
Oxygen (O2) plays a fundamental role in the metabolism 
of living cells. However, some O2 derivatives, such as reac-
tive oxygen species (ROS), can induce replicative senescence 
when produced in excess, presumably because of irreversible 
damage to nucleic acids, lipids, and proteins [1-3]. Oxygen 
concentrations greatly influence several physiologic and 
pathophysiological processes through the transcription factors 
hypoxia inducible factor 1 and 2 (HIF1A and HIF2A) that 
mediate the adaptive responses required for oxygen homeo-
stasis [4-6]. Although oxygen is supplied to the tissues and 
cells at reported concentrations varying between 2% and 9% 
(about 15–70 mmHg) [7,8], current cell culture practices rely 
on incubators where the oxygen concentration corresponds 
to the atmospheric level (21% O2 or 160 mmHg). Thus, the 
oxygen concentration used to expand cells in vitro effectively 
mimics hyperoxic conditions. Previous studies have shown 
that the viability and specialized functions of differentiated 

cells and stem cells are optimal at low physiologic oxygen 
concentrations that simulate the physiologic conditions of 
native tissues or stem cell niches [9-18].

The choroid of the eye is localized below the light-
sensitive retina and contains melanocytes, which are melanin-
pigmented cells derived from the neural crest [19,20]. Ocular 
melanin is believed to protect the eye against several ocular 
diseases by absorbing light, chelating metal ions, and 
quenching ROS [21,22]. The choroid is mainly exposed to 
visible light rather than ultraviolet (UV) but is highly vascu-
larized and thus experiences significant oxidative stress [23]. 
The function of melanocytes in this tissue is not yet fully 
elucidated. These cells can be obtained from the choroid layer 
of donated eyes. In vitro culture of choroidal melanocytes has 
been routinely performed in incubators under atmospheric 
oxygen concentration [24,25], while in situ, these cells are 
not exposed to such a hyperoxic environment. Values below 
12% O2 were observed in the posterior segment of the eye as 
measured in the macaque retina and choroid [26-28]. Opti-
mizing the in vitro expansion of choroidal melanocytes is 
essential to study their physiologic roles in the choroid and 
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Purpose: Tissue culture is traditionally performed at atmospheric oxygen concentration (21%), which induces hyperoxic 
stress, as endogenous physiologic oxygen tension found in tissues varies between 2% and 9%. This discrepancy may lead 
to misinterpretation of results and may explain why effects observed in vitro cannot always be reproduced in vivo and 
vice versa. Only a few studies have been conducted in low physiologic oxygen conditions to understand the development 
and differentiation of cells from the eye.
Methods: The aim of this study was to investigate the growth and gene expression profile of melanocytes from the cho-
roid permanently exposed to 21% (hyperoxic) or 3% (physiologic) oxygen with proliferation assays and DNA microarray. 
The cellular behavior of the melanocytes was then compared to that of cancer cells.
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transcripts considerably dysregulated between the two oxygen concentrations; only the lactate transporter monocarboxyl-
ate transporter (MCT4) was statistically significantly upregulated at 3% O2.
Conclusions: This study showed that the oxygen concentration must be tightly controlled in experimental settings, 
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pathologies, such as uveal melanoma (UM) and age-related 
macular degeneration.

The purpose of this study was to investigate how an 
oxygen concentration that more closely reflects a physiologic 
condition (3% O2) influences the molecular and cellular 
behaviors of human choroidal melanocytes. To achieve this, 
the morphology, cell proliferation, and gene expression profile 
were evaluated in choroidal melanocytes permanently grown 
at 21% or 3% O2 and then compared to cancer cells. The anal-
yses showed that low physiologic oxygen conditions improved 
the expansion of melanocytes from the choroid by shortening 
their doubling time and increasing their proliferative capacity, 
in contrast to UM cells, as well as by upregulating the expres-
sion of the lactate transporter monocarboxylate transporter 
(MCT4). We report for the first time transcriptome data from 
choroidal melanocytes expanded under a physiologic oxygen 
concentration.

METHODS

Human choroidal melanocyte cell culture: This study 
followed the tenets of the Declaration of Helsinki, adhered to 
the ARVO statement on human subjects, and was approved by 
our institutional human experimentation committee (Centre 
de recherche du CHU de Québec, Quebec City, Canada). 
Melanocytes were isolated from the choroid of three donor 
eyeballs (82, 51, and 83 years old; Centre universitaire 
d’ophtalmologie’s (CUO) Eye Bank, Quebec City, Canada) by 
successive digestion in trypsin and collagenase [25]. Written 
informed consent for research purposes was obtained from 
the donor’s next-of-kin. The isolated cells were then divided 
into equal parts and permanently exposed to two oxygen 
conditions: hyperoxia (21% O2, 74% N2, and 5% CO2) in a 
CO2 incubator (Sanyo; ESBE Scientific, St.-Laurent, Canada) 
and low physiologic oxygen conditions (3% O2, 92% N2, and 
5% CO2) in a multigas incubator (Sanyo; ESBE Scientific). 
Choroidal melanocytes (early passages, P2–P6) were grown 
for all experiments using FNC Coating Mix (AthenaES, 
Baltimore, MD), and Ham’s F12 medium supplemented with 
10% fetal bovine serum (FBS; Hyclone, Logan, UT), 10 ng/ml 
cholera toxin (Sigma-Aldrich, St. Louis, MO), 100 nM phorbol 
12-myristate 13-acetate (Sigma-Aldrich), 100 µg/ml geneticin 
(Wisent, Quebec City, QC), and 50 µg/ml gentamicin [25,29]. 
The morphology and purity of the cultures were confirmed 
with microscopic inspection in phase contrast and Melan-A 
immunostaining (MLANA, also known as MART-1; mouse 
monoclonal, clone A103, prediluted; Dako, Mississauga, 
Canada). Human UM primary cultures (T111, T131, and 
T132) were derived from ocular tumor biopsies collected at 
the time of enucleation (Appendix 1; Clinique des tumeurs 

oculaires du CHU de Québec, Quebec City, Canada). Written 
informed consent was obtained from the enucleated subjects. 
UM cells (early passages, P8–P12) were grown for all 
experiments in Dulbecco’s Modification of Eagle’s Medium 
(DMEM) Low Glucose medium (Wisent) supplemented 
with 5% FBS (Hyclone) and 50 µg/ml gentamicin. MLANA 
immunostaining was performed on paraformaldehyde-fixed 
paraffin-embedded UM cell pellets following a technique of 
diaminobenzidine (DAB) biotin-streptavidin complex forma-
tion (Appendix 2) [30].

Cell count and doubling time: Choroidal melanocyte and 
UM cell numbers were compared between the 21% and 3% 
oxygen conditions using a cell and particle counter (Z2; 
Beckman Coulter, Mississauga, Canada). The cell counts 
were performed at each of three consecutive passages. The 
doubling time was determined using the initial number of 
cells, final number of cells, and duration of culture in hours 
(Roth V. 2006).

Anchorage-independent colony formation assay: Choroidal 
melanocytes (n = 3) and UM cells (n = 3) were plated in 1.3% 
methylcellulose (R&D Systems; Cedarlane, Burlington, 
Canada) on untreated 35 mm tissue culture dishes as previ-
ously described (melanocytes: 10,000 cells per triplicate; 
UM cells: 1,500–3,000 cells per triplicate) [31]. After 14 days 
of growth at 21% or 3% O2, the colonies were stained with 
0.1 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT; Sigma-Aldrich) and counted with the 
Quantity One software version 4.3.0 (Bio-Rad Laboratories) 
using the Colony Counting tool.

Cell proliferation assay and cell nucleus characteristics: The 
choroidal melanocytes (n = 3) and UM cells (n = 3) grown 
at 21% or 3% O2 were plated on coverslips (20,000 cells/
coverslip), fixed 15 min with 4% paraformaldehyde after 24 
h of plating, and permeabilized with 0.1% Triton X-100. The 
blocking of nonspecific sites was performed with 5% goat 
serum in PBS (1X; 137 mM NaCl, 2.7 mM KCl, 6.5 mM 
NaHPO4, 1.5 mM KH2PO4, 0.9 mM CaCl2, 0.5 mM MgCl2, 
pH 7.4)/0.1% Triton X-100. To target choroidal melanocytes 
in the active phases of the cell cycle, immunostaining was 
performed with a primary antibody against the proliferation 
marker Ki67 (mouse monoclonal, clone MIB1, 1:400; BD 
PharMingen, Mississauga, Canada), followed by incubation 
with a secondary antibody anti-mouse-Alexa 488 for visu-
alization (1:500; Life Technologies, Burlington, Canada). 
Mitotic UM cells were targeted with a primary antibody 
against the phosphorylated form of histone H3 (PH3; rabbit 
polyclonal, 1:1,600; Cell Signaling, Danvers, MA), followed 
by incubation with a secondary antibody anti-rabbit-Alexa 
488 for visualization (1:500; Life Technologies). Nuclei were 
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counterstained with 4',6-diamidino-2-phenylindole (DAPI) 
nuclear stain (Life Technologies). Pictures of eight random 
fields on duplicate coverslips were taken on an epifluores-
cence microscope at 20X magnification (AxioImager 2; 
Zeiss, Toronto, Canada). The Ki67- or PH3-positive cells were 
counted, as well as the total number of nuclei for normaliza-
tion. DAPI image post-processing was performed in ImageJ 
version 1.46r to determine the area (µm2) and circularity of 
the nuclei (4π × [Area]/[Perimeter]2; the ranges were from 0 
(infinitely elongated polygon) to 1 (perfect circle) [32]) in the 
choroidal melanocytes exposed to 21% or 3% O2 (n = 3). A 
minimum of 500 nuclei was measured per condition with the 
Analyze Particules function.

Gene expression profiling: Total RNA was extracted from 
the choroidal melanocytes exposed to 21% or 3% O2 (n = 3) 
by using the RNeasy Mini Kit (Qiagen, Toronto, Canada). 
The quantity and quality of total RNA were assessed using 
the 2100 Bioanalyzer and RNA 6000 Nano LabChip kit 
(Agilent Technologies, Mississauga, Canada). Gene expres-
sion profiling was performed by the Plateforme de génétique 
moléculaire du CUO-Recherche (Quebec City, Canada) using 
a SurePrint G3 Human GE 8×60K array slide (60,000 probes; 
Agilent Technologies). Cyanine 3-CTP labeled cRNA targets 
were prepared from 25 ng of total RNA using the Agilent 
One-Color Microarray-Based Gene Expression Analysis kit 
(Agilent Technologies). Then, 600 ng cRNA were incubated 
on the array slide. The slide was scanned on an Agilent 
SureScan Scanner according to the manufacturer’s instruc-
tions (Agilent Technologies). Data were analyzed using the 
ArrayStar version 12 software (DNASTAR, Madison, WI) 
and were preprocessed using robust multiarray analysis and 
quantile normalization to obtain the expression measure 
for each probe set to generate scatterplots and heatmaps of 
selected mRNA of interest [29,33]. The color scale used in 
the heatmaps to display the log2 expression level values was 
determined by the Hierarchical clustering algorithm of the 
Euclidian metric distance between genes. The housekeeping 
mRNA golgin A1 (GOLGA1), C-terminal binding protein 
1 (CTBP1), and beta-2-microglobulin (B2M) were used as 
internal controls to normalize the linear signals of the selected 
mRNA of interest [34]. Microarray data have been deposited 
in the NCBI’s Gene Expression Omnibus (GEO) repository 
and are accessible through the Series record GSE86789.

Western blotting: Choroidal melanocytes and UM cells 
grown under hyperoxia or low physiologic oxygen conditions 
were harvested with radioimmunoprecipitation assay (RIPA) 
buffer supplemented with a protease inhibitor cocktail (Roche 
Diagnostics, Mississauga, Canada) for total protein extrac-
tion. The protein concentration was determined with the BCA 

protein assay kit (Pierce; Fisher Scientific) using dilutions of 
bovine serum albumin for the standards. Western blots were 
performed with 20 µg of total proteins using one-dimensional 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(1-D SDS–PAGE) Stain-Free gels (Bio-Rad Laboratories) 
and polyvinylidene dif luoride (PVDF) membranes (GE 
Healthcare, Mississauga, Canada) as an alternative to the 
most common normalization method using housekeeping 
proteins. Stain-Free technology enables fluorescent visu-
alization of 1-D SDS–PAGE gels and corresponding blots 
under UV light using the Gel Doc Imaging System (Bio-Rad 
Laboratories). This technology has a linear dynamic detec-
tion range [35,36]. The relative amount of total proteins in 
each lane on the blots was calculated with the Quantity One 
software version 4.3.0 (Bio-Rad Laboratories) using the 
Volumes tool. The PVDF membranes were then blocked with 
5% non-fat dry milk/Tween-0.1% in PBS and successively 
incubated with a primary antibody against caveolin-1 (CAV1; 
rabbit polyclonal, 1:1,000; Cell Signaling, Whitby, Canada) or 
MCT4 (rabbit polyclonal, 1:1,000; Santa Cruz Biotechnology, 
Dallas, TX), and a secondary antibody anti-rabbit coupled to 
horseradish peroxidase for visualization (1:10,000; Jackson 
ImmunoResearch Laboratories, West Grove, PA). Immuno-
reactive complexes were revealed with an enhanced chemilu-
minescence (ECL) western blotting substrate (GE Healthcare) 
and the Fluor S-Max Imaging System (GE Healthcare). The 
relative amount of total CAV1 or MCT4 proteins in each lane 
on the blots was calculated with the Quantity One software 
(Bio-Rad Laboratories) using the Volumes tool. The CAV1 
or MCT4 signal intensities were then normalized with the 
Stain-Free data.

Statistical analysis: Experimental data were presented 
as column bar graphs (mean ± standard error of the mean 
[SEM]), column mean graphs (mean ± SEM), parts of whole 
vertical slice graphs, or box-and-whisker plots using Prism 
6 software (GraphPad Software, La Jolla, CA). In box-and-
whisker plots, the central box is the interquartile range with 
the median indicated by the horizontal line, and the whiskers 
extend to the lowest and highest data values. The Student 
t test or Mann–Whitney tests were performed to determine 
statistical significance, and differences were considered 
statistically significant at a p value of less than 0.05. The 
sample size included data from two independent experiments 
performed in triplicate with biologic replicates.

RESULTS

Effect of low physiologic oxygen conditions on the gross 
morphology, melanogenesis, and viability of human 
choroidal melanocytes: To study how oxygen concentration 
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modulates the molecular and cellular behaviors of human 
choroidal melanocytes, the cells were permanently cultured 
under hyperoxic (21%) or physiologic (3%) oxygen conditions 
after the cells were isolated from the choroid layer. The cells 
exhibited the typical dendritic morphology of melanocytes 
at the two oxygen concentrations, as well as distinctive 
pigmentation (Figure 1A) and positivity for the melanosome 
marker MLANA (data not shown). The melanin content was 
slightly higher in the melanocytes grown at 3% O2 (Figure 
1A). Interestingly, the cellular confluency was greater at 
3% O2 in all the donors tested, even if an identical number 
of cells were plated at the two oxygen conditions (Figure 
1A). In comparison, the UM cell morphology was similar 
between the two oxygen concentrations, and the confluency 
was slightly inferior at 3% O2 (Figure 1B). When the viable 
choroidal melanocytes were counted at consecutive passages, 
the 3% O2 group showed a constant increase in the number 
of cells compared with the hyperoxic group (Figure 2A; 
M1: 3.13 versus 2.28 × 106, p = 0.002; M2: 2.80 versus 2.13 
× 106, p = 0.116; M3: 3.10 versus 2.40 × 106, p = 0.013). The 
UM cell counts, in contrast, were lower in the 3% O2 group 
(Figure 2B; T111: 5.50 versus 2.80 × 106, p = 0.045; T131: 3.70 
versus 2.87 × 106, p = 0.0004; M3: 3.10 versus 2.48 × 106, 

p = 0.028). To determine whether the oxygen concentration 
promotes anchorage independency in choroidal melanocytes, 
which is associated with cell transformation, colony forma-
tion assays were performed. No colonies were visible on any 
of the melanocyte plates (data not shown), compared with 
the UM cell plates where the colony numbers were similar 
between the two oxygen concentrations (Figure 2C). CAV1 
upregulation plays a central role in oxidative stress-induced 
premature senescence [37]. This senescence marker was not 
significantly increased in the choroidal melanocytes grown in 
hyperoxia as quantified with western blotting after normal-
ization with total proteins (Figure 3A; 4.03-, 1.37-, 1.07-fold 
change, respectively). The expression was also similar 
between the two oxygen concentrations in the UM cells 
(Figure 3B; 1.08-, 0.89-, and 1.16-fold change, respectively).

Low physiologic oxygen conditions shorten the doubling 
time of human choroidal melanocytes and increased their 
proliferative capacity: To comprehend how low physiologic 
oxygen conditions favor the expansion of choroidal mela-
nocytes, the doubling time was calculated in the choroidal 
melanocytes permanently exposed to hyperoxia or 3% O2. 
The doubling time was significantly faster in the cells grown 
at low physiologic oxygen (Figure 4A; M1: 84.9 versus 96.0 

Figure 1. Low physiologic oxygen conditions favor the expansion of choroidal melanocytes. A: Typical morphology and melanin content of 
choroidal melanocytes grown under 21% or 3% O2 (P2, 1-month exposure). B: Typical morphology of uveal melanoma (UM) cells grown 
under 21% or 3% O2 (P2, 1-month exposure). Scale bars, 50 µm.
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Figure 2. Low physiologic oxygen conditions improve the viability of choroidal melanocytes. A: Cell counts of choroidal melanocytes (n = 
3) grown at 21% (•) or 3% (■) O2 were performed at three consecutive passages using a cell and particle counter (mean ± standard error of the 
mean [SEM]). *p<0.05, **p<0.005, Student t test. B: Cell counts of uveal melanoma (UM) cells (n = 3) grown at 21% (•) or 3% (■) O2 were 
performed at three consecutive passages using a cell and particle counter (mean ± SEM). *p<0.05, ***p<0.0005, Student t test. C: Colony 
counts of UM cells (n = 3) grown at 21% (•) or 3% (■) O2 during 14 days in 1.3% methylcellulose under hyperoxia or low physiologic oxygen 
conditions (mean ± SEM).

Figure 3. Low physiologic oxygen conditions do not increase cell senescence. A: Western blotting was conducted on protein extracts from 
choroidal melanocytes (n = 3) expanded at 21% (wells 1, 3, 5) or 3% (wells 2, 4, 6) O2 using an antibody against caveolin-1 (CAV1; senescence 
marker, upper panel; 21 kDa). The relative amount of total CAV1 proteins per lane was calculated at 21% (black) or 3% O2 (gray) and then 
normalized with the Stain-Free signal intensities. Data are presented as the expression of CAV1 using a column bar graph (lower panel; 
mean ± standard error of the mean [SEM]). B: Western blotting was conducted on protein extracts from uveal melanoma (UM) cells (n = 3) 
expanded at 21% (wells 1, 3, 5) or 3% (wells 2, 4, 6) O2 using an antibody against CAV1 (upper panel). The relative amount of total CAV1 
proteins per lane was calculated at 21% (black) or 3% O2 (gray) and then normalized with the Stain-Free signal intensities. Data are presented 
as the expression of CAV1 using a column bar graph (lower panel; mean ± SEM).
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h, p = 0.003; M2: 85.5 versus 97.6 h, p = 0.003; M3: 85.0 
versus 94.0 h, p = 0.019). In comparison, the doubling time 
for the UM cells was slower at 3% O2 (Figure 4C; T111: 19.6 
versus 14.5 h, p = 0.019; T131: 19.1 versus 16.6 h, p = 0.0005; 
T132: 21.0 versus 18.3 h, p = 0.047). Next, the percentage of 
choroidal melanocytes in the active phases of the cell cycle 
was determined with immunostaining with the proliferation 
marker Ki67, which is absent in resting cells (the G0 phase). 
The population of Ki67-positive cells was constantly greater 
in the choroidal melanocytes cultured at 3% O2 (Figure 4B; 
M1: 40.5% versus 24.6%, p = 0.0003; M2: 36.0% versus 
8.5%, p = 0.0003; M3: 38.4% versus 25.5%, p = 0.0019). 
The percentage of UM cells in mitosis was determined with 
immunostaining with the marker PH3 (the M phase), and 
it was similar between the two oxygen conditions (Figure 
4D; T111: 2.5% versus 2.4%, p = 0.457; T131: 1.9% versus 
1.4%, p = 0.0621; T132: 3.0% versus 3.4%, p = 0.262). Gross 
observation of the melanocyte nuclei in immunofluores-
cence pointed to some differences in the size and shape of 
the nucleus between the two oxygen concentrations. The 
circularity and area (µm2) of the choroidal melanocyte nuclei 
were thus measured using ImageJ. As shown in Figure 5A, 
the nuclei of the cells exposed to low physiologic oxygen 
were rounder (circularity values closer to 1) than those of the 
melanocytes grown in hyperoxia, coherent with an increase 
in DNA synthesis. In addition, the nuclei of the 3% O2 group 
were also bigger than those of the 21% O2 group (Figure 5B), 
consistent with the fact that the nucleus increases in volume 
throughout the cell cycle in concert with cell growth.

Low physiologic oxygen conditions increase the mRNA and 
protein expression of lactate transporter MCT4 in human 
choroidal melanocytes: We thus hypothesized that oxygen 
modulates the cell behaviors of choroidal melanocytes by 
changing their transcriptome. To evaluate such a possibility, 
variations at the transcriptional level between choroidal mela-
nocytes permanently grown at 21% or 3% O2 were assessed 
using gene expression profiling. Surprisingly, scatterplot 
analysis of the targets that cover the entire human transcrip-
tome indicated that the 21% and 3% O2 groups shared larger 
similarities than predicted, as indicated by the variation in 
the slope of the regression curve (R2 = 0.8827–0.9790; Figure 
6A). The number of deregulated transcripts between the two 
oxygen conditions is compiled in Table 1 for each donor (fold 
change >2 or <0.5). Interestingly, the expression of HIF1A 
and HIF2A (also called EPAS1) mRNA was not upregulated 
when the choroidal melanocytes were cultured at a low physi-
ologic oxygen concentration (Figure 6B, Appendix 3). Among 
the transcripts containing a hypoxia-response element (HRE) 
listed in Figure 6B [38], VEGFA and PDK1 were upregu-
lated at 3% O2 in two of the three donors (fold changes >2; 

Appendix 3), and the CTGF, ENG, FOS, SERPINE1, and 
VEGFC transcripts were upregulated at 3% O2 in one of the 
three donors (fold changes >2; Appendix 3). Because the cell 
pigmentation seemed slightly higher in the choroidal mela-
nocytes exposed to 3% O2 (Figure 1A), the expression of the 
melanocyte differentiation transcripts KIT, SOX10, PAX3, 
TRPM1, EDNRB, DCT, KITLG, PMEL, MITF, GPNMB, 
MLANA, TYR, and TYRP1 was compared between the two 
oxygen concentrations. As shown in Figure 6C, there was 
no difference in their abundance, suggesting that another 
molecular effect disturbs the melanin content in hyperoxia 
(Appendix 3). After putative genes and long non-coding 
RNAs targets, as well as targets with a linear signal of fluo-
rescence intensity below 250 units were excluded, only MCT4 
was found dysregulated more than a twofold change in all 
pairs of choroidal melanocytes. MCT4, involved in lactate 
transport, was upregulated in cells cultured in physiologic 
oxygen conditions (mean fold change of 2.4; Figure 7A). 
Normalization of the corresponding MCT4 linear signals with 
those of the housekeeping mRNA confirmed the differential 
gene expression between the two oxygen conditions (the 
mean ratio of the linear signals: 2.181 ± 0.35 versus 5.248 ± 
0.69, p = 0.017; Figure 7A). Classes of transcripts statistically 
significantly upregulated at 3% O2 differed between donors. 
For example, the interferon-related transcripts and transcripts 
involved in DNA or protein posttranslational modifications 
were overrepresented in the M1 and M3 donors, respectively. 
Higher expression of the MCT4 protein in the choroidal 
melanocytes grown at low physiologic oxygen was further 
confirmed with western blotting after normalization with 
total proteins (137.59- (p = 0.0006), 16.94- (p = 0.03), and 
2.09- (p = 0.006) fold change, respectively; Figure 7B). This 
upregulation at 3% O2 was also observed in two UM cell 
cultures (2.04- (p = 0.02) and 2.00- (p = 0.004) fold change, 
respectively; Figure 7B).

DISCUSSION

In tissue culture incubators, the ambient temperature and 
the CO2 concentration are regulated to reflect core mamma-
lian body temperature (37 °C) and approximate venous 
concentrations (5% CO2), whereas, in striking contrast, 
the oxygen concentration is not adjusted to physiologic 
levels (2–9% O2). Previous observations in cultured cells 
[9,11-18,39] should prompt us to routinely implement low 
physiologic oxygen conditions as an essential parameter in 
experiments performed in vitro. However, even today, only 
a few studies have been conducted by growing differenti-
ated cells permanently at reduced oxygen to reproduce their 
in situ environment and draw valid conclusions about their 
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Figure 4. Low physiologic oxygen conditions shorten the doubling time of choroidal melanocytes and increase their proliferative capacity. 
A: The doubling time of the choroidal melanocytes (n = 3) expanded under 21% (•) or 3% (■) O2 conditions was determined at three consecu-
tive passages (mean ± standard error of the mean [SEM]). *p<0.05, **p<0.005, the Student t test. B: The percentage of choroidal melanocytes 
(n = 3) in the active phases of the cell cycle was determined with immunofluorescence analyses using Ki67 on cells exposed to 21% (black) 
or 3% (gray) O2. The Ki67-positive cells were counted, and the total number of 4',6-diamidino-2-phenylindole (DAPI)-stained nuclei was 
used for normalization. **p<0.005, ***p<0.0005, Mann–Whitney test. C: The doubling time of uveal melanoma (UM) cells (n = 3) cultured 
under 21% (•) or 3% (■) O2 conditions was determined at three consecutive passages (mean ± SEM). *p<0.05, ***p<0.0005, the Student t 
test. D: The percentage of UM cells (n = 3) in the mitotic phase of the cell cycle was determined with immunofluorescence analyses using 
phosphohistone H3 (PH3) on cells exposed to 21% (black) or 3% (gray) O2. The PH3-positive cells were counted, and the total number of 
DAPI-stained nuclei was used for normalization.
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physiology. Thus, exposing cells at low physiologic oxygen 
concentrations dramatically affects their phenotype through 
modification of cellular functions, such as the proliferation 
rate in lymphocytes [9,15], myoblasts [14], skeletal muscle 
satellite cells [11,18], and neuron precursors [17], as well as 
the phagocytic capacity of macrophages [13]. Low physi-
ologic oxygen concentrations also statistically significantly 
impact metabolism, redox status, and gene expression 
[12,16,39]. As far as we are aware, only one study previously 
reported transcriptome data from one uveal melanocyte cell 
line cultured under atmospheric oxygen concentrations [40]. 
No studies have been performed to examine at the molecular 
level the effects of reduced oxygen on ocular melanocytes. 
Although at first we could not predict how well our cells 
would survive in long-term culture under low physiologic 
oxygen conditions, we were somewhat surprised to find that 

the choroidal melanocytes happily grew at 3% O2. We showed 
that a physiologic oxygen concentration allowed optimization 
of the choroidal melanocyte expansion by shortening their 
doubling time, by increasing the population of cells in the 
active phases of the cell cycle (Ki67 positive), and by upregu-
lating the expression of the lactate transporter MCT4. In addi-
tion, we are the first to report gene expression profiling data 
for choroidal melanocytes grown at low physiologic oxygen 
conditions.

The melanocyte-specific transcription factor MITF was 
shown to bind directly to the HIF1A promoter and control 
its gene expression through cAMP stimulation in skin mela-
nocytes, independently of the oxygen conditions, suggesting 
that HIF1A plays a prosurvival role in this cell type [41]. The 
cAMP pathway induces pigmentation by controlling several 

Figure 5. Low physiologic oxygen conditions are associated with the greater size and circularity of choroidal melanocyte nuclei. A: Circu-
larity of the nuclei was determined in choroidal melanocytes exposed at 21% or 3% O2 (n = 3) by analyzing a minimum of 500 nuclei per 
condition with ImageJ and the following formula: 4π × [Area] / [Perimeter]2. The circularity ranged from 0 (infinitely elongated polygon) 
to 1 (perfect circle). B: The area of the nucleus (µm2) was measured in choroidal melanocytes grown under hyperoxia and low physiologic 
oxygen conditions by analyzing a minimum of 500 nuclei per condition with ImageJ. Data are presented as a cumulative percentage using 
parts of whole vertical slice graphs. Representative fields of DAPI-stained nuclei of choroidal melanocytes exposed to 21% or 3% O2 are 
shown on the right-hand side of the panels.
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parameters of melanocyte differentiation, such as melanin 
synthesis and dendrite outgrowth [42,43]. In the present 
study, expression of HIF1A and HIF2A mRNAs was not 
upregulated when the choroidal melanocytes were cultured at 
3% O2, implying that these experiments were conducted when 
cells had already adapted to the reduced oxygen conditions. 
However, the expression of many HIF targets was signifi-
cantly increased in all donors. The choroidal melanocytes 
were slightly more pigmented in the physiologic oxygen 
conditions. The gene expression profiling did not show an 
increase in the expression of the melanocyte differentiation 
master regulator MITF or the enzymes TYR, DCT, and 
TYRP1 involved in melanogenesis. These results indicate 
that hyperoxia may affect melanocyte differentiation by other 
molecular mechanisms, for example, melanin maturation. It 

was previously shown that low physiologic oxygen concen-
trations promote cutaneous melanocyte proliferation and 
tyrosinase activity [44].

It is known that mild and prolonged hyperoxia causes 
ROS production and oxidative damage to lipids, carbohy-
drates, proteins, and DNA, which have drastic consequences 
on cell physiology [45]. Hyperoxia can also increase the rate 
of telomere shortening and lead to cell cycle exit in senes-
cence [46]. Permanent culturing of choroidal melanocytes 
at 21% O2 significantly affected their viability, likely by 
inducing hyperoxic oxidative stress. However, we did not 
find more senescent melanocytes with gross microscopic 
observation or with western blotting with the senescence 
marker CAV1. HIF1A plays a role in anchorage-independent 

Figure 6. Low physiologic oxygen conditions change slightly the transcriptome of choroidal melanocytes. A: Scatterplots of signal intensity 
in log2 from 60,000 different targets covering the entire human transcriptome of choroidal melanocytes (n = 3) exposed to hyperoxia (the 
y-axis) plotted against their counterpart grown under low physiologic oxygen conditions (the x-axis). The twofold change in intensity lines is 
shown in green. The displacement of the linear regression curve (dashed purple) away from the central axis reflects the degree of divergence 
in the pattern of gene expression between the two oxygen conditions (R2 value, coefficient of determination). B: Heatmap representation of 
mRNAs containing a hypoxia-response element expressed by choroidal melanocytes expanded at 21% or 3% O2. C: Heatmap representation 
of mRNAs linked to melanocyte differentiation expressed by choroidal melanocytes expanded at 21% or 3% O2. Data are also presented 
for the housekeeping mRNA golgin A1 (GOLGA1), C-terminal binding protein 1 (CTBP1), and beta-2-microglobulin (B2M). Transcripts 
indicated in dark blue correspond to those whose expression is low, whereas highly expressed transcripts are shown in orange and red.

Table 1. Number of deregulaTed TraNscripTs beTweeN boTh oxygeN coNdiTioNs for each doNor.

Donor Upregulated Transcripts (3% O2) 
(fold-change >2)

Downregulated Transcripts (3% O2) 
(fold-change <0.5)

M1 1,869 1,954
M2 838 896
M3 3,275 2,996
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survival, a feature that is modeled in vitro by colony forma-
tion in agar or methylcellulose suspension [47]. Using this 
method, we ruled out the transformation of choroidal mela-
nocytes exposed at 3% O2. Together, these results suggest 
that the decline in viability and the cell counts encountered in 
hyperoxia may lie in molecular mechanisms that control the 
cell cycle or DNA repair. Interestingly, we did not measure 
a significant increase in the colony number for the UM cells 
exposed to 3% O2. Moreover, hypoxic conditions (<1% O2) 
might favor the self-renewal of UM cells in accordance with 
the theory of cancer stem cells [48].

One feature commonly noted in many cell types cultured 
under low physiologic oxygen concentration is a higher prolif-
eration rate [9,11,14,15,17,18], but the underlying mechanisms 

by which it is promoted are currently unknown. We found 
more choroidal melanocytes positive for the proliferation 
marker Ki67 at 3% O2, and their doubling time was also 
shorter. Nuclear shape and size are among the characteristics 
that could be used to study cell differentiation, development, 
or disease [49,50]. In addition, the nucleus of the proliferating 
cells increases between one mitosis phase and the next [50]. 
Interestingly, the low physiologic oxygen concentration was 
correlated with the greater size and circularity of the cell 
nuclei in our study. Cells exposed to hyperoxia become more 
elongated [51], and this alteration of the nuclear shape induces 
conformational changes in chromatin, thus affecting DNA 
synthesis, and cell proliferation [52]. In addition, there is an 
important cell cycle checkpoint that takes place within the 

Figure 7. Low physiologic oxygen conditions increased the mRNA and protein expression of lactate transporter MCT4 in choroidal mela-
nocytes. A: Heatmap representation of monocarboxylate transporter (MCT4) expressed by choroidal melanocytes grown at 21% or 3% O2 
(n = 3/group). Data are also presented for the housekeeping mRNA golgin A1 (GOLGA1), C-terminal binding protein 1 (CTBP1), and 
beta-2-microglobulin (B2M) (upper panel). Transcripts indicated in dark blue correspond to those whose expression is low, whereas the 
highly expressed transcripts are shown in orange and red. Corresponding linear signals obtained for the MCT4 mRNA at 21% (black) or 
3% (gray) O2 and normalized with the housekeeping mRNA are displayed as the ratio of the linear signals using a column bar graph (lower 
panel; mean ± standard error of the mean [SEM]). *p<0.05, Student t test. B: Western blotting conducted on protein extracts from choroidal 
melanocytes (M1–M3) or uveal melanoma (UM) cells (T111, T131, T132) expanded at 21% (odd numbers) or 3% (even numbers) O2 (n = 3/
group) using an antibody against MCT4 (upper panel; 43 kDa). The relative amount of total MCT4 protein per lane was calculated at 21% 
(black) or 3% (gray) O2 and then normalized with the Stain-Free signal intensities. Data are presented as relative expression of MCT4 using 
a column bar graph (lower panel; mean ± SEM). *p<0.05, ** p<0.01, ***p<0.001, Student t test. ND, no detectable bands.
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G2/M transition, to scrutinize the cell’s DNA and make sure 
it is structurally intact and properly replicated. We suggest 
that the choroidal melanocytes grown at 21% O2 may pause 
longer at this point to allow time for DNA repair after they 
are exposed to hyperoxic oxidative stress. Therefore, to better 
understand the differential cell cycle regulation by reduced 
oxygen and hyperoxia, an extensive study of the activity of 
the cell cycle progression factors is required (i.e., specific 
cyclins/cyclin-dependent kinases and phosphorylation of 
their targets).

MCT4 is a plasma membrane transporter that catalyzes a 
proton-coupled transport of lactate and other monocarboxyl-
ates for the facilitation of continued glycolytic ATP production 
[53,54]. The expression of MCT4 is restricted to astrocytes, 
lymphocytes, and muscle fiber cells among healthy cells [53] 
and is induced in low oxygen through HIF1A to contribute to 
intracellular pH regulation [55]. MCT4 was the only mRNA 
statistically significantly upregulated at 3% O2 in all donors 
according to the DNA microarray analysis. To the best of 
our knowledge, we are the first to identify MCT4 in ocular 
melanocytes. Its chaperone basigin, required for correct 
plasma membrane expression, was among the transcripts 
with intermediate-level expression in the choroidal melano-
cytes but was not increased at 3% O2. We suggest that the 
proliferating choroidal melanocytes have increased glucose 
uptake and lactate production; therefore, MCT4 expression 
and activity were regulated accordingly in these cells. In 
addition, the lactate ion is considered a potential antioxidant 
agent that can, for example, inhibit lipid peroxidation [56]. We 
propose that choroidal melanocytes at low physiologic oxygen 
conditions release more lactate in the extracellular space and 
therefore have a more effective antioxidant defense.

Studies that used atmospheric oxygen concentrations for 
tissue culture have yielded much valuable information; the 
present study suggests, however, that efforts to reproduce 
the physiologic cell environment of choroidal melanocytes 
will lead to a significantly improved research outcome with 
less artifactual results, especially when this cell type is 
used as an in vitro model for choroidal pathologies, such as 
uveal melanoma. Additional studies using a range of oxygen 
concentrations are needed to refine the optimal percentage for 
choroidal melanocytes. Further investigation of the molecular 
mechanisms regulating cell physiology in hyperoxia and 
reduced oxygen concentrations will allow better under-
standing of the adaptation of cells to oxygen variations. For 
instance, the accumulation of irreversible oxidative damages 
to biomolecules, dysregulation of posttranslational modifica-
tions on proteins involved in cell cycle progression, as well 
as reduced MCT4 activity, could play a role in the decreased 

viability and proliferation observed in choroidal melanocytes 
cultured under hyperoxia.

APPENDIX 1. CLINICOPATHOLOGICAL FEATURES 
AND SURVIVAL DATA OF UVEAL MELANOMA 
CASES.

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. CHARACTERISTICS OF CELL 
CULTURES DERIVED FROM UM PRIMARY 
TUMORS.

To access the data, click or select the words “Appendix 2.” 
Phase contrast micrographs of monolayer cultures of UM 
cells T111, T131 and T132 and their expression of MLANA. 
Dark brown indicates positive staining. The primary antibody 
was omitted as negative control. Scale bars, 20 μm.

APPENDIX 3. LINEAR SIGNALS OF GENES 
APPEARING ON HEATMAPS.

To access the data, click or select the words “Appendix 3.”
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