Lane 7 vs. 6; Figs. 3B, 6A and 6B) indicating the background 

activity of cNOS has an inhibitory effect on both synthesis and the degradation of 

autophagosome in selective cell line(s). Interestingly, in the presence of CQ with UVB 

exposure, L-NAME reduced MAP1LC3A/B-II levels in all four tested cell lines (Figs. 2 vs. 

1A; Figs. 3B vs. 3A, and 6), suggesting that UVB-induced activation of cNOS up-regulates 

both synthesis and degradation of autophagosome in cells. In addition, L-NAME treatment 

also led to a reduction of the UVB-induced MAP1LC3A/B-II by approximate 25% in 

samples 1 h after UVB 50 mJ/cm2 (Fig. 3B vs. Fig. 3A) and in samples 3 h after UVB 25 

mJ/cm2 (Fig. 1A, Lane 7 vs. Fig. 2, Lane 9). The mechanisms of cNOS in up- and down-

regulation of autophagy response could be due to a shift of cNOS-mediated imbalance of 

[NO•]/[ONOO−] post-UVB (4). Without UVB exposure, cNOS produces a background 

level of NO• in a range of picomole to nanomole (39) that helps to maintain a healthy 

[NO•]/[ONOO−] balance and to keep basal levels of autophagy (8, 40, 41). Then, the 

inhibition of cNOS without UVB exposure could alter the healthy [NO•]/[ONOO−] 

balance, inducing a stressed cellular condition that favours the synthesis of 

autophagosomes. After UVB exposure, cNOS mediates an increase of NO• and ONOO−, as 

well as an imbalance of [NO•]/[ONOO−] ratio due to the production of O2
• − by cNOS 

uncoupling (4). A higher level of NO• or ONOO− could be responsible for the increased 

autophagy response because previous reports (5, 6, 10) and our data show that either NO• 

donor SNAP or ONOO− donor SIN-1 are able to induce autophagy in HaCaT cells (Figs. 

5A and 5B). Our conclusion is supported by our previous reports indicating that a short 

period of pre-incubation of either a cNOS inhibitor or an antioxidant inhibits UVB-induced 

cell apoptosis (2, 4). Since autophagy is a mechanism for removing damaged cellular 

molecules and promoting cell survive in most cases, the only explanation for the 

Page 11 of 26 Photochemical & Photobiological Sciences



12

mechanism of action of L-NAME in inhibition of both apoptosis and autophagy post-UVB 

is that L-NAME is not a direct inhibitor of autophagy.  Instead, it reduces UVB-induced 

stress, such as imbalance of NO•/ONOO−, which could lead to the activation of both 

autophagy and apoptosis. 

In this study, we also analysed the expression of SQSTM1/p62, which has been 

described as one of the markers for autophagy (33). Our data showed that the levels of 

SQSTM1/p62 were decreased in the cells after UVB exposure (Fig. 4). However, the 

reduction of SQSTM1/p62 observed in HaCaT (Fig. 4) and HEKa cells (data not shown) 

was not correlated with the increase of MAP1LC3A/B-II in HaCaT cells after UVB 

exposure (Fig. 4 vs. 1A), nor with the levels of MAP1LC3A/B-II in HEKa cells (Fig. 6A). 

Because transcription of SQSTM1/p62 is not altered by UVB (data not shown), our results 

suggested that UVB-induced translational inhibition (24, 42, 43) might contribute to the 

downregulation of SQSTM1/p62 expression after UVB exposure in keratinocytes. In 

contrast to the observed in other tissues, regulation of SQSTM1/p62 protein levels 

independent of autophagy has been suggested previously in keratinocytes isolated from 

Atg7-deficient mice (44, 45). 

A model for the role of cNOS in the regulation of autophagy in cells without or 

with UVB exposure is proposed (Fig. 7). Based on our results, without UVB exposition 

keratinocyte cells showed basal levels of autophagy, which are regulated by cNOS. 

However, after UVB exposition, the increased production of NO• and ONOO− is 

responsible of the induction of the autophagy flux in the four cell lines tested. 
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Figure legends 

Figure 1. Autophagy response of HaCaT cells after UVB irradiation. HaCaT cells were 

exposed to 10, 25 and 50 mJ/cm2 UVB radiation with and without chloroquine (CQ, 50 

µM) and collected 3 h post-UVB radiation. The expression levels of MAP1LC3A/B and its 

location were measured respectively by Western blot and immunofluorescent analysis. (A) 

Western blot and statistical analysis of MAP1LC3A/B-II (LC3-II) in cells treated without 

or with CQ and UVB at different doses. (B) immunofluorescence staining of 

MAP1LC3A/B (green) on HaCaT cells treated with CQ and UVB radiation. Bar 20 µm, 

nuclei (blue), arrows show MAP1LC3A/B aggregates. * = statistical analysis against 0 

mJ/cm2 plus CQ. p <0.05 was considered significant.

Figure 2. cNOS is involved in the autophagy response after UVB. HaCaT cells were 

exposed to 10, 25, and 50 mJ/cm2 UVB radiation with and without L-NAME (1 mM) and 

CQ (50 µM) as indicated and collected 3 h post-UVB radiation. Western blot showing the 

effect of L-NAME on the MAP1LC3A/B-II (LC3-II) protein levels on HaCaT cells post 

UVB in the presence or absence of CQ. Statistical analysis on HaCaT cells showing the 

effect of L-NAME and UVB on the expression of MAP1LC3A/B-II (LC3-II) in the 

presence or absence of CQ. ° = statistical analysis against 0 mJ/cm2 CQ, + = statistical 

analysis against 0 mJ/cm2 L-NAME plus CQ. p <0.05 was considered significant.

Figure 3. Autophagy response of HaCaT cells after UVB irradiation at 1 h and 6 h after 

UVB exposition with and without L-NAME. HaCaT cells were exposed to 10, 25 and 50 

mJ/cm2 UVB radiation with and without chloroquine (CQ, 50 µM) and/or L-NAME (1 

mM). The expression levels of MAP1LC3A/B-II (LC3-II) were determined by Western 

blot analysis. (A) Statistical analysis of MAP1LC3A/B-II (LC3-II) in cells treated without 

or with CQ and UVB at different doses and incubated after irradiation during 1h (white 

bar) and 6 h (dark grey bar). (B) Statistical analysis of MAP1LC3A/B-II (LC3-II) in cells 

treated without or with CQ, L-NAME, and UVB at different doses; and incubated after 

irradiation during 1h (white bars) and 6 h (dark grey bars). * = statistical analysis against 0 

mJ/cm2, ° = statistical analysis against 0 mJ/cm2 plus CQ, + = statistical analysis against 0 

mJ/cm2 L-NAME plus CQ. p <0.05 was considered significant.
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Figure 4. Evaluation of SQSTM1/p62 expression in HaCaT cells after UVB. HaCaT cells 

were treated with UVB (10, 25, and 50 mJ/cm2), CQ (50 µM) and L-NAME (1 mM) as 

indicated and collected 3 h post UVB. (A) Western blot and statistical analysis of 

SQSTM1/p62 on HaCaT cells irradiated with UVB and without or treated continuously 

with L-NAME and/or CQ. * = statistical analysis against 0 mJ/cm2 control, # = statistical 

analysis against 0 mJ/cm2 L-NAME, ° = statistical analysis against 0 mJ/cm2 plus CQ, • = 

statistical analysis against their pairs without L-NAME. p <0.05 was considered 

significant. (B) immunofluorescence staining of SQSTM1/p62 (green) on HaCaT cells 3 h 

post UVB radiation. Bar 20 µm, nuclei (blue). Arrows indicate SQSTM1/p62 forming 

aggregates.

Figure 5. Role of nitric oxide and peroxynitrite in the autophagy response on HaCaT cells. 

HaCaT cells were treated with NO• and ONOO- donors as indicated for 3 h. (A) Western 

blot and statistical analysis of MAP1LC3A/B-II (LC3-II) protein levels on HaCaT cells 

treated with the NO• donor SNAP at different concentrations as indicated, and in the 

presence or absence of CQ. (B) Western blot and statistical analysis of MAP1LC3A/B-II 

(LC3-II) protein levels on HaCaT cells treated with the ONOO- donor SIN-1 at different 

concentrations as indicated, in the presence or absence of CQ. * = statistical analysis 

against 0 mJ/cm2 plus CQ. p <0.05 was considered significant.

Figure 6. Evaluation of the autophagy response in adults and neonatal primary keratinocyte 

cell line (HEKa and HEKn respectively) and in a mouse embryonic fibroblast cell line 

(MEF). (A) Statistical analysis of MAP1LC3A/B-II (LC3-II) protein levels on HEKa cells 

exposed to 10, 25, and 50 mJ/cm2 UVB radiation with and without L-NAME (1 mM) in the 

presence or absence of CQ (50 µM) as indicated and collected 1 h post-UVB radiation. (B) 

Statistical analysis of MAP1LC3A/B-II (LC3-II) protein levels on HEKn cells exposed to 

10, 25, and 50 mJ/cm2 UVB radiation with and without L-NAME (1 mM) in the presence 

or absence of CQ (50 µM) as indicated and collected 3 h post-UVB radiation. (C) 

Statistical analysis of MAP1LC3A/B-II (LC3-II) protein levels on MEF cells treated with 

or without UVB (50 mJ/cm2), L-NAME (1 mM), and CQ (50 µM) as indicated and 

collected 3 h post-UVB radiation. * = statistical analysis against 0 mJ/cm2 control, # = 

statistical analysis against 0 mJ/cm2 plus L-NAME, ° = statistical analysis against 0 
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mJ/cm2 plus CQ, + = statistical analysis against 0 mJ/cm2 L-NAME plus CQ, • = statistical 

analysis against their pairs without L-NAME. p <0.05 was considered significant.

Figure 7. Model for the role of cNOS in regulation of autophagy in cells without or with 

UVB exposure. Without UVB exposition, cells showed basal levels of autophagy, which 

are regulated by cNOS in a cell line specific way. However, after UVB exposition, the 

increased production of NO• and ONOO- is are responsible of the induction of the 

autophagy flux in the three cell lines tested.
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