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Abstract

Ultraviolet A (UVA) radiation is harmful for living organisms but in low doses may stimulate

cell proliferation. Our aim was to examine the relationships between exposure to different

low UVA doses, cellular proliferation, and changes in cellular reactive oxygen species levels.

In human colon cancer (HCT116) and melanoma (Me45) cells exposed to UVA doses com-

parable to environmental, the highest doses (30–50 kJ/m2) reduced clonogenic potential but

some lower doses (1 and 10 kJ/m2) induced proliferation. This effect was cell type and dose

specific. In both cell lines the levels of reactive oxygen species and nitric oxide fluctuated

with dynamics which were influenced differently by UVA; in Me45 cells decreased prolifera-

tion accompanied the changes in the dynamics of H2O2 while in HCT116 cells those of

superoxide. Genes coding for proteins engaged in redox systems were expressed differ-

ently in each cell line; transcripts for thioredoxin, peroxiredoxin and glutathione peroxidase

showed higher expression in HCT116 cells whereas those for glutathione transferases and

copper chaperone were more abundant in Me45 cells. We conclude that these two cell

types utilize different pathways for regulating their redox status. Many mechanisms engaged

in maintaining cellular redox balance have been described. Here we show that the different

cellular responses to a stimulus such as a specific dose of UVA may be consequences of

the use of different redox control pathways. Assays of superoxide and hydrogen peroxide

level changes after exposure to UVA may clarify mechanisms of cellular redox regulation

and help in understanding responses to stressing factors.

Introduction

Ultraviolet radiation is the non-ionizing part of the electromagnetic radiation spectrum with a

wavelength of 100–400 nm, invisible to human sight. The sun is a natural emitter of UV

divided into three main fractions UVA (315–400 nm), UVB (280–315 nm), and UVC (100–

280 nm), but most of this radiation is blocked by the atmosphere [1,2]. UVA constitutes the

largest part (*95%) of UV radiation that reaches the Earth’s surface [3], whereas UVB repre-

sents only 4–5% [1]. In irradiated humans UVA reaches the dermis and hypodermis and has
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no direct impact on DNA, but it can influence cellular structures indirectly by induction of

reactive oxygen species (ROS) which can damage macromolecules [1, 4]. For a long time UV

was regarded as damaging for cells and organisms [5], but since a few decades it is known that

low doses can also stimulate proliferation of cells; however, the mechanisms underlying this

phenomenon are not completely understood [1, 3, 6, 7].

Studies of signaling pathways in conditions where UVA stimulates cell proliferation show

changes in the levels of proteins engaged in controlling proliferation such as cyclin D1 [8,9],

Pin1 [3], and Kin17 [10] or activation of epidermal growth factor receptor (EGFR) which is

strongly mitogenic in many cell types [8]. Experiments on mice showed that UVA can acceler-

ate tumor growth [2,11].

One effect of exposure to UV is induction of ROS in cells, including different reactive mole-

cules and free radicals derived from molecular oxygen [12] which together with reactive nitro-

gen species (RNS) play important roles in regulation of cell signaling and survival (reviewed in

[13]). ROS can exert opposing effects, inducing cell damage and death or stimulating prolifera-

tion by protein modifications and participation in signaling pathways [14–23]. Many complex

mechanisms guard redox homeostasis, the balance between generation and elimination of

ROS and antioxidant systems, such as superoxide dismutase, catalase or glutathione peroxi-

dases which participate in these control systems [22, 24]. The role of ROS in stimulating prolif-

eration by low doses of UVA was supported by experiments in which irradiation with a low-

power diode laser increased ROS production accompanied by increased cell proliferation

which was prevented by addition of catalase or superoxide dismutase [9], suggesting that ROS

are at least partly involved in stimulating proliferation [19]. ROS in cells originate both from

external sources and as byproducts of cellular processes [9, 20, 21, 24]. Low levels of ROS stim-

ulate cell proliferation by activating signaling pathways connected with growth factors, causing

increased cell cycle progression, while higher levels show toxic effects causing cell death or

senescence [24, 25]. RNS include nitric oxide (NO), a highly reactive gas synthesized from L-

arginine by members of the nitric oxide synthase (NOS) family [26]. NO modulates many cel-

lular functions [27] by acting as a messenger for paracrine and autocrine communication and

its production and degradation are strictly controlled in different cell types [28]. All cells of

multicellular organisms produce superoxide and NO, which appear to be the main radicals

responsible for the regulation of cellular redox homeostasis. This regulation is especially

important in the presence of external ROS sources, because cells do not distinguish between

endogenously- and exogenously-generated ROS. The main endogenous sources of superoxide

are electron leakage from the mitochondrial respiratory chain and NADPH oxidases (NOXs),

a family of enzymes dedicated to the production of ROS in a variety of cells and tissues [20, 29,

30]. The generation of superoxide is highly conserved across all eukaryotic life and is strictly

regulated by antioxidant enzymes and reducing agents [13, 29], and the fluctuating level of

ROS in cells has been postulated to be an important mechanism regulating progression

through the cell cycle [20, 22, 31, 32].

The aim of the study is to investigate the basal mechanisms of redox regulation in cells. As

ROS and NO play an important role in many intra- and inter-cellular signaling pathways, par-

ticipate in regulation of the cell cycle (reviewed in [20]), and show increased levels after UV

radiation [4] we have studied if and how changes in their levels in irradiated cells could be

related to the effects of UVA on proliferation, using human melanoma (Me45) and colon can-

cer (HCT116) cells irradiated with UVA. We show that some low doses, specific for each cell

line, stimulate clonogenic survival whereas other, even lower doses inhibit proliferation. Com-

parison of the changes in the intracellular levels of ROS, NO, and superoxide (O2
-) after irradi-

ation with stimulating, suppressing, or neutral UVA doses suggests that these cell lines
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regulate their ROS levels by different pathways, and that it is the dynamics of superoxide or

H2O2 levels which plays a crucial role in growth stimulation or inhibition.

Materials and methods

Cell lines and culture

Human melanoma cells (Me45, established in the Center of Oncology in Gliwice from a

lymph node metastasis of skin melanoma; [33]) and human colorectal carcinoma cells

(HCT116; p53+/+, ATCC) were maintained in DMEM/F12 medium (PAN Biotech. Aiden-

bach, Germany, cat, #P04-41150) enriched with 10% fetal bovine serum (EURx, Gdansk,

Poland cat# E5050-03-500) at 37 ˚C in a humidified atmosphere enriched in 5% CO2. The

cells, 1000–5000 per dish, were irradiated at room temperature (21˚C) in culture plates (Sar-

stedt, Numbrecht, Germany cat# 83.3900) (covers opened) with various doses (0.05–50 kJ/m2)

of UVA (365 nm) generated by a UV crosslinker (model CL-1000, UVP, Upland, CA, USA).

Time of exposition was 1.15 seconds for any 0.05 kJ/m2 (i.e. 1.15 seconds for 0.05 kJ/m2, 23

seconds for dose of 1 kJ/m2). Untreated cells were used as a control.

Clonogenic survival asssays

Control and irradiated cells were seeded in 60-mm dishes at 1000–5000 cells/dish and incu-

bated from 5 to 14 days (depending on the cell line) at 37˚C in a humidified atmosphere. The

colonies were fixed with 2 ml cold 96% ethanol for 3 min, than washed with PBS (PAN Bio-

tech., Aidenbach, Germany, cat. no. P04-36500) and stained with 0.5% methylene blue in 50%

ethanol. Cells in colonies containing more than 50 cells (estimated under the microscope)

were counted and the surviving fraction was calculated as the plating efficiency of irradiated

cells relative to that of control un-irradiated cells.

Intracellular reactive oxygen species levels

To quantitate intracellular ROS, 100.000 cells were seeded, growing cells were collected by

trypsinization, suspended in culture medium to which 2’,7’-dichlorofluorescein diacetate

(DCFH-DA; Sigma-Aldrich, St. Louis, USA, Cat#287810) was added to final concentration of

30μM. Cells were incubated for 30 min at 37˚C in the dark, washed with medium, suspended

in PBS, and kept for 15 min on ice in the dark. Fluorescence was measured by flow cytometry

(Becton Dickinson FACS Canto) using the FITC configuration (488 nm laser line, LP mirror

503, BP filter 530/30), usually 10,000 cells were assayed per sample. To assess superoxide radi-

cals in living cells, MitoSox Red fluorogenic reagent (Thermo Fisher Scientific, Waltham,

USA, cat. no. M36008) was used [34, 35]. Cells were collected, suspended in medium (20,000

cells/300μl), incubated with MitoSox Red (5 μM final concentration) for 20 min at 37˚C in the

dark, and washed and resuspended in PBS. Samples were kept on ice until analysis by flow

cytometry (Becton Dickinson FACS Canto, 488 nm laser line, LP mirror 566, BP filter 585/42),

measuring 10,000 cell per sample. To assess NO, cells were incubated with 1μM 4-amino-

5-methylamino-2’,7’-difluorescein diacetate (DAF-FM, Thermo Fisher Scientific, Waltham,

USA, cat.# D23844) for 30 min in dark conditions at 37˚C and washed with PBS. The fluores-

cence intensity of 10,000 cells was measured by flow cytometry using the FITC configuration

(488 nm laser line. LP mirror 503, BP filter 530/30).

Results are expressed as mean fluorescence intensities ±SD from three independent

experiments.
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Fluorescence microscopy and image analysis

Fluorescent microscopy assays of superoxide and NO were performed with the same fluores-

cent reagents as for cytometry (MitoSOX Red and DAF-FM diacetate, Thermo Fisher Scien-

tific, Waltham, USA). HCT116 and Me45 cells were seeded at 10,000 cells per well in 4-well

cell culture chambers (Sarstedt, Numbrecht, Germany, cat# 94.6140.402), grown in DMEM

medium supplemented with 10% fetal bovine serum for 24 hours at 37˚C in standard condi-

tions, and labelled with MitoSOX Red (2.5μM) in the first well, DAF-FM Diacetate (2.5μM) in

the second well, both dyes in the third well, and no dye in the last (control) well. Cells were

incubated for 20 minutes at 37˚C in a humidified atmosphere enriched with 5% CO2, the

culture medium was removed, the cells were washed with PBS, fixed with 0.5 ml of cold 70%

ethanol per well for 10 minutes, and washed with the same volume of deionized water for 3

minutes. Slides with fixed cells were covered with mounting gel and a cover glass. Images were

captured with an Olympus BX43 microscope with a 40x objective and a CoolLED precisExcite

fluorescence excitation system. Red and green fluorescence and transparent light images were

obtained for 10 areas containing cells stained with both fluorescent dyes on each slide and ana-

lyzed with Matlab 2016b software using the functions corrcoef and scatter to detect correlation

between the values of corresponding pixels in both fluorescence images.

Expression of genes coding for proteins engaged in cellular redox processes

We identified 574 genes which are directly or indirectly engaged in redox processes, using GO

terms such as oxide, superoxide, nitric oxide, hydrogen peroxide, ROS and reactive oxygen

species. The levels of transcripts of these genes in non-irradiated HCT116 and Me45 cells

were extracted from our earlier Affymetrix microarray experiments [17, 32] whose results are

available in the ArrayExpress database under accession number E-MEXP-2623. All data are

MIAME compliant. Microarray data quality was assessed using simpleaffy Bioconductor pack-

age [36]. Raw HG-U133A microaarray data obtained from two experiments, based on Me45

and HCT116 cell lines, were processed using Brainarray EntrezGene specific custom CDF

(v22) [37] in RMAexpress program [38] using PLM (Probe Level Model) normalization

method. Biological replicates were averaged and expression levels compared between Me45

and HCT116 cell lines. We extracted all genes which showed at least 1.2-fold difference for fur-

ther study.

Assay of total and oxidized glutathione levels

For assays of total glutathione we used Rahman et al.’s modification [39] of the colorimetric

assay originally proposed by Vandeputte et al. [40] which is based on the reaction of GSH with

5,50-dithio-bis (2-nitrobenzoic acid) (DTNB, Sigma-Aldrich, Saint Louis, USA, cat# D-8130)

which produces 5-thio-2-nitrobenzoic acid (TNB) and its adduct with oxidized glutathione

(GS-TNB). The disulfide product was reduced by glutathione reductase (0.2 U) (Sigma-

Aldrich, Saint Louis, USA, cat. no. G-3664)) in the presence of 0.8mM NADPH (Sigma-

Aldrich, Saint Louis, USA, cat. no. D-8130). The TNB chromophore was measured at 412 nm

in a microplate (96-plate) reader (Epoch, Biotek, Winooski, USA). For measurements of oxi-

dized glutathione (GSSG) levels, cell extracts made by sonication in 0.1% Triton X-100

(Sigma-Aldrich, Saint Louis, USA, cat# T8787) and 0.6% sulfosalicylic acid (Sigma-Aldrich,

Saint Louis, USA, cat# S-2130) in 0.05M potassium phosphate buffer pH 7.2 containing 1 mM

EDTA (KPE) buffer were treated with 2-vinylpyridine (Sigma-Aldrich, Saint Louis, USA, cat#

132292) for 1 h at room temperature, excess 2-vinylpyridine was neutralized with triethanola-

mine (Sigma-Aldrich, Saint Louis, USA, cat# T1377), and the enzymatic recycling and reaction

with DTNB was carried as described above.
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Reverse transcription and real-time quantitative polymerase chain reaction

(RT-qPCR)

RNA was extracted with Total RNA mini kits (A&A Biotechnology, Gdansk, Poland, cat#

031–100) and reverse transcribed using NG dART kits (Eurx, Gdansk, Polska, cat# E0801)

using oligo(dT). RT-qPCR was performed on a BioRad CFX 96 System using the Real-Time 2x

PCR Master Mix SYBR A kit (A&A Biotechnology, Gdansk, Poland, cat# 2008-100A). Reac-

tion mixtures were incubated for 2 min at 50˚C, 4 min at 95˚C, followed by 50 cycles of 45 sec

at 95˚C, and 30 sec at 54–60˚C (depending on the primer set). Levels of expression were esti-

mated by the ΔCT method as in [15]. RPL41 transcript was used as reference. Sequences of

primers for RT-qPCR were summarized in S1 Table Primers sequences were designed using

Primer-BLAST [41] and checked with OligoAnalyzer Tool [42].

Statistical analyses

Results are expressed as means ± SD from at least three biological replicates. Two-sided Stu-

dent’s t-test was used for identification of statistically significant differences (p< 0.05) between

UV-treated and control (untreated) cells. The standard deviation of expression levels were cal-

culated from SD of the target and reference values using formula SD = (SD1
2+SD2

2)1/2. Corre-

lations between time course changes in irradiated and control cells were calculated using

Pearson’s test and are presented as correlation coefficients.

Results

UVA induced proliferation changes are dose and cell-type specific

HCT116 and Me45 cells were exposed to a range of UVA radiation doses (0.05, 0.1, 0.25, 0.5,

1, 5, 10, 15, 20, 30, 40, or 50 kJ/m2) and their proliferation was studied by clonogenic tests.

Some doses stimulated proliferation and others suppressed proliferation when compared to

un-irradiated controls in both cell lines, although they responded differently and the doses

that increased clonogenicity were specific for each cell line (Fig 1). HCT116 cells showed a sta-

tistically significant increase of colony formation after exposure to 10 kJ/m2 (p-value 0.02) and

a decrease after 0.1, 40, and 50 kJ/m2 (p-values 0.02, 0.05 and<0.01). The clonogenicity of

Me45 cells increased after irradiation with 1 and 10 kJ/m2 (p-value <0.01) but was reduced

after 15 to 50 kJ/m2 (p-values 0.01, 0.01, 0.045, 0.04 and <0.01 respectively).

Low UVA doses do not significantly influence average levels of ROS

We used specific fluorescent probes and flow cytometry to compare the levels of ROS and NO

in cells irradiated with different UVA doses with those in control cells. Fig 2 shows the effect of

UVA on the level of superoxide detected by MitoSox, of NO detected by DAF-FM, and of ROS

detected by DCFH-DA. The average values for each dose were calculated from all twelve assays

performed in different experiments and at different time points.

Average superoxide levels showed a tendency to increase with higher UVA dose in both cell

lines, but the increases were not statistically significant. NO levels did not change or decreased

slightly with higher doses. The levels of ROS detected with DCFH-DA also did not change in

irradiated HCT116 cells, but Me45 cells showed small irregular increases with lower doses and

decreases with higher doses. This probe detects several different radicals and was first used for

detection of H2O2 [43, 44], and it seems probable that the ROS changes detected by this probe

mainly reflect changes of H2O2 levels. None of the differences in average levels of ROS or NO

radicals between control and irradiated cells were statistically significant.
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Fig 1. Clonogenicity of human cells after exposure to different UVA doses. (A) HCT116 cells, (B) Me45 cells. Data

show the mean and SD of 3 experiments. Asterisks denote statistical significance of differences between irradiated and

control samples with a p-value<0.05. The horizontal dashed line represents the control level.

https://doi.org/10.1371/journal.pone.0205215.g001

Fig 2. Average levels of ROS and NO in HCT116 and Me45 do not significantly change after exposure of cells to

different UVA doses. The levels were measured four times during 24 h in control and cells irradiated with different

UVA doses and experiment was repeated 4 times. The results are presented as fold change in irradiated cells versus

non-irradiated controls. Data show the mean and standard deviation from 4 experiments; statistically significant

differences (p< 0.05) were marked with an asterisks).

https://doi.org/10.1371/journal.pone.0205215.g002
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ROS level dynamics change differently after different UVA doses

Although the UVA doses which we used did not change the average ROS levels significantly,

they influenced fluctuations of these levels. The time course changes of the levels of ROS

assayed by DCFH-DA, of superoxide, and of NO in cells irradiated with a particular dose or

not irradiated are shown in Fig 3. Me45 and HCT116 cells responded to different doses with

very different kinetics of radical levels and these dynamics of changes were cell type-specific.

At first sight it is difficult to identify features which could be correlated with the increased or

decreased clonogenic potential observed after irradiation with some doses.

To evaluate the similarity between radical dynamics in UVA-irradiated and control cells,

we calculated correlation coefficients using Pearson’s test. The dynamics of NO levels did not

change significantly after exposure of cells to any of the UVA doses studied, and the increases

and decreases appeared at similar time points in control and irradiated cells. The correlation

coefficients between cells irradiated with different doses or not irradiated were>0.9 for

HCT116 cells and>0.8 for three out of four doses in Me45 cells (Table 1). This positive corre-

lation suggests that the changes of NO levels are strictly controlled in both cell lines after both

stimulating or inhibiting proliferation UVA doses.

The superoxide level dynamics in Me45 cells irradiated with any dose were highly corre-

lated with those in control cells (Table 1). In contrast, in HCT116 cells this level showed clear

differences between the effects of UVA doses which stimulated or did not stimulate clonogenic

potential; the dynamics of superoxide levels after doses inhibiting proliferation were inversely

correlated with those in control cells, while after doses which stimulated proliferation these

levels were positively correlated with those in control cells; however the correlation coefficients

were rather low. The dynamics of the level of ROS in Me45 cells assayed by DCFH-DA

changed after irradiation in a manner similar to those of superoxide in HCT116 cells, prolifer-

ation-inhibiting doses showing a negative correlation and proliferation-stimulating doses a

positive correlation with the dynamics in control cells.

Fig 3. The dynamics of the levels of superoxide, nitric oxide and ROS detected by DCFH-DA in control and UVA

irradiated cells. Each curve represents the results after exposure to a particular UV dose shown on the right; data are

means from three experiments and error bars are not shown for clarity.

https://doi.org/10.1371/journal.pone.0205215.g003

Specific cell responses to UVA and ROS regulation

PLOS ONE | https://doi.org/10.1371/journal.pone.0205215 January 25, 2019 7 / 19

https://doi.org/10.1371/journal.pone.0205215.g003
https://doi.org/10.1371/journal.pone.0205215


HCT116 and Me45 cells differ in intracellular level and localization of NO

and superoxide

Me45 cells had a ~5 times lower level of NO than HCT116 cells but higher levels of ROS

detected by DCFH and of superoxide, as assayed by flow cytometry (Fig 4A). Analysis of sin-

gle cells using fluorescence microscopy showed that in both cell types, most NO and super-

oxide were co-localized as shown by a high positive correlation of their signals in single

pixels. Rare HCT116 cells contained larger regions with a high NO and a low superoxide sig-

nal (for example, Fig 4B) but similar regions were not seen in Me45 cells. Co-localization

was significantly higher in Me45 than in HCT116 cells; Pearson’s correlation coefficients for

all pixels in 10 fields containing 5 to 10 cells were 0.9 and 0.6 in Me45 and HCT116 cells,

respectively.

HCT116 and Me45 cells have different levels of some transcripts

participating in redox systems

The differences in response to UVA and in radical levels in the two cell lines suggested that

they use different mechanisms for the regulation of their redox status. To get more informa-

tion on these mechanisms, we compared the expression of different genes coding for proteins

engaged directly or indirectly in redox processes in each cell line. The expression levels of

more than 500 candidate genes found on the basis of ontology terms were compared using our

earlier microarray data for Me45 and HCT116 cells [17]. The full list of these genes and their

expression levels are given in S2 Table of the Supplement. Both cell lines express many genes

engaged in redox regulation and expression of some of these genes is significantly higher in

Me45 or HCT116 cells (Tables 2 and 3). This cell line specific enrichment was observed also

after UVA exposure in RT-qPCR experiments (Table 4, Fig 5).

Me45 cells contain lower levels of transcripts for thioredoxin (TXN) and peroxyredoxin

(PRDX) and higher levels of transcripts for thioredoxin-inhibiting protein (TXNIP). On the

other hand, genes coding for glutathione S-transferases (GST) show higher expression in

Me45 cells, with the GSTM3 transcript showing the largest difference. Transcripts for

Table 1. Correlation coefficients for the degree of similarity between radical dynamics in UV-irradiated vs. con-

trol cells.

Superoxide1 ROS2 NO3

HCT116 cells

0.5 kJ/m2 -0.38 0.7 1�

10 kJ/m2 0.37 0.81 0.97�

30 kJ/m2 -0.79 0.88 0.94�

Me45 cells

0.5 kJ/m2 0.95� -0.01 0.89�

1 kJ/m2 0.99� 0.59 0.89�

10 kJ/m2 0.99� 0.83 0.93�

30 kJ/m2 0.98� -0.47 0.67

1measured by MitoSox.
2detected by DCFH-DA (mainly H2O2).
3measured by DAF-FM;

�Pearson’s correlation p-value <0.05. Bold values indicate changes from a positive to a negative correlation

coefficient.

https://doi.org/10.1371/journal.pone.0205215.t001
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the antioxidant ATOX1, a copper chaperone which may increase activity of the protein

SOD1 by providing copper ions and influence SOD3 gene expression as a transcription

factor [45, 46], are more than 10 times more abundant in Me45 than in HCT116 cells. There

are also some genes which are significantly more highly expressed in HCT116 cells, for

example GTP cyclohydrolase 1 which codes for the first and rate-limiting enzyme in biosyn-

thesis of tetrahydrobiopterin (BH4), a cofactor required for activity of nitric oxide synthases

[47, 48].

Glutathione in HCT116 and Me45 cells. Glutathione is an important player in cell

redox regulation [39] and the gene GCLM which codes for glutamate-cysteine ligase regula-

tory subunit, required for synthesis of glutathione, is more highly expressed in HCT116 than

in Me45 cells (Table 3). We therefore compared the levels of reduced (GSH) and oxidized

(GSSG) glutathione in these cells. The levels of total glutathione, GSH (~96% of the total),

and of GSSG were lower in Me45 cells, but the differences were not statistically significant

(Fig 6).

Fig 4. Nitric oxide and ROS in HCT116 and Me45 cells. A; mean levels of NO, superoxide and ROS detected by

DAF-FM, MitoSOX Red and DCFH-DA respectively, measured in whole population of unirradiated cells by flow

cytometry (data presented as a mean with a standard deviation from 4 experiments; statistically significant differences

(p< 0.05) were marked with an asterisks), B; examples of superoxide and NO distribution in single HCT116 and Me45

cells observed by fluorescence microscopy, NO detected by fluorescence of DAF-FM diacetate and superoxide by

MitoSOX Red.

https://doi.org/10.1371/journal.pone.0205215.g004
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Table 2. Genes with higher expression in Me45 than in HCT116 cells (microarray data).

Gene Gene symbol Transcript level [a.u.]1 Enrichment2

Glutathione S-Transferase Mu 3 GSTM3 299 27.0

Antioxidant 1 Copper Chaperone ATOX1 3336 11.3

Thioredoxin Interacting Protein TXNIP 346 10.7

Glutathione S-Transferase Alpha 4 GSTA4 316 3.0

Peroxidasin PXDN 80 2.8

Glutathione S-Transferase Kappa 1 GSTK1 734 2.4

SH3 Domain Binding Glutamate Rich Protein Like 3 SH3BGRL3 552 2.3

Cyclin Dependent Kinase 5 CDK5 565 2.2

Cyclin Dependent Kinase 2 CDK2 359 2

Glutathione S-Transferase Pi 1 GSTP1 1042 1.8

Catalase CAT 402 1.6

Glutathione S-Transferase Omega 1 GSTO1 2037 1.4

Microsomal Glutathione S-Transferase 3 MGST3 1334 1.2

Thioredoxin Reductase 1 TXNRD1 758.2 1.1

1arbitrary units reflect normalized data from microarray experiment.
2Fold change

https://doi.org/10.1371/journal.pone.0205215.t002

Table 3. Genes with higher expression in HCT116 than in Me45 cells(microarray data).

Gene Gene symbol Transcript

level1
Enrichment2

GTP Cyclohydrolase 1 (BH4 synthesis) GCH1 260 19

Dimethylarginine Dimethylaminohydrolase 1

(demethylation of arginine)

DDAH1 279 11

F2R Like Trypsin Receptor 1 F2RL1 206 9

Thioredoxin Like 1 TXNL1 1281 4

Glutamate-cysteine ligase regulatory subunit (glutathione synthesis) GCLM 170 3.4

NAD(P)H Quinone Dehydrogenase 2 NQO2 515 3

Thioredoxin Related Transmembrane Protein 1 TMX1 397 2.5

Peroxiredoxin 2 PRDX2 1448 2.5

Thioredoxin TXN 2269 2.4

Glutaredoxin 5 GLRX5 976 2.4

Nitric oxide synthase interacting protein NOSIP 299 2.4

Glutaredoxin 2 GLRX2 329 2.2

Peroxiredoxin 3 PRDX3 791 1.9

Peroxiredoxin 6 PRDX6 1009 1.8

LanC Like 1 LANCL1 241 1.7

Superoxide Dismutase 1 SOD1 2902 1.7

Peroxiredoxin 1 PRDX1 2571 1.5

Nitric Oxide Synthase 2 NOS2 74 1.5

Peroxiredoxin 4 PRDX4 1303 1.4

Glutathione Peroxidase 4 GPX4 1331 1.2

Apurinic/Apyrimidinic Endodeoxyribonuclease 1 APEX1 1545 2.7

1arbitrary units reflect normalized data from microarray experiment.
2Fold change

https://doi.org/10.1371/journal.pone.0205215.t003
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Discussion

Stimulation of proliferation by UVA and fluctuations of intracellular ROS

level

Stimulation of cell proliferation by UVA radiation at doses of 3–9 kJ/m2 has been known for a

few decades. [3,9]. Here we show that doses in this range, but not exceeding 10 kJ/m2, increase

the clonogenic potential of HCT116 and Me45 cells and that this effect is dose- and cell type-

specific (Fig 1).

We assumed that the increase of surviving fraction observed upon exposition to some doses

of UVA reflect induction of cell proliferation, rather than decrease in apoptosis as the basal

apoptotic fraction in studied cells was very small (< 6%) and its decrease would not cause

change significant enough to be detected by clonogenic survival assay.

We believe that this effect may be related to intracellular levels of ROS and RNS [34, 35],

and supports a role for redox conditions, superoxide, and NO in regulation of proliferation

which was suggested 30 years ago [14, 49, 50, 51, 52].

The levels of intracellular ROS, superoxide, and NO, assayed using specific probes, changed

in time (Fig 3) in agreement with the fluctuations of ROS level observed by others and pro-

posed to be important in regulation of the cell cycle (reviewed in [20]). In some cases the kinet-

ics of the changes of level after irradiation were highly correlated with those in control cells

(Table 1); for example, in both cell types the general pattern of NO level change did not vary

after irradiation although their levels differed (Fig 3), suggesting that the pattern of NO level

change is important for regulatory mechanisms in both cell types. For other radicals, the corre-

lation between irradiated and control cells was much lower and sometimes changed sign; for

example, in Me45 cells the fluctuations of superoxide level did not vary after irradiation and

were highly correlated with those in control cells, whereas in contrast the fluctuations in

HCT116 cells varied depending on the UVA dose and were inversely correlated with those in

control cells after proliferation-inhibiting doses, but were positively correlated after prolifera-

tion-stimulating doses. In HCT116 cells the DCFH-DA-detected ROS level changed more reg-

ularly than that in Me45 cells, while in Me45 cells irradiated with proliferation-inhibiting

UVA doses it became inversely correlated compared to the dynamics in control cells. An

increase of proliferation rate after irradiation was observed only if the fluctuations of ROS level

retained their pattern in control cells, although conservation of the pattern of fluctuations of

different radicals in both cell lines were important (Table 1). Overall, these results suggest that

it is the pattern of fluctuations of radical levels, rather than the levels themselves, which

Table 4. Enrichment of selected genes expression after UVA radiation (RT-qPCR).

Gene Gene symbol Enrichment1

Control 10 kJ/m2 30 kJ/m2

Genes with higher expression in HCT116 than in Me45 cells

Glutathione Peroxidase 4 GPX4 7,7 1,7 5,7

Thioredoxin TXN 2,0 1,2 1,1

Peroxiredoxin 3 PRDX3 2,6 2,2 2,5

Genes with higher expression in Me45 than in HCT116 cells

Catalase CAT 2,7 2,2 2,1

Glutathione S-Transferase Omega 1 GSTO1 3,0 2,8 3,1

Glutathione S-Transferase Pi 1 GSTP1 3,3 2,2 1,9

1Fold change

https://doi.org/10.1371/journal.pone.0205215.t004
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influences proliferation rate after UVA irradiation and that each cell type may use different

pathways to regulate cellular redox status.

ROS-regulating pathways and their choice in HCT116 and Me45 cells

ROS participate in many signaling pathways, including those regulating the cell cycle and pro-

liferation [9, 20, 22, 24], and their intracellular levels must be precisely controlled. The main

players in regulation of cellular redox status are superoxide and NO which are produced by

cells and interact with each other and with many other cellular molecules. Their levels are reg-

ulated by a series of feedback circuits, mainly based on peroxiredoxins, thioredoxins,

Fig 5. Changes of expression after UVA radiation (10kJ/m2, 30kJ/m2) and control cells. Results are presented as relative level to RPL41 transcript

expression with standard deviation.

https://doi.org/10.1371/journal.pone.0205215.g005
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glutathione, thioredoxin and glutathione reductases, NADPH, and enzymes engaged in pro-

duction of superoxide or NO [53, 54, 55] (Fig 7). Fig 7 shows some proteins whose differential

expression in Me45 and HCT116 cells may influence these pathways. Many other possible

interactions of superoxide and ONOO- occur, with themselves, with other proteins, CO2, anti-

oxidants, and other compounds which result in creation of new radicals and interaction cir-

cuits which further influence the redox state of the cell and create additional regulatory sub-

circuits, described in detail in many recent and older reviews [53, 55, 56, 57]. Nevertheless, the

ROS regulatory circuits in Fig 7 seem to create the basic pathways for redox regulation in cells

which may determine the character of radical level fluctuations.

The two main pathways leading to regulation of superoxide levels start by its conversion to

H2O2 or to peroxynitrite in reactions with NO [55, 58]. H2O2 may be created by interaction of

two superoxide molecules, either spontaneously or more efficiently by superoxide dismutase

(SOD) [22, 24, 58]. Interaction of superoxide with NO starts another pathway by creation of

the very reactive peroxynitrite radical (ONOO-); the sources of superoxide and NO and their

spatial separation may determine further regulatory pathways through H2O2 or ONOO- in

cells.

NOS produces either NO or superoxide in appropriate conditions [59], and we speculate

that this could explain the more frequent colocalization of these two types of radical in Me45

than in HCT116 cells (Fig 4). This hypothesis is supported by data confirming presence of

NOS in mitochondria. The NOS3 (eNOS) protein has been identified in the membrane of

mitochondria from skeletal muscle, brain, heart and kidney [60, 61, 62, 63]. Also presence of

iNOS (NOS2) has been showed in mitochondrial fraction [64]. Several groups claimed that

mitochondria contain specific NOS form (mtNOS) similar to nNOS (NOS1) and/or eNOS. It

is controversial as some results suggest that mtNOS is in fact nNOS or eNOS, however there

are strong evidence of NOS presence in mitochondria [63, 65, 66].

All isoforms of NOS contain the N-terminal oxygenase and C-terminal reductase domains

separated by a linker, and function as homodimers which produce NO by oxidation of L-argi-

nine to L-citrulline [67, 68, 69]. In the absence of the cofactor, tetrahydrobiopterin (BH4), the

domains become uncoupled and NOS produces superoxide instead of NO [47, 48, 68, 69]. The

levels of transcripts for the NOS isoforms are rather low and are similar in HCT116 and Me45

cells, except that for NOS2 which is slightly higher in HCT116 cells (Table 3 and S2 Table).

However, the gene GCH1 which encodes the rate-limiting enzyme in synthesis of BH4 [70] is

Fig 6. Levels of reduced (GSH) and oxidized (GSSG) glutathione in HCT116 and Me45 cells. Data show the mean

and SD of 3 independent experiments.

https://doi.org/10.1371/journal.pone.0205215.g006
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expressed at a significantly lower level in Me45 cells (Table 3) which could result in insufficient

availability of BH4 and consequently an increased production of superoxide by NOS. Further,

in Me45 cells the level of transcripts for glutathione transferases is significantly higher

(Table 2) and glutathionylation of NOS results in increased production of superoxide [48, 71].

Either or both of these scenarios would result in superoxide forming a larger fraction of the

products of NOS in Me45 cells and to the observed more frequent apparent colocalization

with NO. This would lead to higher production of peroxynitrite which may be further con-

verted to NO2 by peroxiredoxins and glutathione peroxidases which also participate in reduc-

tion of H2O2 [72, 73] and these pathways are probably used preferentially by HCT116 cells

which show higher expression of PRDX, TXN, GPX than Me45 cells. The other pathway for

ONOO- reduction is interaction with transition metal centers (reviewed in [53]) and Me45

cells show significantly higher levels than HCT116 cells of ATOX gene transcripts coding for

copper chaperone [22, 74] and of transcripts of thioredoxin-inhibiting protein TXNIP, sug-

gesting that in Me45 cells interaction of ONOO- with transition metals may be dominating.

Glutathione is a further important player in redox regulation, and its level is lower in Me45

cells than in HCT116 cells (Fig 6). This could plausibly be due to the lower expression of the

GCLM gene (Table 3), or to greater use of glutathione for glutathionylation of proteins since

Fig 7. The main pathways for regulation of superoxide and NO levels in Me45 and HCT116 cells. A,C and E show production

and further interactions of superoxide (A), hydrogen peroxide (C) and peroxynitrite (E) and regulatory pathways engaged. B,D and

F compare use of presented regulatory pathways in HCT116 and Me45 cells by the size of black (Me45) and white (HCT116) arrows.

https://doi.org/10.1371/journal.pone.0205215.g007
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genes coding for GSTs are more highly expressed in Me45 cells. As glutathione is necessary for

reactivation of GPX, one could again expect that the pathway engaging GPX will be also less

efficient in Me45 cells.

Redox balance plays a critical role in regulating biological processes and many cellular

pathways, including stimulation and inhibition of proliferation, are influenced by ROS levels.

Our results suggest that cells may concentrate on strict regulation of superoxide or hydrogen

peroxide levels when changed by stress, and that stimulation or inhibition of cell proliferation

depend on the dynamics of level fluctuations and less on the ROS levels themselves. We show

for the first time that varying responses of different cell types to the same stimulus such as a

specific dose of UVA may result from their use of different redox control pathways. Existence

of such alternative pathways of redox environment control in different cell lines may have

implication for therapies using UV as well as further studies of cellular response to stress

factors.
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Ronald Hancock (Laval University, Québec, Canada) is acknowledged for critically reading

and editing the manuscript.

Author Contributions

Conceptualization: Sylwia Ciesielska, Joanna Rzeszowska-Wolny.

Formal analysis: Sylwia Ciesielska, Dorota Hudy.

Funding acquisition: Joanna Rzeszowska-Wolny.

Investigation: Sylwia Ciesielska, Patryk Bil, Karolina Gajda, Aleksandra Poterala-Hejmo, Dor-

ota Hudy.

Methodology: Patryk Bil, Aleksandra Poterala-Hejmo.

Project administration: Joanna Rzeszowska-Wolny.

Software: Patryk Bil.

Writing – original draft: Sylwia Ciesielska, Joanna Rzeszowska-Wolny.

Writing – review & editing: Joanna Rzeszowska-Wolny.

References

1. IARC Working Group Reports. Vol 1. Exposure to artificial UV radiation and skin cancer. ISBN 92 832

2441 8, 2005

2. Sluyter R, Halliday GM. Enhanced tumor growth in UV-irradiated skin is associated with an influx of

inflammatory cells into the epidermis. Carcinogenesis. 2000; 21: 1801–1807 PMID: 11023536

Specific cell responses to UVA and ROS regulation

PLOS ONE | https://doi.org/10.1371/journal.pone.0205215 January 25, 2019 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205215.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205215.s002
http://www.ncbi.nlm.nih.gov/pubmed/11023536
https://doi.org/10.1371/journal.pone.0205215


3. Han CY, Hien TT, Lim SC, Kang KW. Role of Pin1 in UVA-induced cell proliferation and malignant trans-

formation in epidermal cells. Biochem Biophys Res Commun. 2011; 410: 68–74 https://doi.org/10.

1016/j.bbrc.2011.05.106 PMID: 21640077

4. Bachelor MA, Bowden GT. UVA-mediated activation of signaling pathways involved in skin tumor pro-

motion and progression. Semin Cancer Biol. 2004; 14:131–8 https://doi.org/10.1016/j.semcancer.

2003.09.017 PMID: 15018897

5. Berton TR, Mitchell DL, Fischer SM, Locniskar MF. Epidermal proliferation but not quantity of DNA

photodamage is correlated with UV-induced mouse skin carcinogenesis. J Invest Dermatol. 1997;

109:3407

6. Liu Z, Chen H, Yang H, Liang J, Li X. Low-Dose UVA Radiation-Induced Adaptive Response in Cultured

Human Dermal Fibroblasts. International Journal of Photoenergy. 2012; ID 167425.

7. WHO. Global Solar UV index. ISBN 92 4 159007 6, 2002

8. El-Abaseri TB, Putta S, Hansen LA. Ultraviolet irradiation induces keratinocyte proliferation and epider-

mal hyperplasia through the activation of the epidermal growth factor receptor. Carcinogenesis. 2006;

27:225–31 https://doi.org/10.1093/carcin/bgi220 PMID: 16123117

9. Grossman N, Schneid N, Reuveni H, Halevy S, Lubart R. 780 nm low power diode laser irradiation stim-

ulates proliferation of keratinocyte cultures: involvement of reactive oxygen species. Lasers Surg Med.

1998; 22: 212–8 PMID: 9603282

10. Kannouche P, Pinon-Lataillade G, Tissier A, Chevalier-Lagente O, Sarasin A,Mezzina M, et al. The

nuclear concentration of kin17, a mouse protein that binds to curved DNA, increases during cell prolifer-

ation and after UV irradiation. Carcinogenesis. 1998; 19: 781–9 PMID: 9635863

11. Staberg B, Wulf HC, Klemp P, Poulsen T, Brodthagen H. The carcinogenic effect of UVA irradiation.

Journal of Investigative Dermatology. 1983; 81: 517–519 PMID: 6644093

12. Bossi O, Gartsbein M, Leitges M, Kuroki T, Grossman S, Tennenbaum T. UV irradiation increases ROS

production via PKCdelta signaling in primary murine fibroblasts. J Cell Biochem. 2008; 105: 194–207

https://doi.org/10.1002/jcb.21817 PMID: 18523985

13. Aguirre J, Lambeth JD. Nox enzymes from fungus to fly to fish and what they tell us about Nox function

in mammals. Free Radic Biol Med. 2010; 49:1342–53 https://doi.org/10.1016/j.freeradbiomed.2010.07.

027 PMID: 20696238

14. Burdon RH. Superoxide and hydrogen peroxide in relation to mammalian cell proliferation. Free Radic

Biol Med. 1995; 18:775–94 PMID: 7750801

15. Foksinski M, Zarakowska E, Gackowski D, Skonieczna M, Gajda K, Hudy D, et al. Profiles of a broad

spectrum of epigenetic DNA modifications in normal and malignant human cell lines: Proliferation rate is

not the major factor responsible for the 5-hydroxymethyl-2’-deoxycytidine level in cultured cancerous

cell lines. PLoS One. 2017; 12: e0188856 https://doi.org/10.1371/journal.pone.0188856 PMID:

29190698

16. Irani K. Oxidant signaling in vascular cell growth, death, and survival: a review of the roles of reactive

oxygen species in smooth muscle and endothelial cell mitogenic and apoptotic signaling. Circ Res.

2000; 87: 179–83 PMID: 10926866

17. Jaksik R, Lalik A, Skonieczna M, Cieslar-Pobuda A, Student S, Rzeszowska-Wolny J. MicroRNAs and

reactive oxygen species: are they in the same regulatory circuit? Mutat Res Genet Toxicol Environ

Mutagen. 2014; 764–765: 64–71 https://doi.org/10.1016/j.mrgentox.2013.09.003 PMID: 24051449

18. Janssen Y, Van Houten B, Borm P, Mossman B. Cell and tissue responses to oxidative damage. Lab

Investig. 1993; 69: 261–274 PMID: 8377469

19. Klotz LO, Pellieux C, Briviba K, Pierlot C, Aubry JM, Sies H. Mitogen activated protein kinase (p38-,

JNK-, ERK-) activation pattern induced by extracellular and intracellular singlet oxygen and UVA. Eur J

Biochem. 1999; 260: 917–22 PMID: 10103024

20. Menon SG, Goswami PC. A redox cycle within the cell cycle: ring in the old with the new. Oncogene.

2007; 26: 1101–9 https://doi.org/10.1038/sj.onc.1209895 PMID: 16924237

21. Murrell GA, Francis MJ, Bromley L. Modulation of fibroblast proliferation by oxygen free radicals. Bio-

chem J. 1990; 265: 659–65 PMID: 2154966

22. Sarsour EH, Kumar MG, Chaudhuri L, Kalen AL, Goswami PC. Redox control of the cell cycle in health

and disease. Antioxid Redox Signal. 2009; 11: 2985–3011 https://doi.org/10.1089/ARS.2009.2513

PMID: 19505186

23. Skonieczna M, Hejmo T, Poterala-Hejmo A, Cieslar-Pobuda A, and Buldak RJ. NADPH oxidases:

Insights into selected functions and mechanisms of action in cancer and stem cells. Oxidative Medicine

and Cellular Longevity. 2017; vol. 2017

Specific cell responses to UVA and ROS regulation

PLOS ONE | https://doi.org/10.1371/journal.pone.0205215 January 25, 2019 16 / 19

https://doi.org/10.1016/j.bbrc.2011.05.106
https://doi.org/10.1016/j.bbrc.2011.05.106
http://www.ncbi.nlm.nih.gov/pubmed/21640077
https://doi.org/10.1016/j.semcancer.2003.09.017
https://doi.org/10.1016/j.semcancer.2003.09.017
http://www.ncbi.nlm.nih.gov/pubmed/15018897
https://doi.org/10.1093/carcin/bgi220
http://www.ncbi.nlm.nih.gov/pubmed/16123117
http://www.ncbi.nlm.nih.gov/pubmed/9603282
http://www.ncbi.nlm.nih.gov/pubmed/9635863
http://www.ncbi.nlm.nih.gov/pubmed/6644093
https://doi.org/10.1002/jcb.21817
http://www.ncbi.nlm.nih.gov/pubmed/18523985
https://doi.org/10.1016/j.freeradbiomed.2010.07.027
https://doi.org/10.1016/j.freeradbiomed.2010.07.027
http://www.ncbi.nlm.nih.gov/pubmed/20696238
http://www.ncbi.nlm.nih.gov/pubmed/7750801
https://doi.org/10.1371/journal.pone.0188856
http://www.ncbi.nlm.nih.gov/pubmed/29190698
http://www.ncbi.nlm.nih.gov/pubmed/10926866
https://doi.org/10.1016/j.mrgentox.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24051449
http://www.ncbi.nlm.nih.gov/pubmed/8377469
http://www.ncbi.nlm.nih.gov/pubmed/10103024
https://doi.org/10.1038/sj.onc.1209895
http://www.ncbi.nlm.nih.gov/pubmed/16924237
http://www.ncbi.nlm.nih.gov/pubmed/2154966
https://doi.org/10.1089/ARS.2009.2513
http://www.ncbi.nlm.nih.gov/pubmed/19505186
https://doi.org/10.1371/journal.pone.0205215


24. Boonstra J, Post JA. Molecular events associated with reactive oxygen species and cell cycle progres-

sion in mammalian cells. Gene. 2004; 337:1–13 https://doi.org/10.1016/j.gene.2004.04.032 PMID:

15276197

25. Hatanaka E, Dermargos A, Armelin HA, Curi R, Campa A. Serum amyloid A induces reactive oxygen

species (ROS) production and proliferation of fibroblast. Clin Exp Immunol. 2011; 163: 362–7 https://

doi.org/10.1111/j.1365-2249.2010.04300.x PMID: 21175596

26. Villalobo A. Nitric oxide and cell proliferation. FEBS J. 2006; 273: 2329–44 https://doi.org/10.1111/j.

1742-4658.2006.05250.x PMID: 16704409

27. Ignarro LJ, Buga GM, Wei LH, Bauer PM, Wu G, del Soldato P. Role of the arginine-nitric oxide pathway

in the regulation of vascular smooth muscle cell proliferation. Proc Natl Acad Sci USA. 2001; 8: 4202–8

28. Napoli C, Paolisso G, Casamassimi A, Al-Omran M, Barbieri M, Sommese L, et al. Effects of nitric oxide

on cell proliferation: novel insights. J Am Coll Cardiol. 2013; 62: 89–95 https://doi.org/10.1016/j.jacc.

2013.03.070 PMID: 23665095

29. Finkel T. Signal transduction by mitochondrial oxidants. J Biol Chem. 2012; 287: 4434–40 https://doi.

org/10.1074/jbc.R111.271999 PMID: 21832045

30. Trachootham D, Lu W, Ogasawara MA, Nilsa RD, Huang P. Redox regulation of cell survival. Antioxid

Redox Signal. 2008; 10: 1343–74 https://doi.org/10.1089/ars.2007.1957 PMID: 18522489

31. da Veiga Moreira J, Peres S, Steyaert JM, Bigan E, Paulevé L, Nogueira ML, et al. Cell cycle progres-
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