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Abstract. Background/Aim: The occurrence of BRAFV60E
mutation causes an up-regulation of the B-raf kinase activity
leading to the stabilization of hypoxia-inducible factor 1-alpha
(HIF-1o) - the promoter of the 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 (PFKFB3) enzyme. The
aim of the study was to examine the effect of the (2E)-3-(3-
Pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO), as an
inhibitor of PFKFB3, on human melanoma cells (A375) with
endogenous BRAFY®9E yutation. Materials and Methods:
A375 cells were exposed to different concentrations of 3PO
and the following tests were performed: docking, cytotoxicity
immunocytochemistry  staining glucose uptake,
clonogenic assay, holotomography imaging, and flow
cytometry. Results: Our studies revealed that 3PO presents a
dose-dependent and time-independent cytotoxic effect and
promotes apoptosis of A375 cells. Furthermore, the obtained
data indicate that 3PO induces cell cycle arrest in G1/0 and
glucose uptake reduction. Conclusion: Taking all together, our
research demonstrated a here should be proapoptotic and
antiproliferative effect of 3PO on A375 human melanoma cells.
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Malignant melanoma is a neoplasm derived from
melanocytes (pigment-containing cells) localized typically in
the skin as well as in the eye, intestines, inner ear and
meninges (1). Its cutaneous form is considered as the most
aggressive and the deadliest type of skin cancer. The primary
locus of tumor exhibits a predilection for early metastasis,
which can occur even from thin carcinomas. Therefore, the
early diagnosis of melanoma is essential for the further
success of the applied treatment (1).

Depending on the tumor’s features, possible therapeutic
methods may include surgery, chemotherapy, radiotherapy,
immunotherapy or molecularly targeted therapies (2).
Surgical excision of melanoma at the earliest possible stage
is essential for a successful therapeutic outcome.
Radiotherapy may be recommended for the treatment of
skin, bone and brain metastases (3). Chemotherapy with
dacarbazine, and temozolomide was the first systemic
treatment applied in advanced melanoma; however, overall
survival rates (OS) did not show significant improvement
(4). In a phase III study comparing dacarbazine and
temozolomide the response rate was 12% and 13%,
respectively (5). None of these two alkylating agents affect
a specific molecular pathway, thus they cannot be used in
personalized oncology. Despite novel reports on new therapy
achievements in the field of immunotherapy or biological
treatment, these methods are insufficient and burdened with
certain disadvantages and side-effects (6). This causes an
urgent need for finding new treatment options for melanoma.

BRAF (v-raf murine sarcoma viral oncogene homolog B)
gene is located at chromosome 7 (7q34) and encodes B-raf
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kinase and its composed of 18 exones. BRAF mutation is
localized mainly at codon 600 in exon 15 (7, 8). It occurs
due to the transversion of thymidine (T) to adenosine (A) at
nucleotide 1799 (T1799A), which causes substitution of
valine (V) to glutamic acid (E), leading to what is called the
BRAFY%E muytation. This mutation leads to the constant
activity of B-raf kinase in the RAS-RAF-MEK-ERK
pathway and is responsible for the aggressive character of
BRAF mutant neoplastic cells (9).

Modern medicine strives to create targeted treatment
precisely adjusted to the molecular profile of cancer, to
enable the efficiency while limiting side effects from therapy.
Targeted therapies of melanoma are based mainly on the
BRAF mutation, which is observed in 50% of cases (10).
Some drugs, such as vemurafenib and dabrafenib, inhibit the
overactivated B-raf kinase (11). The effectiveness of these
drugs has been proven, however, unfortunately, at the same
time, alarming reports about their serious side effects (12)
and the occurrence of acquired resistance (13) have been
revealed.

An interesting alternative to the above-mentioned
medicines might be selective inhibitors of the isoform 3 of
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
(PFK2/FBPase), the protein product of the PFKFB3 gene. In
the presence of BRAF V600E mutation, overactivated B-raf
kinase enhances glycolysis via the activation of
PFK2/FBPase (14). Kumar ef al. (2007) have discovered that
BRAFYO0E muytation increases HIF-1a (hypoxia-inducible
factor 1-alpha) expression (15). PFKFB3 promoter contains
HIF-1a binding sites necessary for transactivation of this
gene (16). Thus, HIF-1a factor, which is overexpressed in
the case of BRAFY®'E mutation, induces PFKFB3
expression. The product of reaction catalyzed by PFKFB3 —
Fructose-2,6-diphosphate (F2,6BP) stimulates allosterically
the activity of enzyme PFK-1 (17). The described
mechanism leads to the phenomena included in what is
called the Warburg’s effect — the state of intensified
glycolytic activity in tumor cells and their aggressive
metabolism (Figure 1) (18, 19). The inhibition of such
network of correlations may contribute to the changes in
metabolism of tumor cells, giving a new insight into
cytotoxic effects of PFKFB3-related factors.

PFK2/FBPase is present in the cytoplasm of human cells
in the four isoforms. PFKFB3 (isoform 3) and PFKFB4
(isoform 4) are overexpressed in several cancer types, with
PFKFB3 being the dominant one (21). Trojan et al. (2018)
have described the presence of the PFKFB3 and PFBFB4 in
the melanoma cells (22), suggesting that this enzyme may be
an interesting target for melanoma treatment. Substances
belonging to the PFKFB3 inhibitor group are able to inhibit
this isoform (23), promoting stress in cancer cells. In the
latter is expressed in the form of increased sensitivity to
cytostatic agents or leading to apoptosis (24). The best-
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known representative of the PFKFB3 inhibitor group is (2E)-
3-(3-Pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO; Figure
1B). 3PO has been shown as a cytotoxic agent for
hepatocellular carcinoma (19), Jurkat T Cell Leukemia Cells
(25), human colon and bladder cells (26). Moreover, 3PO
does not affect the level of glucose in erythrocytes and white
blood cells during daily in vivo administration. This is
particularly important since glycolysis is the only glucose
metabolism pathway in the red blood cells in mammals (16).
Taking altogether the aforementioned findings, we
hypothesized that 3PO may inhibit the proliferation of
melanoma cells and display a cytotoxic effect on them.

In our study we aimed to evaluate an effect of PFKFB3
blockade on A375 human melanoma cells with the use of
3PO. We hypothesized that inhibition of PFKFB3 contributes
to the decrease of BRAFV6OOE—positive melanoma cells’
viability.

For the purpose of this research, the A375 melanoma cell
line was chosen. According to literature, the hyperactivation
of ERK pathway by the BRAFVO00E mytation is the main
factor of tumorigenesis in A375 cells (27, 28). For this
reason, we picked the A375 melanoma cell line as a proper
model to investigate the consequences of inhibition of
BRAF-related molecular phenomena.

Materials and Methods

Docking and computational analysis. The model of the ligand was
prepared using the Avogadro Software 1.2.0 (Avogadro Chemistry,
an open-source molecular builder and visualization tool. Version
1.2.0. http://avogadro.cc/) (29), and then the ligand’s geometry was
initially optimized using the MMFF94 (30) force field. In the next
step, to ensure the proper geometry, ab initio calculations were
conducted using the Gaussian 16 B.01 software (Gaussian inc.,
Wallingford, CT, USA) (31), double hybrid B2PLYPD3 (32) density
functional with Grimme D3J dispersion correction and Def2SVP
(33) double zeta basis set. After the optimization, the ligand was
saved as a PDBQT file with a torsional tree generated for docking
calculations.

Concerning the protein, the crystallographic structure of Human
PFKFB3 in complex with an indole inhibitor with resolution 2.5 A
(23) was taken from the Protein Data Bank (PDB CODE: SAJW) and
was saved as a PDB file. Furthermore, water molecules, inhibitors,
and phosphates were removed from the crystallographic structure.
After that, the protein was saved in PDBQT format without the
generation of the torsional tree, because the protein will be kept rigid
during docking.

The previously prepared PFKFB3 protein model was docked with
a prepared ligand model using Smina 1.0.0 (open-source software)
(34), and Autodock Vina (35) modification. Furthermore, the Vinardo
(36) scoring function (called Smina/Vinardo) was chosen for a more
accurate representation of energy interactions between protein and
ligand, and the search space was spanned over the whole protein due
to limited information about the docking site. The Vinardo scoring
function correlates with experimental data similarly to the X-Score
scoring function that is significantly better than the LIDO used in the
previous docking study, ensuring that the modelling results are closer
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to the reality (19, 37). The docking procedure was repeated 50 times,
and 20 poses for each repeat were generated. The pose with the
lowest energy among all repeats was chosen for further visualization
and analysis and was visualized using the Visual Molecular
Dynamics (VMD) software 1.9.2 (Beckman Institute, Urbana, IL,
USA) (38).

Also, an additional docking protocol was performed using
AutoDock 4 (Olson Laboratory, La Jolla, CA, USA) to confirm the
results obtained with Smina/Vinardo. To do this the AutoDock 4.2.6
was used together with AutoDockTools software (33). The system
was prepared the same way as Smina/Vinardo, the search space was
spanned over the whole protein. As Autodock 4 requires partial
charges, these were obtained from the Gasteiger Partial Charges in
the AutoDockTools for protein as for the 3PO ligand. After that, the
grid map was generated based on the search space defined previously.
Further, the docking settings were chosen, the Lamarckian Genetic
Algorithm was used to explore the conformational and search space.
The number of energy evaluations was set to 2.5x107 and the rest
was left as default. The pose with the lowest energy among all repeats
was chosen for further visualization and analysis using the Visual
Molecular Dynamics (VMD) software.

Cell culture. The melanoma A375 cells that express endogenous
BRAFV600E mytation - (ATCC® CRL 1619™ , London, UK) were
used for our experiments. Cells were cultured as a monolayer on
polystyrene cell culture flasks (Falcon®, Corning Life Sciences,
Tewksbury, MA, USA) with DMEM (Dulbecco’s Modified Eagle’s
medium, Sigma-Aldrich, Saint Louis, MO, USA) containing 10%
fetal bovine serum (FBS, Sigma-Aldrich), 20 U/ml penicillin and
streptomycin 20 pg/ml (Sigma-Aldrich). Cells were incubated at 37°C
with 5 % CO, in a humified incubator (Heraeus®, Thermo Fisher
Scientific, Waltham, MA, USA). Prior to the experiment, cells were
detached using Trypsin 0.25% and EDTA 0.02% (Sigma-Aldrich).

Drugs. (2E)-3-(3-Pyridinyl)-1-(4-pyridinyl)-2-propen-1-one were
produced by Sigma-Aldrich (Sigma, cat. no. SML1343). Each drug
solution was freshly prepared directly before the experiment. First,
3PO was dissolved in DMSO (Sigma-Aldrich, cat. no. 41639) to a 5
mM concentration (stock solution) and was subsequently diluted to
a 5-200 pM concentration in cell culture medium (DMEM) for
further tests.

MTT assay. The MTT assay is based on a colorimetric method,
allowing for indirect evaluation of the cell viability. In this assay, the
cell survival was reflected in the activity of mitochondrial
dehydrogenases which metabolize the yellow, water-soluble
tetrazolium salt (MTT) to the purple, water-insoluble formazan
crystals.

At first, A375 cells were seeded in 96-well plates at the
concentration of 50 000 cells/well in 150 pl of growth medium and
subsequently, 24 h after culturing, cells were incubated in medium
alone (control) or in medium containing various concentrations of
3PO: i) 5 uM, ii) 10 uM, iii) 15 pM, iv) 25 pM, v) 50 uM, vi) 75
uM, vii) 100 uM and viii) 200 uM. After 24 or 48 h, growth medium
was removed and replaced by the MTT solution (0.5 mg/ml PBS
buffer). Next, the cells were cultured with MTT at 37°C for 3 h. After
that, the formed formazan crystals were dissolved in acidified
isopropanol (100 pl/well, 0.04 M HCI in absolute isopropanol per
well). The absorbance was measured using the multiplate reader at
570 nm (EnSpire Multimode Plate Reader, Perkin Elmer, Waltham,

MA, USA). The viability of the non-treated control cells was
considered as the 100% of survival.

Immunocytochemical staining. Immunocytochemistry was performed
24 h after treatment on cells. At first, cells were fixed in 4%
paraformaldehyde (Roth, Germany). Then, immunocytochemical
detection using horseradish peroxidase (HRP) was performed. The
following antibodies were used: rabbit polyclonal caspase-3 antibody
(cat. no. LF-MAO0030, Thermo Fisher Scientific Inc., distr. Life
Technologies, Warsaw, Poland) and mouse monoclonal antibody
against caspase 8 (Santa Cruz Biotechnology Inc., Dallas, TX, USA,
cat. no. sc-56070). Caspase-3 and -8 antibodies were diluted in an
IHC Select® Antibody Diluent Solution (Sigma-Aldrich, cat. no.
21544) at a dilution of 1:200. After overnight incubation, the antigens
were visualized using the EXPOSE Mouse and Rabbit Specific
HRP/DAB Detection IHC kit (Abcam, Cambridge, MA, USA, cat.
no ab80a36) following our protocol from an earlier study (39).
Finally, cells were stained with hematoxylin for three min to visualize
nuclei, dehydrated in an increasing concentration of EtOH, cleared
in xylene and mounted in DPX (Sigma Aldrich, cat. no. 100579).
Then, the microscopic sides were examined with the upright
microscope (Olympus BX51, Tokyo, Japan). The percentage of
stained cells was estimated manually by two independent researchers
and the intensity of immunocytochemical reaction was evaluated
according to the scale: (-) negative, (+) weak, (++) moderate and
(+++) strong.

Cell death analysis. A375 cells were plated at a concentration of 120
000 cells/well in a 6-well dish in 2.0 ml complete medium and 48 h
after seeding, they were incubated for 24 h in medium alone or in
medium with the following concentrations of 3PO: i) 5 uM, ii) 25
uM, and iii) 100 uM. After that, the cells were washed and detached.
The collected growth medium and cell suspension were centrifuged
(6,720 x g) for 10 min at 4°C. Next the cells were stained with
Annexin-V labeled with FITC and propidium iodide (PI) (Annexin
V-FITC Apoptosis Detection Kit, BioVision Inc, Milpitas, CA, USA
cat. No. K101-100) following the protocol described by Crowley et
al. (40). For the excitation blue laser 488 nm was used and for
detection green detector for FITC, and red I detector for PI
respectively. Finally, cells were analyzed using flow cytometry
(CUBES®6, Sysmex, Poland).

Clonogenic assay. A clonogenic assay was performed after a 24-hour
incubation in 5, 25 and 100 pM concentration of 3PO, and then
1x103 cells per well were seeded in 6-well plates in DMEM
(Dulbecco’s Modified Eagle’s medium). After 7 days of incubation,
the colonies were fixed following the Franken’s Nature Protocols
(41). Formed colonies were counted using ImageJ 1.52q software
(National Institute of Health, Bethesda, MD, USA).

Glucose uptake analysis. Glucose transport inside the cell was
measured by the bioluminescence of the 2-deoxyglucose-6-phosphate
that accumulates in cells uptaking glucose derivatives in this assay.
The cells were plated in 96-well plates at a concentration 5x104 per
well and 24 h after seeding, the cells were incubated for additional
24 h in different concentrations of 3PO (5, 25 and 100 uM). Next,
the cells were washed, detached, and 50 ul of 1 mM 2DG were added
to every well for a 10-minute incubation. Then, we added 25 pl of
Stop Buffer (Glucose-Glo™ Assay, Promega Corporation, Madison,
WI, USA, cat. No. J6021) and an equal volume (25 pl) of
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Neutralization Buffer (Glucose-Glo™ Assay, Promega Corporation,
cat. no. J6021). Subsequently, we incubated with 100ul of G6PHD
Detection Reagent for 1 hour. The bioluminescence was measured
using the Promega GloMax® Discover System multiplate reader
(Promega Corporation) choosing “Glucose Uptake-Glo™ protocol”.

Cell cycle profiling. Cells were cultured in a 6-well plate at a
concentration of 5x105 per well and were incubated with 3PO at the
following concentration: 5, 25 and 100 pM. Next, the cells were
harvested and fixed in cold ethanol (70 %) at 4 °C for 12 h, washed
and resuspended in phosphate-buffered saline (PBS), incubated with
100 pg/ml RNAse (A&A Biotechnology, cat. no. 1006-10), and
stained with 50 pg/ml propidium iodide (PI; Sigma Aldrich, cat. no.
81845) solution in the dark for 30 min. A content was assessed by
the Becton Dickinson FortessaO Cell Analyzer (Franklin Lakes, NJ,
USA) using the FACSDiva software.

Statistical analysis. All experiments were performed in triplicate for
each parameter, which gives 9 repetitions for each parameter. Data
are expressed as meanzstandard error of the mean. Data were
analyzed by two-way ANOVA (in GraphPad Software Inc., San
Diego, CA, USA), with p-Value<0.05 being considered statistically
significant. ICs, values were calculated by nonlinear regression
(curve fit) of cytotoxicity data using a sigmoidal dose-response
(variable slope) equation.

Results

3PO binds to active site of PFKFB3. The 3PO has been
identified as a PFKFB3 ligand based on the molecular
docking using LIDO and a homology model of PFKFB3
using the PFKFB4 structure (14). Nevertheless, the affinity
of the ligand has not been revealed, while it has also not
been compared to its native ligand F-2,6-BP (21).

Since there is no binding affinity data for the 3PO ligand,
the identification of the binding site for 3PO by B. Clem et
al. in 2008 (19) is rather suspicious, due to the use of a
rather inaccurate LIDO scoring function and homology
modelling.

We have decided to perform a molecular docking
simulation using the crystallographic structure of PFKFB3.
The docking results revealed that 3PO binds to the F-2,6-BP
binding site of PFKFB3 and shares amino acids with the
fructose-6-phosphate. The binding site of crystallographic F-
2,6-BP and docked 3PO are shown in Figure 2A. There are
7 amino acids within 3A which bind to the 3PO and also the
F-2,6-BP (see Figure 2C). It shows that 3PO binds to 2-Pase
domain similar to the native ligand F-2,6-BP. Consequently,
the 3PO blocks the release of the phosphorylation product
(F-2,6-BP) from the 2-Pase domain. Furthermore, in
comparison to the native ligand — F-2,6-BP, the 3PO seems
to interact with 3 additional amino acid residues,
consequently, it binds more strongly and has higher affinity
than the native ligand (Figure 2C).

According to the results of the previous docking study by B.
Clem et al. in 2008, the identified binding site for 3PO was the

2616

2-Kase domain, which binds Fructoso-6-Phosphoran (19). Due
to the contradictory results between our and their study, we
decided to perform a docking simulation using another docking
software — Autodock 4. Our results (Figure 2A) are the same
as with the Smina/Vinardo; 3PO binds to the 2-Pase domain;
however, these need to be confirmed experimentally.

Furthermore, the binding free energy AGy;,qi,, of the best
3PO pose obtained from the docking calculations using
Smina/Vinardo was —7.5 kcal/mol, while —7.78 kcal/mol was
obtained for Autodock 4. To interpret the results further in
the study, the dissociation constant (Kd) was calculated for
the temperature of 37°C. The Kd is defined in relation to the
binding free energy as:

Kq
AGbr’.nding = RTIn (m)

where R is the ideal gas constant

cal

(1.985——)

mol-K
T is the temperature of the studied

system, Kd is the dissociation constant and [1M] is reference
concentration of 1M/I. By rearranging the equation, Kd can
be calculated as shown below:

AGpinding <®
Kd =@ RT

By substituting the temperature and the binding energy in
cal/mol the resulting dissociation constant Kd has a value of
5.2><10’6, which translates to 50% of PFKFB inhibition in a
concentration of 5.2 pM. The molecular docking calculation
reveals the optimum concentration of 3PO that needs to be
administered to promote the desired effect. In this case, this
concentration is high.

The reason behind choosing the binding free energy from
the Smina/Vinardo is that it has better accuracy compared to
Autodock Vina alone, which in turn has a better accuracy
compared to Autodock 4 (35, 36). Nevertheless, the results
are close in both cases.

Cytotoxic effect of 3PO on A375 melanoma cells. The MTT
assays revealed that 3PO showed a cytotoxic effect on A375
melanoma BRAFVO0F _positive cells in a dose-dependent
manner (Figure 3). We observed a significant decrease in cell
survival after 24 h of incubation with 3PO at a concentration
higher than 50 uM. Similar findings were noted when the
cells were cultured for 48 h with 3PO at a concentration
higher than 75 pM (Figure 3A). Cell viability estimated by
mitochondrial activity as measured by the MTT assay at
concentrations above 25 uM revealed an exponential
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Figure 1. The schematic presentation of the molecular basis of targeting
PFKFB3 as a therapeutic strategy against melanoma (A) (Adapted from
Ref. 19) and (B) the 2D structure of 3PO (20). EGR: Epidermal growth
factor; EGFR: epidermal growth factor receptor; HIF-1a: hypoxia-
inducible factor a; Fru-2,6-BP: fructose 2,6-bisphosphate; F-1,6-BP:
fructose 1,6-bisphosphate; PFK-1: phosphofructokinase-1; PFKFB3: 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase isoform 3; DHA:
dihydroxyacetone: G3P: glyceraldehyde 3-phosphate.

downward trend which corresponds to the logarithmic
increase of the PFKFB3 inhibition. The lowest mitochondrial
activity was observed after 48 h of incubation at a
concentration of 200 uM 3PO. Between 24 and 48 h of
incubation, no significant difference between any 3PO
concentrations was obtained. The calculated IC5, for 24 and
48h of incubation with 3PO were 114.0 and 104.1 pM,
respectively.

Microscopy observations showed dose-dependent changes
in cell morphology, with effects becoming noticeable when
the cells were cultured with 25 uM of 3PO (Figure 3B).
These effects include cell regression and increased number
of protrusions. The cells exposed to 3PO for 48 h presented
more of the described changes. Holotomographic microscopy

Figure 2. Simulation of the 3PO binding efficacy: A) docking of the 3PO
ligand using the Smina/Vinardo (red) and docking of the native ligand
F-2,6-BP using the Autodock 4 (green). The 3PO binds to the 2-Pase
domain, same as the F-2,6-BP native ligand, indicating why it inhibits
the PFKFB3. The 2-Pase domain is shown in the cyan color, where the
2-Kase domain is shown in brick color. B) Amino acids within 34 of the
3PO docked ligand. The number near the amino acid’s name indicates
a position in the protein structure. The two amino acids at the back of
the image are glutamine 322 and isoleucine 323. C) Amino acids, that
are shared between the docked 3PO ligand and the docked F-2,6-BP
native ligand. The amino acids are shown within 34 of both ligands.

showed a reduction in the size of cells exposed for 24 h at
increasing concentrations of 3PO (Figure 3C).

Apoptosis prevails over necrosis in 3PO-treated A375
melanoma cells. Cell death evaluated with flow cytometry
(Figure 4) revealed an increased percentage of all damaged
cells at the concentration of 100 uM 3PO compared to control
(8.93% versus 25.05%). Our study revealed that apoptosis,
recognized by Annexin V staining (a marker of
phosphatidylserine representation on the cell surface) prevails
over necrosis (indicated as the propidium iodide influx through
disturbed cell membranes) in cells incubated with the analyzed
concentrations of 3PO. In fact, the predominant process of cell
death in our experiments with 3PO was early apoptosis. Our
research revealed that 24.38% of all apoptotic cells among the
population of cells incubated with 100 pM 3PO were going
through early apoptosis, as revealed by the fact that cells were
bound to annexin V but excluded PI (42) (Figure 4) (Table I).

3PO induces caspase - related apoptosis. The performed
immunocytochemical reaction revealed 3PO dose-dependent
caspase 3 (executive caspase) and caspase 8 (initiator
caspase) expression in A375 cells. A significant difference in
both caspase-3 and caspase-8 was observed already at the
lowest given concentration of the 3PO (25 uM) (Figure 5).
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Figure 3. Cytotoxic effect of 3PO on A375 melanoma cells: A) Viability of A375 cells after 24 and 48 h of incubation with 3PO measured using the MTT
assay. B) Morphology of the A375 melanoma cells incubated in medium without (Ctrl) or with 3PO at a concentration of 5, 25 and 100 uM. C)
Morphology of the A375 melanoma cell line incubated in medium alone (Ctrl) or medium with 3PO at a concentration of 5, 25 and 100 uM. The pictures
and 3D representations were acquired using the holotomography microscope (3D Cell Explorer, Nanolive). *p<0.05. Scale bars: 200 um. INH: Inhibition.
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Figure 5. Apoptosis intensity after 24h incubation with 3PO. The representative microscopy images present cytoplasmatic expression of caspase 3
and 8 in A375 melanoma cells. The IHC reaction is stronger in cells exposed to the higher 3PO concentrations. Scale bars: 100 uM.

Table 1. Cell death evaluation of A375 cells after 24 h of incubation
with 3PO. Results are expressed as percentage of cells.

Table II. The immunocytochemical reaction with caspases 3 and 8
antibody in A375 cells after 24 h of incubation with 3PO.

Concentration ~ Unstained Necrotic Early Late
apoptotic apoptotic
Ctrl 91.07% 0.03% 8.64% 0.26%
5 uM 86.20% 0.41% 8.37% 5.01%
25 uM 84.61% 0.51% 9.32% 5.56%
100 pM 74.95% 0.67% 15.39% 8.99%

The most intense staining of the two antibodies was observed
at the highest concentration of 100 uM we tested (Table II).

3PO inhibits glucose uptake. Glucose metabolism was also
affected in A375 cells cultured with 3PO. The collected data

Caspase 3 Caspase 8
Concentration % of stained  Reaction % of stained  Reaction
cells intensity cells intensity
Ctrl 98% —/+ 97% —/+
5 uM 96% +/++ 100% ++
25 uM 100% +++ 98% +++
100 uM 100% +++ 100% +++

reported the influence of PFKFB3 inhibition on the glucose
uptake of these cells (Figure 6). At the lowest investigated 3PO
concentration (5 and 25 uM) glucose uptake was increased;
however, at the highest concentration (100 uM) there was a
significant reduction of glucose uptake (Table III).
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Figure 6. The glucose uptake in A375 cell line after 24 h of incubation
with 3PO. *p<0.05, **p<0.01, ****p<0.0001 compared to control.
RLU: Relative luminescence units.

Table III. The glucose uptake in A375 cell line after 24 h of incubation
with 3PO. RLU: Relative luminescence units.

Ctrl S5uM  25uM 100 pM

Luminescence (average) 9.23e+06 1.15e+07 1.03e+07 1.31e+06

(RLU)

Table IV. The clonogenic assay in the A375 cell line after 24 h of
incubation with 3PO. The results are represented by the percentage of
cells able to form colonies.

Ctrl 5uM  25uM 100 pM

Percentage of seeded 82.96%  6522%  43.52% 12.12%

cells able to form
colonies (%)

3PO influence on proliferation process. Using the clonogenic
assay we revealed that a 24 h incubation with different
concentrations of 3PO inhibited the cell division process
(Figure 7). The percentage of colonies arising from seeded
cells decreased in an inversely proportional manner to the
3PO concentration, with up to 60.72% colony formation
decrease at the highest investigated 3PO concentration (100
uM) (Table IV).

3PO induces cell cycle arrest in A375 melanoma cells. To
determine whether 3PO affects cell cycle we performed
FACS analysis of the cells treated with 3PO for 24 h. Our
studies revealed that 24 h incubation with 3PO increased the
percentage of cells in the G1/0 phase and simultaneously

2620

Clonogenic assay

100+
® <. 80-
28§
= g 604
(=]
e E
g8
g 2 -
i
o ©

0-

> -] N Q

Concentration of 3PO (uM)

Figure 7. Clone formation efficacy in A375 cell line after 24 h of
incubation with 3PO. **p<0.01 compared to control.

decreased the percentage of cells in the S phase. Among the
cells incubated without the 3PO, the G1/0 phase was the cell
cycle phase with the longest duration and was observed in
45.3% of examined A375 cells. Low 3PO concentrations of
5 and 25 pM did not cause significant changes in the
percentage of cells in G1/0 or S phase. However, when cells
were treated with 100 pM of 3PO there was an increase of
up to 64.6% of cells in G1/0 and a decrease of the
percentage of cells in S phase up to 12.4% (Figure 8).

Discussion

Nowadays 132,000 melanoma cases occur globally each year
(43, 44). Melanoma is characterized by aggressive growth and
unsatisfactory response to standard cytostatic treatment. BRAF
mutation iS a common mutation in melanomas, with about
90% BRAFYOE  muytations (10). Unfortunately, the
effectiveness of available BRAF inhibitors, such as
vemurafenib, cause serious side effects, including cutaneous
squamous cell carcinoma, cutaneous side effects, (e.g. pruritus,
actinic keratosis, and photosensitivity) (45) and cardiotoxicity
(12). Moreover, there are numerous reports concerning the
occurrence of acquired resistance to these inhibitors (46).
Taken together, these facts signify the importance of
identifying new treatment options for melanoma.

Based on the fact that a great number of cancer cells
present an increased level of the PFK2/FBPase enzyme (25),
inhibitors of this enzyme could be an interesting alternative
for anti-neoplastic treatment. In fact, the cytotoxic effect of
PFKFB3 inhibition has been previously revealed in the
following cell lines: K562 (chronic myelogenous leukemia),
HL-60 (acute promyelocytic leukemia) and MDA-MB231
(metastatic breast cancer adenocarcinoma) (19). In our
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Figure 8. Cell cycle analysis of A375 cells presented as histograms of PI intensity staining after 24 h of incubation with different 3PO concentrations

and its summary (bottom right graph).

studies we observed partially similar findings, with a dose-
dependent 3PO-induced anticancer effect on A375
melanoma cells.

Xintaropoulou et al. (2015) studies have revealed that the
cytotoxic effect of 3PO is associated more with apoptosis
rather than with necrosis (47). Our studies confirmed that in
A375 melanoma cells necrosis does not play a significant
role in cell death induced by 3PO, as apoptosis was the
dominating cell death process in all the tested 3PO
concentrations. The induction of apoptosis was through the
activation of a caspase-dependent pathway following
incubation with 3PO. Similar results have been observed by
Chowdhury et al. (2017) who used PFKFB3-targeted shRNA
in A549 and H460 cells causing an increase in caspase 3

expression (48). In many cancer cells, PFKFB3 plays an
important role in cell survival, as it is a downstream
substrate of the mTOR kinase signaling pathway (49). The
mTOR kinase is one of the main enzymes involved in cell
cycle. The overexpression of this kinase is observed in
various types of cancer (50). The up-regulation of the
PFKFB3 expression is caused by the activation of mTOR
kinase by HIF, whereas knocking down PFKFB3 inhibits
mTOR activation and promotes apoptosis (49).

Apart from apoptosis, PFKFB3 inhibition also affects
another type of cell death, autophagy. Klarer et al. in 2014
proved that the increase in HCT-116 colon adenocarcinoma
cells autophagy was linked to their exposure to 3PO, and that
this process was associated with LC3-II and p62 proteins (51).
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Furthermore, Wang et al. in 2018 revealed that inhibition of
PFKFB3 wusing of PFK-15 inhibits autophagy in
rhabdomyosarcoma cells. Moreover, the same group observed
an up-regulation of the LC3-II and p62 after 2 h of incubation
with PFK-15; however, 12 h later LC3 further increased
whereas p62 decreased. Moreover, PFK15 incubation also
decreased pAMPK levels, suggesting that autophagy was
inhibited by PFK15, and thus, AMPK acted downstream of
PFKFB3. Combination of chloroquine and PFKFB3 inhibitors
decreased the levels of LC3-II and autophagosomes in
rhabdomyosarcoma cells (52). Decreased LC3 levels were also
observed by Yan et al. in 2017, who, however, observed
increased levels of p62 after 2 h of PFKFB3 inhibition (53),
collectively suggesting that p62 may be involved only in the
autophagy induction and then it decreases with time.
Importantly, this study also proved that PFKFB3 mediates
autophagy through the AMPK pathway (53).

Inhibition of glucose metabolism can affect glucose
uptake. Klarer ef al. (2014) has shown that PFKFB3 siRNA
suppresses glucose uptake in HCT-116 cells (51). In our
study, we observed a reduced glucose uptake after incubation
with 3PO; however, in the lowest investigated
concentrations, we observed a slight increase of glucose
uptake that could be related to competitive PFKFB3
inhibition by 3PO. The latter effect could be blocked by
adding the fructose-6-phosphate, which uses an allosteric
mechanism of PFK-1 regulation. Based on these we cannot
exclude that the observed glucose reduction in the highest
evaluated concentrations could be the result of the cytotoxic
influence of 3PO on the melanoma cells that also observed
in these concentrations.

The reduced number of colonies in the clonogenic assay
demonstrates the inhibitory effect of 3PO on the proliferation
of A375 cells in a dose-dependent manner. This correlates
with the work by Hamanaka et al. (2017), who have shown
that incubation with 3PO and 2-DG inhibits nHEK
proliferation (54).

Among the PFKFB3 up-to-date studied inhibitors, the
best known are (2E)-3-(3-Pyridinyl)-1-(4-pyridinyl)-2-
propen-1-one shortly, named as 3PO, and 1-(4-Pyridinyl)-
3-(2-quinolinyl)-2-propen-1-one, known as PFK15 (55).
Apart from the proapoptotic effect, the PFKFB3 inhibitors
may promote other changes in the cell metabolism, such as
a decrease of mitochondrial activity or induction of the cell
cycle arrest. Zhu et al. have revealed that PFK15 induces
cell cycle arrest in G1/GO phase in gastric cancer cells by
blocking the Cyclin-CDKs/Rb/E2F signaling pathway (56).
Yalcin et al. have confirmed that PFKFB3 promotes cell
cycle progression and suppresses apoptosis via Cdkl-
mediated phosphorylation of p27 (57). Finally, Clem et al.
have revealed that 3PO induces the suppression of cell
proliferation as a result of the G,-M phase cell cycle arrest
(19). In our studies, we observed the occurrence of cell
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cycle arrest in G1/0. These data suggest that there might be
different mechanisms of cell cycle arrest induced by
PFKFB3 inhibitors in different cell lines.

Through the detailed analysis of the obtained data, we
claim that the PFKFB3 inhibitors might be considered as
novel agents for future use in melanoma treatment. It is
worth mentioning that due to the selective nature of 3PO it
does not cause hemolysis (14). Moreover, 3PO enhances the
cytotoxic effect of cisplatin not only in platinum-sensitive
but also in platinum-resistant ovarian cancer cells (58).
Additionally, PFKFB3 induces autophagy as a survival
mechanism by suppressing glucose uptake (51). Last, another
3PO derivative, PFK158, acts as a potent PFKFB3 inhibitor
that synergizes vemurafenib to promote proapoptotic
properties in A375 melanoma cells (59).

Unfortunately, the concentration at which 3PO is effective
against melanoma cells turns out to be relatively high. This
concentration is difficult to achieve in the clinic because of
the poor solubility of 3PO in water. This is further supported
by our docking data, which shows that the concentration of
3PO required to inhibit PFKFB is of the micromolar order.
This information is important, especially due to data collected
by Conradi et al., who have revealed that a low dose of 3PO
(25 mg/kg) induces tumor vessel normalization by vascular
barrier tightening, which may cause suppression of
extravasation and metastases. On the contrary, a high dose of
3PO (70 mg/kg) may result in tumor vessel disintegration,
and, as a consequence, aggravate tumor hypoxia but,
unfortunately, it also promotes tumor dissemination (60).

Despite the mentioned limitations, these may be solved by the
use of some novel methods to increase the drug effectiveness,
such as with the use of nanocarriers (61) or specific
modifications in the chemical structure of the drug to increase
its solubility (62). Effectiveness may be also increased by using
methods such as electroporation (63) or sonoporation (64).

Besides these disadvantages, low cytotoxicity, the ability
to inhibit the proliferative potential of cancer cells, the
influence on angiogenesis and the specificity of the 3PO
suggest that it may become an important agent used in the
medical treatment against melanoma in combination with
other cytostatic drugs or BRAF kinase inhibitors.

In conclusion, this study demonstrated the influence of
3PO as a small molecule competitive inhibitor of PFKFB3
on A375 melanoma cells with endogenous BRAFVY600E
mutation. The presented results reveal the proapoptotic and
antiproliferative, dose-dependent effect of 3PO in these cells.
The disadvantage of this agent in clinical use for melanoma
treatment might be its weak water solubility and especially
inadequate binding affinity to the active site of PFKFB3.
However, based on our findings, we suggest that an
improved derivative of 3PO or other inhibitors of PFKFB3
may become innovative synergistic agents to be used in
melanoma treatment in the following years.
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