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Abstract. - OBJECTIVE: Malignant melano-
ma (MM), as well as other cancers, is a disorder
in the cell life cycle at many levels. In terms of
energy, the sync of cytosolic and mitochondrial
metabolism is required for each cell. Mismatch-
es also caused by hypoxic factors accumulate
defects leading to the formation, development
and invasiveness of malignant melanoma. Our
aim was to compare the effect of HIF-1o. and
miR-210 on the metabolism of malignant mel-
anoma cells in normoxia and pseudohypoxia.
Further, we also investigated how gene silenc-
ing affects the viability in order to evaluate the
potential of gene therapy in the treatment of MM.

MATERIALS AND METHODS: We targeted
oxidative phosphorylation by genetically sup-
pressing HIF-10. and miR-210. We have examined
mitochondrial activity, cytosolic glycolysis and
cell viability.

RESULTS: The ratio of NADH/NAD* in the cyto-
plasm under normal conditions is stable and can
thus serve as a specific cellular metabolic mark-
er. Therefore, the study was aimed at finding the
cause of the reduction in NADH levels in increas-
ing hypoxia under ideal in vitro conditions on the
SK-MEL-30 malignant melanoma cells. The rela-
tionship between HIF-1c. and miR-210, their effect
on transcriptional level, and the subsequent effect
on metabolic process attenuation in cells was
investigated. Obtained results indicate that the
NADH which is accumulated by cells in hypoxia
was significantly decreased upon gene silencing.

CONCLUSIONS: Our studies have shown that
small regulatory molecules with organelle-specif-
ic effect (such as miRs) need to be targeted, and
that the resultant effect is comparable to silencing
of "general" hypoxic transcription factors.

Key Words:
Malignant melanoma, Mimic hypoxia, NADH, HIF-
la, MiR-210.

Introduction

Cells under physiological conditions gain en-
ergy for all vital functions by combining cyto-
solic and mitochondrial metabolism. The main
substrate glucose (Glc) is metabolised to pyru-
vate in glycolytic pathway in cytoplasm which is
subsequently followed by citric acid cycle (TCA)
and oxidative phosphorylation (OXPHOS) in mi-
tochondria to produce adenosine triphosphate
(ATP). This process responds sensitively to the
changes in oxygen concentration in the cell and,
if it is deficient (hypoxia), the protection mech-
anisms are triggered in the cell and, in order to
survive, the cell energy is only obtained in cy-
tosol (as kinetically more favourable process).
When the optimum oxygen concentration is re-
stored, mitochondria are involved in ATP forma-
tion again. Cancer cells (e.g., melanomas) often
undertake activation of processes such as in ox-
ygen deficiency under normal oxygen conditions
(pseudohypoxia), and the aerobic glycolysis be-
haves as an anaerobic pathway producing lactate
and is disconnected from the citric acid cycle and
OXPHOS. This action is well known as the War-
burg effect', which is characterized by the accu-
mulation of lactate, NADH (reduced nicotinamide
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adenine dinucleotide) and an increase of hypoxic
transcription factors (HTFs).

Orientation of energy metabolism only to the
cytosol in cancer cells hinders the transport of
NADH from glycolysis and other metabolic pro-
cesses from cytosol to mitochondria. Therefore,
NADH, as an energy substrate in OXPHOS, ac-
cumulates in the cytoplasm of a malignant cells.

The most studied HTFs are hypoxia-inducible
factors (HIF-1,2,3 and their o/ heterodimers)
which activate oxygen homeostasis disruption ad-
aptation genes’. Healthy cells in hypoxia will in-
crease transcription of HIFs (e.g., HIF-1a) which
activates a number of additional supporting genes.
Upon returning to the state of optimum oxygen
concentration HIF-la is prolyl-hydroxylated by
PHD (prolyl 4-hydroxylase) and binding with
Rbx1 (Ring-Box 1), VHL (Von Hippel-Lindau),
ubiquitin is ultimately inactivated via proteasome
degradation*. Melanoma cells do not subject HIF-
la degradation in proteasome due mutations in
regulatory genes (microphthalmia-associated tran-
scription factor — MITF, glioma-associated family
of transcription factors — GLI, prolyl hydroxylase
— PHD, etc.) and thus the influence of the oncogen-
ic HIF-signalling pathway increases. This HIF-sig-
nalling pathway positively affects glucose metabo-
lism-modulating enzymes and negatively affects in
mitochondrial enzymes.

HIF-pathway regulates induction of hypoxia mi-
cro-RNAs (hypoxamiRNAs) (including miR-210,
-373, -103 etc.)’. MiR-210, one of the most studied hy-
poxamiRNA, is activated via stabilisation of HIF-10.
Its main role is disconnection of electron transport in
respiratory complex I (repressing iron-sulphur clus-
ter assembly enzyme — ISCU, cytochrome c oxidase
assembly 10 — COX10)"®. Silencing of miR-210 has
a beneficial effect on mitochondrial oxidative me-
tabolism and attenuate proliferation and glycolytic
activity’. HIF-lo. and miR-210 have positive feedback
regulatory system, decreased expression of HIF-1a
results in simultaneous decrease of miR-210 expres-
sion, and vice versa™'’. However, expression of miR-
210 also depends on expression of other HIFs which
causes the decrease of miR-210 expression to be less
evident'. The phenomenon known as HIF switch
during chronic hypoxia is regulated by miR-210 (and
other hypoxamiRs) and could explain the curious ef-
fect when downregulation of one type of HIF evoke
increase of other HIF". It was observed that miR-210
is overexpressed in the late stages of cancer'®'*'* and
leads to poor prognosis of a disease.

In normoxia, pyruvate is transported to the
mitochondria where the pyruvate dehydrogenase
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complex (PDC) is converted to Acetyl-CoA. Py-
ruvate dehydrogenase A1 (PDHAL) is part of the
pyruvate dehydrogenase complex, and its activity
is regulated by PDK1 (pyruvate dehydrogenase ki-
nase)”. PDHAI inhibits the progression of cancer
by affecting fatty acid biosynthesis. Inactivation
of PDHAI1 (e.g., by serine phosphorylation, Ser-
293, and tyrosine phosphorylation, Tyr-301) affects
NADH active site accessibility, regulates PDC sec-
ondary activity, and supports the Warburg effect'.

Hypoxia-induced factor HIF-1a inhibits PDHA1
by activation of PDK1 (pyruvate dehydrogenase
kinase 1), thereby preventing both pyruvate and
NADH from flowing into mitochondria. Thus,
NADH remains “trapped” in the cytosol'®".

The mitochondrial membrane is porous and
freely permeable to the inner membrane space
for the NADH molecule. On the inner mitochon-
drial membrane NADH is transported by the
malate-aspartate or glycerol-3-phosphate shuttle.
Consequently, the cytoplasmic NADH level may
affect the alteration of the mitochondrial NADH/
NAD' ratio'®. Based on this communication of cy-
tosolic and mitochondrial metabolism it is possi-
ble to determine respiration efficiency under nor-
mo- and hypoxic conditions in order to describe
overall metabolic state of the cell.

Cancer cells often use glutaminolysis as com-
pensation of glycolysis”®. Glutamine (Gln), one of
the most represent plasma protein, can be used as
energy source thought anaplerotic conversion to
2-oxoglutarate (20G) in citric acid cycle®. Highly
proliferative cancer cells use this pathway to re-
habilitate NADH to NAD*' and produce energy
(6 ATP)*%. 20G can be also converted to citrate
by isocitrate dehydrogenase and simultaneously
NADH is rehabilitated in a reverse pathway named
reductive carboxylation®?*. Gln is involved in de
novo synthesis of cholesterol and fatty acids. Fatty
acids and glutamate are immunosuppressive and
their amount increases with stage of the disease**.

In this study, we focused on monitoring of
pro-cytosolic processes activation using the ratio
of free cytosolic NADH/NAD™ while its disrup-
tion by NADH increase can be used as a cancer
metabolic marker??®. In our work, we tried to find
a regulatory gene which upon activation or inacti-
vation would restore the cooperation of cytosolic
and mitochondrial metabolism and thus prevent
the malignant cell from surviving and multiply-
ing. Therefore, we decided to compare the effect
of gene silencing of “general” hypoxic factor HIF-
la with the gene silencing of miR-210 in MM
cells fed with glucose or glutamine, respectively.
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Materials and Methods

Materials

Dulbecco’s Modified Eagle’s Medium (DMEM)
Culture Medium (Thermo Fisher Scientific,
Waltham, MA, USA), Fetal Calf Serum (FCS;
Thermo Fisher Scientific, Waltham, MA, USA),
Phosphate-Buffered Saline (PBS; Thermo Fisher
Scientific, Waltham, MA, USA), 0.25% Trypsin
(Thermo Fisher Scientific, Waltham, MA, USA),
TransFast™ Transfection Reagent (Promega, Mad-
ison, WI, USA), small interfering RNA (siRNA)
HIF-1a. (Oligo ID# 2808643) (Microsynth AG,
Balgach, Switzerland), siRNA miR210 (Oligo ID#
2808645) (Microsynth AG, Balgach, Switzerland),
CoCl,-6H,0 (Sigma-Aldrich, St. Louis, MO, USA),
Glutamine (Thermo Fisher Scientific, Waltham,
MA, USA), Pyruvate (Sigma-Aldrich, St. Lou-
is, MO, USA), Lactate (Sigma-Aldrich, St. Louis,
MO, USA), Glucose monohydrate (Sigma-Aldrich,
St. Louis, MO, USA), CaCl, (Sigma-Aldrich, St.
Louis, MO, USA), NaCl (Sigma-Aldrich, St. Louis,
MO, USA), MgCl, (Sigma-Aldrich, St. Louis, MO,
USA), KCI (Sigma-Aldrich, St. Louis, MO, USA),
Hepes (Sigma-Aldrich, St. Louis, MO, USA), 0.4%
Tryptan Blue (Thermo Fisher Scientific, Waltham,
MA, USA), SeaHorse Assay medium (SeaHorse
Bioscience, North Billerica, MA, USA), SeaHorse
hydration medium (SeaHorse Bioscience, North Bil-
lerica, MA, USA), Elastohydrodynamic Lubrication
(EHL; Thermo Fisher Scientific, Waltham, MA,
USA), Antimycin A (Sigma-Aldrich, St. Louis, MO,
USA), Oligomycin (Sigma-Aldrich, St. Louis, MO,
USA), FCCP (Sigma-Aldrich, St. Louis, MO, USA),
pcDNA3.1-Peredox-mCherry (plasmid 32383) (Ad-
dgene, Watertown, MA, USA).

Molecular Analysis

Changes in the expression level of mRNA for
HIF-1a, PDHAI, and the housekeeping gene glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH)
in the SK-MEL-30 cell suspension were detected.
The expression of the miR-210, and miR-house-

Table I. Gene F/R sequences.

keeping gene U6 in the SK-MEL-30 cell suspen-
sion were determined. The sequences of used re-
verse and forward primers are shown in Table I.

The acquired RNA samples were transcribed
by reverse PCR into cDNA using specific reverse
primers individually for HIF-la (L6237B06,
resp. BO7) (Thermo Fisher Scientific, Waltham,
MA, USA), PDHA1 (R0443A07, resp. AO0S8)
(Thermo Fisher Scientific, Waltham, MA, USA),
GAPDH (Thermo Fisher Scientific, Waltham,
MA, USA), miR-210 (L6237B02, resp. B03)
(Thermo Fisher Scientific, Waltham, MA, USA)
and U6 (L6237B04, resp. B05) (Thermo Fisher
Scientific, Waltham, MA, USA) using the To-
tal RNA kit peqGOLD (Peqlab Biotechnologie
GmbH, Erlangen, Germany) and the microRNA
Purification Kit (Norgen Biotek Corp., Thorold,
Ontario, Canada ). The RNA samples were tran-
scribed to cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). The cDNA samples were
amplified using the GoTaq qPCR Master Mix
(Promega, Madison, WI, USA) 40 cycles (95°C/5
min, 95°C/15 s, 58-62°C/20 s, and 72°C/25 s)
protocol using the corresponding specific prim-
er sequences. LightCycler 480 Instrument II
(Hoffmann-La Roche, Basel, Switzerland) was
used for RT-PCR analysis. Due to the biological
variability of the biological material samples, the
analysed samples were measured in triplicate for
each gene of interest. Changes in mRNA expres-
sion for the genes of interest (HIF-1a, PDHAI,
miR-210) were evaluated by comparative quanti-
fication and Ct values using the GraphPad Prism
version 5.04 software.

Cell Line and Cultivation
Conditions

Expression levels of selected genes in micro-
environmental normoxia or hypoxia (mimic hy-
poxia) were detected in vitro in the SK-MEL-30
malignant melanoma cell line (Cell Bank Graz,
Medical University of Graz, Austria). The expres-

Gene Forward (sense) sequenceReverse (antisense) sequence
GAPDH TGGGGCCAAAAGCATCATCTCGCCGCCTGCTTCACCACCTTCTT
HIF-1a CGTTCCTTCGATCAGTTGTCTCAGTGGTGGCAGTGGTAGT
PDHAI ATGTGGAAGTGAGGAAGGAGTCGCTGGAGTAGATGTGGTA
miR-210 CTGTGCGTGTGACAGGTGCAGGGTCCGAGGT

U6 CTCGCTTCGGCAGCACAAACGCTTCACG AATTTGCGT
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sion of genes involved in the oncological trans-
formation of HIF-la cells, miR-210, and genes
for gene-linking of cytosolic and mitochondrial
metabolism, such as PDHAI1, were studied. The
metabolic status of the SK-MEL-30 cell line was
monitored by the development of NADH, ATP
levels, and mitochondrial respiration efficiency at
different oxygen conditions in the cells.

Normoxic culture conditions were adjusted
by culturing SK-MEL-30 cells in DMEM culture
medium containing 10% FCS, 100 U/ml penicil-
lin, 100 pg/ml streptomycin and 2 mM glutamine,
respectively, in a thermo-incubator at 37°C and
a 5% CO, atmosphere. Hypoxic conditions were
induced by the addition of 100 uM CoCl,-6H,0 to
the culture medium which mimics hypoxia in the
cell, thereby activating metabolic pathways char-
acteristic of oxygen deficiency?.

To monitor NADH and ATP metabolism, cells
were seeded on 30 mm slides and briefly trans-
fected at 60-80% confluency with 100 uM siRNA
encoding the mCherry PEREDOX biosensor with
2.5 ul TransFast™ transfection solution for 12-16
hours. After transfection the culture medium was
changed with an emphasis on maintaining nor-
mo- or hypoxic conditions. The experiments were
performed within 48 hours of transfection using
siRNAs, mCherry PEREDOX.

Experimental measurements of NADH were
performed using a flow system with manual con-
trol of additive circulating media based on Ca?'/
Na* phosphate buffer, pH = 7.4, 10 mM glucose,
10 mM pyruvate, 10 mM lactate or 10 mM glu-
tamine, respectively, 100 uM CoCl,-6H,O; solu-
tions were added systematically to the base Ca?"/
Na* phosphate medium.

SIRNA and Transfection

Transfected siRNA with the sequence for HIF-
la: 5°-CCA CCA CUG AUG AAU UAA AUU
TT-3’ and for miR-210: 5’-UCA GCC GCU GUC
ACA CGC ACA GTT-3". Selected siRNAs were
applied to the affected cells by reverse transfec-
tion using the Transfast™ Transfection Reagent
technology. To analyse transfection efficiency
(by RT-PCR), cells were transfected using Trans-
fast™ without siRNA and the presented negative
treatment control (NTC). Cells were transfected
overnight (12 hours).

Peredox Assay

PEREDOX-mCherry analysis is based on
the genetically encoded fluorescent biosensor
formed by the florescence-labelled Rex-cpFP
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complex®® which is activated upon the binding
of the NADH molecule. Binding of the reduced
NADH molecule will increase the fluorescence
intensity of the complex. The reaction is revers-
ible and removal of the NADH molecule does
not result in more fluorescence. Real-time pro-
duction of the relative cytosolic NADH/NAD*
level in SK-MEL-30 cells was detected using
Nikon Eclipse Till-imaging Fluorescence-Op-
tical Technology (Till Photonics, Grifelfing,
Germany) with a specimen motion stand, poly-
chrome V (Till Photonics, Grifelfing, Germa-
ny) and a 40x/1.3 oil lens (Alpha Plan Fluar 40x,
Zeiss, Gottingen, Germany). A NADH geneti-
cally encoded ratiometric fluorescent indicator
biosensor, PEREDOX-mCherry, was emitted at
two wavelengths: 430 nm (green) and 570 nm
(red). Fluorescence 430/570 (green/red) rep-
resents the NADH/NAD™ ratio and calculated
as: A max Ratio, where R is normalised ampli-
tude. Individually measured cells were adjusted
to the background brightness and the so-called
green-to-red share was evaluated using the Live
Acquisition 2.0.0.12 software (Till Photonics,
Grifelfing, Germany).

Seahorse XF96

Mitochondrial viability was measured un-
der normoxic and hypoxic conditions using
the Seahorse XF96 technology. The oxygen
tension-dependent mitochondrial activity was
measured for input energy substrates of 10 mM
glucose and 10 mM glutamine. The measured
respiratory activities of the cancer microenviron-
ment were analysed for oxygen consumption rate
(OCR), which describes mitochondrial respiration
and mitochondria generating ATP. In resting cell
mode, ATP synthesis and consumption are bal-
anced. Changes in the OCR reflect changes in
ATP production which correspond to changes in
cell ATP consumption.

Statistical Analysis

Mean Ct values (threshold cycle) and stan-
dard deviations depended on a relative concen-
tration of the target are used in the ACt calcula-
tions. The variance of the ACt is calculated from
the standard deviations of the target and refer-
ence values (calibrator). The result is a multiple
of the calibrator concentration. The obtained
data were analysed with GraphPad Prism ver-
sion 5.04 (La Jolla, CA, USA). The presented
data are mean =+ standard error of mean (SEM)
in 5 independent experimental repeats. The
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two-tailed Student’s #-test was used to com-
pare the data obtained in the two groups. When
comparing values among multiple groups, the
one-way ANOVA statistical method was used
to evaluate statistical significance, more specif-
ically Tukey’s Multiple Comparison test. Statis-
tically significant results were found to have a
p-value between 0.01 and 0.05 indicated by “*”,
a p-value between 0.001 and 0.01 with 1ndlcated
by “**” a p-value is less than 0.001 indicated

Results

Cell Redox State Depends of Cytosolic
NADH Level

Under normoxic conditions, we determined
the NADH/NAD" ratios (Figure 1-A) of cells
saturated with 10 mM glucose to + 100% (the
NADH/NAD" ratio in normoxia for unaffected
cells was chosen as the baseline; NADH/NAD*
= lactate/pyruvate ratio) and glutamine = 11% (p

by “H***”, < 0.001), taken to glucose (Figure 1-B-1, 2). Cells
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Figure 1. A, Detection of changes in the NADH/NAD+ ratio using PEREDOX-mCherry Assay; B, The calculated NADH/
NAD+ ratio produced by cells consuming glucose (Glc) or glutamine (Gln): (1) — mean of the decrease in the NADH/NAD+ ra-
tio, (2) — the difference in the NADH/NAD+ ratio from the lactate/pyruvate, (3) — percentage of NADH from the difference of
the NADH/NAD-+ ratio; C, NADH/NAD+ ratio produced by cells after Glc consumption in HIF-1a or miR-210 gene silencing.
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saturated with 10 mM glutamine instead of glu-
cose were presented with a significantly lower
NADH production of £ 71% (p < 0.001) under
hypoxic conditions vs. 10 mM glucose-fed cells
where a mean of + 245% (p < 0.001) was mea-
sured (Figure 1-B-3).

The ratio of NADH/NAD" in normoxia for the
uninfluenced cells was chosen as the baseline; it

is 100% (Figure 1-C-1, 2). In hypoxia the NADH/
NAD? ratio increased to = 231% (p < 0.001). Af-
ter HIF-1a gene silencing the produced NADH/
NAD" ratio decreased to = 67% in normoxia, and
to = 65% in hypoxia (p < 0.01). The effect of miR-
210 gene silencing in normoxia was a decrease in
the NADH/NAD ratio to £ 54% (p < 0.01), and
in hypoxia to £ 27% (p < 0.01).
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Expression of PDHAT

The level of PDHA1 absolute gene expression
(Figure 2-A) in normoxia of NTC was 0.009;
the relative expression of PDHA1 was 1.057 in
HIF-1a expression-suppressed cells, and 0.922
in miR-210 expression-suppressed cells. No sta-
tistically significant differences were detected
when comparing different cell groups under nor-
moxic conditions.

The level of relative expression of the gene
of interest in NTC determined in hypoxia was
0.00916. In cells with HIF-la gene silencing the
relative expression of PDHA1 was 0.998, and in
the cells with miR-210 gene silencing it was 1.415.
The difference between expression in normo- and
hypoxic conditions in cells affected by miR-210
gene silencing was at a p < 0.05 significance level.

Detection of HIF-10. and MiRNA-210
Expression Level

Cells in the NTC control group (0.887015) had
a higher expression of miR-210 than miR-210 si-
lenced cells (0.713144) in normoxia. Cells with
HIF-1a gene silencing (1.9138315) were charac-
terised by the highest level of miR-210 expression
(Figure 2-B).

The level of relative expression of HIF-la
in normoxia in NTC control cells was 0.05945;
in cells with HIF-1a attenuation it was 0.05043,
and in cells with miR-210 silencing expression
suppression it was 0.05013. The measured lev-
el of relative expression of the gene of interest
in hypoxia was 0.05357 in NTC cells, 0.05484
in HIF-la-attenuated cells and 0.07489 in cells
with miR-210 expression suppressed. We deter-
mined the significance of the expression of HIF-
la mRNA by NTC cells and after the silencing
of miR-210 expression at p < 0.01 under hypox-
ic conditions, as well as by comparing HIF-1a
mRNA expression between cells with targeted
suppression of miR-210 silenced expression at
p <0.01.

Cell Viability in Normo- and
Hypoxic Conditions
We analysed cell growth under normoxic and
hypoxic conditions and evaluated how many cells
were subject to apoptosis after 48 hours of incuba-
tion with/without 100 uM CoCl,-6H,0 (Figure 2-C).
We observed that after 12 hours of growth
cells reached a stationary phase under hypoxic
conditions (Figure 2-C-1), while cells under nor-
moxic conditions reached a stationary phase after
80-90 hours of culturing. The significance level

was p < 0.05 in living cells counted in normoxia
at 48 hours of culture in siRNA-treated HIF-1a
cells vs. control of NTC and miR-210 siRNA at p
< 0.01. In hypoxia, a nonsignificant change in the
number of viable cells was observed compared to
the NTC control group.

The measured values indicate only a mini-
mal increase in dead cells in the negative control
under hypoxic conditions. The most pronounced
apoptotic behaviour was observed in the miR-210
transfected cells in both normoxic and hypoxic
conditions. The significance level was at p < 0.05
in the number of apoptotic/dead cells in normoxia
in a comparison of NTC to cells with HIF-1a si-
lencing expression, and miR-210 was at a signifi-
cance level of p <0.01 (Figure 2-C-2). In hypoxia,
a level of significance at p < 0.01 was observed in
HIF-1la expression-inhibited cells and at p <0.001
for cells with miR-210 expression suppressed.

Mitochondrial Redox State Represents
the Level of ATP Production

An average level 14.14 pMol/min in the basal
respiration (BR) was observed in normoxia and
19.00 pMol/min in hypoxia for NTC glucose-fed
cells (Glc) (Figure 3-A-1, Table II). Gene silenc-
ing of HIF-1a + Glc of analysed cells resulted in
an increase of basal respiration level up to 52.14
pMol/min in normoxia, and 63.57 pMol/min in
hypoxia. Likewise, gene silencing of miR-210
+ Glc resulted in an increased of BR level up to
30.14 pMol/min in normoxia, and 40.29 pMol/min
in hypoxia. Significant changes were observed at
p < 0.01 upon comparing basal respiration. Sig-
nificant changes were observed at p < 0.001 upon
comparing MCR of analysed cells (Figure 3-B-1,
Table II).

We observed in the BR average level 18.00
pMol/min in normoxia, and 18.43 pMol/min in
hypoxia of NTC glutamine-fed cells (GlIn) (Fig-
ure 3-A-2, Table II). Gene silencing of HIF-1a +
Gln of analysed cells resulted in an increase of
basal respiration level up to 56.43 pMol/min in
normoxia, and 57.14 pMol/min in hypoxia. Like-
wise, gene silencing of miR-210 + Gln resulted in
an increased of BR level up to 47.71 pMol/min in
normoxia, and 69.43 pMol/min in hypoxia (Fig-
ure 3-B-2, Table II).

Discussion

Cancer cells often use only cytosolic metab-
olism (anaerobic glycolysis), although there is a
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Figure 3. A, OCR of SK-MEL-30. (1) — cells cultured with 10 mM glucose (Glc), (2) — cells cultured with 10 mM glutamine
(Gln); B, Maximal respiratory capacity and ATP-linked respiration (based on Seahorse).

group of cells that are characterised by indeter-
minate metabolism and occasionally use oxida-
tive phosphorylation to form ATP?'. Cancer cells
also accumulate lactate during mimic hypoxia,
the concentration of which correlates with the ag-
gressiveness of the tumour disease®?. Based on the
Warburg theory, NADH also accumulates in the
cytosol of cancer cells along with lactate reflect-
ing the degree of disease in similar manner.

Cell Redox State Depending on Cytosolic
NADH Level

Cellular redox status, derived from the prima-
ry production of NADH and expressed as the ra-
tio of NADH/NAD" levels in the cytosol of cells,
can be detected by Peredox-mCherry live cell
imaging®. In the experiment the baseline level of
NADH in the cytosol of cells was determined at
10 mM glucose in circulating buffer solution. The
NADH/NAD" ratio decreased after the addition
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of 10 mM pyruvate to Ca*/Na* buffer solution
until cell metabolism was stabilised. Subsequent-
ly, the cells were saturated with Ca?/Na" buffer
solution with 10 mM lactate and the accumulation
of NADH was monitored until its production was
stabilised (Figure 1-A). The difference between
the NADH/NAD" ratio after the addition of py-
ruvate and lactate was calculated as the relative
amount of NADH in the cytosol of the cells.

However, in hypoxia with Gln cells (cells culti-
vated with 10mM of Glutamine) the NADH/NAD*
ratio is in favour of NAD" which correlates with
measurements in patients where a decrease in circu-
lating NADH in hypoxia was observed (i.e., cancer
and its increasing stage)*>. The result is consistent
with glutamine metabolism via reductive carboxyl-
ation due to decreased NADH utilisation in mito-
chondria. Cells affected by HIF-1la siRNA or miR-
210 siRNA produced significantly less NADH in
both normoxia and hypoxia (Figure 1-C-1, 2).
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Table II. Levels of OCR of basal respiration, proton leak, maximal respiration capacity and ATP in measured conditions of SK-MEL-30.

Glucose Glutamine
Normoxia Hypoxia Normoxia Hypoxia

Basal respiration (pMol/min)

NTC 14.14 19.00 18.00 18.43

HIF-la 52.14 63.57 56.43 57.14

miR-210 30.14 40.29 4771 69.43
Proton leak (pMol/min)

NTC 16.67 17.67 18.33 18.33

HIF-1a 47.00 50.33 54.33 47.67

miR-210 27.67 28.67 34.67 5733
Maximal respiratory capacity (pMol/min)

NTC 14.00 16.33 14.40 15.33

HIF-la 73.60 78.33 72.20 74.33

miR-210 36.20 47.33 41.40 89.00
ATP-linked respiration (pMol/min)

NTC 1.00 1.00 1.00 0.33

HIF-1a 10.67 4.33 16.33 16.33

miR-210 9.00 34.00 10.00 21.33

Expression of PDHAT1

HIF-1a or miR210 silencing in normoxia does
not affect PDHAI expression. Thus, the transfer of
pyruvate to the mitochondrial matrix is identical in
all cases — even in hypoxia. SK-MEL-30 malignant
melanoma cells are characterised by a preference of
cytosolic metabolism. The reduced effect of HIF-
la by silencing reduces PDK1 activity and there-
by activates PDHA1 (dephosphorylates). Since
PDHALI is regulated via miR-210, the silencing of
miR-210 is adequately induced by upregulation of
electron transfer proteins, such as PDHA1 (Figure
2-A)* or the ISCU1/2 (iron-sulphur cluster assem-
bly proteins 1/2, of respiratory complexes I and
III)"". More NADH molecules are transferred to the
mitochondria and do not accumulate in the cyto-
sol of the cell. The difference between expression
in normo- and hypoxic conditions in cells affected
by miR-210 gene silencing was at the p < 0.05 (*)
significance level. Therefore, the silencing effect of
miR-210 has a far more targeted effect than HIF-
la suppression, because other members of the HIF
family (HIF-2, -3) also affect miR-210°%-7.

Detection of HIF-10. and MiRNA-210
Expression Level

Cells affected by HIF-la and miR-210 gene
silencing showed no significant changes in the
expression level of the genes of interest in nor-

moxia, whereas in hypoxia they did (Figure 2-B-
1, 2). The gene expression in cells in normoxia
after gene silencing had lower levels of HIF-la
mRNA expression compared to the NTC group.
In the hypoxic environment, the detection of HIF-
la mRNA in miR-210 silent cells was done by in-
creased expression of HIF-1o which is sufficient
due to induced hypoxia.

Cells with HIF-1a gene silencing were charac-
terised by the highest level of miR-210 expression
which correlates with the present hypoxia because
miR-210 and HIF-1a, as well as HIF-2, -3, interact
and cooperate®7,

Cell Viability in Normo- and Hypoxic
Conditions

The level of intracellular (cytosolic) NADH in-
creases by activating the apoptotic process in the
cell, while at the same time the concentration of
free NADH in the mitochondrial matrix decreas-
es continuously, thereby reducing ATP formation,
increasing ROS levels, leading to self-destruction
by apoptosis, necrosis or necrotic apoptosis®®°,
Under normal conditions NADH is accumulated
in the mitochondria®'.

Oxygen Consumption Rate

Oxygen Consumption Rate (OCR) describes
the level of oxygen value consumed by cells in
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the time. OCR is the key indicator of mitochon-
drial respiration and its metabolic function. An
increase in the basal respiration was observed
for both cells cultured in normo- or hypoxic con-
ditions with glucose (Glc), as well as glutamine
(GIn) NTC, HIF-1o. and miR-210.

Mitochondrial viability under both normox-
ic and hypoxic conditions was almost zero for
cells cultured with 10 mM Glc, as well as with 10
mM Gln in the culture medium (Figure 3-A-1, 2).
Thus, energy for cells was obtained by increas-
ing the activity of glycolysis in the cytosol, which
compensated for the lack of energy from the OX-
PHOS pathway.

The observed changes in mitochondrial vi-
ability result from activation of proton and
electron transfer by respiratory complexes re-
sulting in energy production by ATP synthase.
MM cells are predominantly glycolytic (cy-
tosolic) in both normoxia and hypoxia since
respiratory complexes are unable to transfer
protons and electrons. By HIF-1a and miR-210
gene silencing, the effect of hypoxia on protein
transporters was inhibited, leading to increased
mitochondrial activity in both normoxic and
hypoxic conditions.

It is known that cancer cells acquire energy
from non-glucose precursors, e.g., glutamine,
and use them more efficiently*’. Glutamine is an
anaplerotic intermediate in the citrate cycle in the
formation of the 2-oxoglutarate; however, no ef-
fect in NTC measurements was observed. These
results suggest the utilisation of glutamine in tu-
mour cells via reductive carboxylation.

This work demonstrates that gene silencing of
hypoxia transcription factors has a positive feed-
back in mitochondrial activity in normoxia, as
well as in hypoxia condition. We observed sever-
al benefits of gene silencing of HIF-1a, and miR-
210 as increase ATP production, stimulation of
mitochondrial biogenesis, and presumably also
pro-apoptic signals. This suggests that the gene
silencing of HIF-la even miR-210 is involved
in the TCA cycle (HIF-la silencing), electron
transport chain in respiratory complexes (miR-
210 silencing), and could increase mitochondrial
mass (because of increased maximal respiratory
capacity), or mitochondrial membrane potential
(because of increased proton leak). This effect
is more putative for cancer cells in high cancer
stage, which is described by glutaminolysis. Our
results suggest the same, if not better, beneficial
effect of miR-210 silencing on MM cells fed with
glutamine.
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Conclusions

The aim of the present study was to elucidate
the effect of hypoxia (or mimic hypoxia) on the
energetic metabolic changes of malignant mela-
noma cells. At the same time, respiration efficien-
cy and the NADH/NAD" production ratio in MM
cell lines were analysed.

The study concludes that malignant melano-
ma cells under normoxic and hypoxic conditions
show significantly less accumulation of NADH
after gene silencing of hypoxic transcription
factors. This phenomenon was even more pro-
nounced upon a replacement of glucose with glu-
tamine as the main substrate in cultivation media.

This reduction in the accumulation of NADH
in the cytosol was reflected in the acceleration of
mitochondrial metabolism in normoxia/hypoxia
in both glucose-fed and glutamine-fed cells. Cells
not affected by gene silencing showed no signif-
icant mitochondrial activity and energy metabo-
lism was mainly aimed in the cytosol resulting in
a high level of NADH in normoxia, and especially
in hypoxia as described by the well-known War-
burg effect.

Reactivation of mitochondrial metabolism in
malignant melanoma cells leads to their reduced
viability and possibly apoptotic processes. Our
findings suggest the potential use of targeted HIF-
la, and miR-210 respectively gene silencing in
therapy of malignant melanoma.
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