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Abstract - Objective: Malignant melanoma (MM) is the most aggressive skin cancer and treat-
ment options are still limited in the late stages, generally accompanied by BRAF mutations. Usnic
acid (UA), a well-known traditional lichen metabolite, has a promising and selective antitumoral
activity. However, the effects of UA on MM cells with different genomic profiles in the BRAF aspect
have not been investigated yet. In this study, we evaluated the effect of UA on BRAFV®®t mutat-
ed-A2058 and wild-type MeWo cells.

Materials and Methods: In the UA-treated cells, viability and cell death analysis were performed
by using WST-1 and Annexin-V assays. Then, the death-related morphological changes were visualized
by acridine orange(AQ)/ethidium bromide (EB) staining. The cell cycle regulatory effect of UA was de-
termined. Finally, time-dependent detection of acidic vesicular organelles (AVOs) was performed by
live-cell imaging.

Results: While MeWo viability significantly reduced to 53.8% and 28.6%, A2058 viability was de-
tected as 61.3% and 50.3% at 50 and 100 uM UA for 48 h. Thus, MeWo cells were found to be more
sensitive to UA. Annexin-V and morphological analysis results showed that UA triggered mainly a vac-
uole-dependent cell death by the formation of AVOs, instead of apoptosis, in the MM cells. This effect
was prominent in A2058 compared to MeWo. UA also slightly triggered apoptosis in MeWo cells. Thus,
the cell cycle regulatory effect of UA on MM cells changed based on the cell death type triggered.

Conclusions: Our results suggest that UA exerts the cytotoxic effects on MM cells by inducing
vacuole-dependent cell death, most probably autophagy, and the UA response of MM cells with a
different genomic profile in the BRAF aspect varies.
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INTRODUCTION

The epidermis contains different cells like kerati-
nocytes, Langerhans cells, and melanocytes. The
cells localized in the basal layer of the epidermis
and originating from neural crest cells are mela-
nocytes !. Their malignant transformation causes
malignant melanoma (MM), the most aggressive

and deadliest form of skin cancer. Over the past
few decades, MM incidence has increased, and
it is predicted to increase further with depletion
of the ozone layer and an increase in UV radi-
ation. In the early stages, MM is mainly treated
with surgery. However, treatment options are still
limited in the late stages of the disease due to
MM cells’ high metastatic potency . Although
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current treatments include different options like
chemotherapy, immunotherapy, photodynamic
therapy or targeted therapies with specific inhibi-
tors, MM treatment still faces several challenges
such as therapy failures accompanied by the gene
mutations, especially in BRAF, and side effects of
the existing options. Therefore, novel therapeutic
approaches are required for use in the treatment
of MM*.

Natural products have been investigated for
their therapeutic potentials in cancer, neurode-
generative and inflammatory diseases>®. Lichens
are symbiotic microorganisms that synthesize a
variety of secondary metabolites, including us-
nic acid (UA"8. UA is a well-known traditional
lichen compound with anti-tumorigenic, antioxi-
dant, anti-inflammatory, antiproliferative activi-
ties in various cancer cells’. Besides these prop-
erties, UA has been characterized as an apoptotic
or autophagic inducer in different cancer cells by
type and stage-dependent'®. Moreover, promising
selective cytotoxic and anti-invasive effects of
UA have been evaluated on the BRAF and NRAS
wild-type HTB-140 (Hs 294T)- human melano-
ma cells and exert strong inhibitory effects on
the proliferation of cancer cells!'. However, UA’s
selective cytotoxic effect on MM cells with dif-
ferent genomic profiles, especially in the BRAF
aspect, has not been investigated in the literature.
Thus, we aimed to evaluate the possible changes
in the UA response of two different MM cell lines
based on the oncogenic peculiarity and genom-
ic features of the cells by selecting the MM cell
lines as more aggressive A2058 with BRAF""E
mutation (BRAFV**®, NRASVT, PTEN™") and less
aggressive MeWo (PTEN-proficient BRAF and
NRAS wild-type) cells, after treatment with dif-
ferent concentrations of UA, as an apoptotic or
autophagic inducer, for the first time.

MATERIALS AND METHODS
Cell Lines and Chemicals

The human MM cell lines A2058 (BRAF""E
mutated) (CRL-11147™) and MeWo (HTB-65™)
(BRAF wild-type) were purchased from Amer-
ican Type Culture Collection (ATCC, Manas-
sas, VA, USA). UA (=98% purity) and acridine
orange as powder forms, and ethidium bromide
were purchased from Sigma-Aldrich (St Louis,
MO, USA) and prepared in 0.01% dimethyl sulf-
oxide (DMSO) solution before cell culture ap-
plications as previously described!?. WST-1 Cell
Proliferation Kit was purchased from BioVision
(San Francisco, CA, USA). Dulbecco’s Modified
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Eagle medium (DMEM),4.5 g/l D-glucose, sodi-
um pyruvate, and L-glutamine, Trypsin-EDTA
0.25%, antibiotic-antimycotic, and MEM non-es-
sential amino acid solutions were purchased from
Thermo Fisher Scientific (Waltham, MA, USA).
Muse® Annexin V and Dead Cell Assay Kit, Cell
Cycle Assay Kit, DMSO, ethanol, and 4% para-
formaldehyde solutions were obtained from Lu-
minex (Austin, TX, USA).

Cell Culture Conditions

A2058 cell lines were cultured in DMEM con-
taining sodium pyruvate, 4.5 g/l D-glucose, and
L-glutamine and supplemented with 10% FBS,
and 1% antibiotic-antimycotic solution. MeWo
cell lines were cultured in DMEM supplement-
ed with 10% FBS, 1% antibiotic-antimycotic and
1% MEM non-essential amino acid solutions.
Cell lines were incubated at 37°C in a humidi-
fied atmosphere of 95% air and 5% CO,. Medium
changed every 2-3 days, and the cells were sub-
cultured by trypsinization when their confluency
reached 80%.

Cell Viability Test

The UA-treated cells’ viability was determined
by WST-1 Cell Proliferation Kit protocol. Briefly,
A2058 and MeWo cells were seeded into 96-well
plates at a density of 2x10* cells/well in a 100 ul
growth medium for overnight incubation. The
seeded cells were treated with five different doses
of UA, 12.5, 25, 50, 75, and 100 puM, for 24 and 48
h. After the indicated times, 10 ul WST-1 reagent
was added to each well, and the cells were incu-
bated for approximately 2 h at 37°C and 5% CO,.
Then, absorbance measurement was performed at
450 nm using a TriStar? LB 942 monochromator
microplate reader (Berthold Technologies, Bad
Wildbad, Germany). All measurements were per-
formed in triplicate. IC, values of UA for MeWo
and A2058 were determined as 62.8 and 89.8 uM,
respectively. Based on the cell viability results, the
following experiments were performed with only
two different concentrations of UA (50 and 100
uM) due to the different responses of the cells.

Determination of the Apoptotic Effect

The apoptotic effects of UA on A2058 and MeWo
cells were analyzed according to the Muse® An-
nexin V and Dead Cell Assay Kit (Luminex, Aus-
tin, TX, USA) protocol. The cells were cultured
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into 6-well plates at a density of 1x10° cells/well
and treated with 50 and 100 uM of UA for 48 h.
At the end of the time, the cells were harvested
by trypsinization and washed twice with PBS.
Then, the cells’ pellet was stained with Annexin
V - Dead Cell Assay Kit reagent for 30 min in the
dark. Detection was performed in a Muse® Cell
Analyzer (Luminex, Austin, TX, USA).

Cell Cycle Analysis

The effects of UA on cell cycle regulation on MM
cells were analyzed according to the Muse® Cell
Cycle Assay Kit (Luminex, Austin, TX, USA)
protocol. The cells were seeded into 6-well plates
at a density of 1x10° cells/well and treated with 50
and 100 uM of UA. The treated cells were fixed
in a cold 70% EtOH solution and stored at —20°C
for 3 h. The fixed-cell pellets were collected by
centrifugation and then stained with a Cell Cy-
cle reagent for 30 min in the dark. Detection was
performed in a Muse® Cell Analyzer (Luminex,
Austin, TX, USA).

Acridine Orange/Ethidium Bromide
Staining

Acridine orange/ethidium bromide (AO/EB)
staining was used to visualize death-related mor-
phological changes in the UA-treated MM cells.
Briefly, A2058 and MeWo cells were seeded into
6-well plates at a density of 5x10° and treated with
50 and 100 uM UA for 48 h. The treated cells
were fixed using a 4% paraformaldehyde solution.
After washing twice with cold PBS, the cells were
stained with AO/EB solution and visualized un-
der an EVOS FL Cell Imaging System (Waltham,
MA, USA).

Detection of Acidic Vesicular Organelles
(AVOs)

We also performed live-cell staining by AO to
detect AVOs, which are characteristics of autoph-
agy". The stock solution of AO in 10 ml PBS was
prepared and stored in appropriate conditions.
The cells seeded into 6-well plates at a density of
5x10° were treated with 50 and 100 uM UA for
12, 18, 24, and 36 h. At the end of each incuba-
tion time, the cells were washed with PBS and
stained with 1 pug/ul AO solution for 15 min. After
washing cells twice with PBS, AVOs were deter-
mined under an EVOS FL Cell Imaging System
(Waltham, MA, USA).

Statistical Analysis

Statistical analysis was performed with GraphPad
Prism 6 (La Jolla, CA, USA). The results were
replicated three times and expressed as mean =+
SD. The difference between groups was deter-
mined using an analysis of variance (ANOVA)
determination with an appropriate post-hoc test.
Statistical significance was accepted when the
p-values were lower than 0.05.

RESULTS
Cytotoxic Effect of UA on MM Cells

For determining the cytotoxic effect, MM cells
were treated with the increasing concentrations
of UA for 24 and 48 h and analyzed using WST-
1 proliferation assay. As shown in Figure 1, UA
caused a significant reduction in the cell viabili-
ty percentages of MeWo and A2058 MM cells in
a time- and dose-dependent manner (**p<0.01).
However, UA triggered more reduction in the
proliferation of BRAF wild-type MeWo cells than
those of BRAF""F mutated A2058 cells. While
the UA-treated A2058 viability ratios were de-
tected as 61.3% and 50.3% at 50 and 100 uM
UA, respectively for 48 h (**p<0.01; Figure la),
UA-treated MeWo viability significantly reduced
to 53.8% and 28.6%, respectively (**p<0.01; Fig-
ure 1b). Therefore, we determined that UA treat-
ment was more effective on the BRAF wild-type
MM cells, MeWo. The subsequent experiments
were performed with only two different concen-
trations of UA, 50 and 100 uM.

Apoptotic Effect of UA
on MM Cells

Annexin V analysis was performed to evaluate the
apoptotic effects of UA on MM cells for 48 h. As
shown in the plots (Figure 2a), UA did not induce
apoptotic cell death in BRAF"%F mutated A2058
cells at both 50 and 100 uM treatments. Similarly,
50 uM UA treatment did not trigger apoptosis in
BRAF wild-type MeWo cells. However, 100 uM
UA increased the total apoptotic MeWo cells to
27.6% compared with the control group (Figure
2b). However, these results were not statistical-
ly significant (p>0.05). Thus, we concluded that
UA did not induce significant apoptosis in both
MM cells, except a slight increase in apoptotic
cell death in BRAF wild-type MeWo cells, com-
pared to BRAF"F mutated A2058 cells, at 100
UM concentration.
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Figure 1. Cell viability percentages in (4) BRAFY*"*t mutated A2058 and (B) BRAF wild-type MeWo cells after UA treatment
for 24 and 48 h (**p<0.01).

Cell Cycle Regulatory Effect of UA on MM Cells

We also performed the analysis to detect the cell
cycle regulatory effect of UA on the MM cells.

We found that

UA triggered cell cycle arrest at

GO0/G1 phase in BRAF"" mutated A2058 cells.

The percentage of A2058 cells in the GO/G1 phase
increased from 48.7% to 60.6% at 100 uM for 48
h (Figure 3a). However, UA did not show any con-
siderable effect on BRAF wild-type MeWo cells,
as shown in Figure 3b. Thus, UA differently af-
fected cell cycle regulation in these MM cells.

Control 50 uM 100 pM
P APOPTOSIS PROFILE i APOPTOSIS PROFILE 4 APOPTOSIS PROFILE
Dead Late Apop./Dead Dead Late Apop./Dead Dead Late Apop./Dead
260 % 1.87 % 0.94 % 220 % 1.06 % 3.37%
3 [ 3 L] 3 [ ]
= = =
-t —d -
] ? o 2 = 2
s < g
> > >
1 . 1 . 1 .
480%| fo2atdeds 455% 523%
EarlyApop.|  [Live ¢ Early Apop. Early Apop.
2 4 0 2 3 4 0 2 3 4
A Live ANNEXIN V Apoptobe Live ANNEXIN V Apoptotic Live ANNEXIN V Apoptotic
L3
4 APOPTOSIS PROFILE 4 APOPTOSIS PROFILE . APOPTOSIS PROFILE
“{Dead Late Apop./Dead Dead Late Apop./Dead Dead Late Apop./Dead
2.02% 259 % 0.91% 259 % 4.39% 15.00 %
3 L 3 L ] 3 L]
= = -
J - | -}
o2 o 4 o 4
= < <
> > >
1 P 1 - 14 oy Py
4.62 % 5.80 % 1259 %
1< Early Apop. Early Apop. Early Apop.
0 2 4 0 2 4 0 2 3 4
B Live ANNEXINV  Apopiote Lue ANNEXINYV  Apopiote Lwe ANNEXINV  Apoptotec

Figure 2. Total apoptotic cells percentages in (4) BRAFY*°°E mutated A2058 and (B) BRAF wild-type MeWo cells after UA

treatment for 48 h.
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Figure 3. Effect of UA on cell cycle progression in (4) BRAFY*® mutated A2058 and (B) BRAF wild-type MeWo cells after

UA treatment for 48 h.

Effects of UA on the Cell Morphology

We performed AO/EB staining to visualize
the death-related morphological changes of the
UA-treated MM cells. UA increased the number
of cellular vacuolization in a dose-dependent man-
ner, and 100 uM UA caused a noticeable increase
in the number and size of vacuoles, especially in
BRAF"E mutated A2058 cells, as observed in

Figure 4a. Similarly, 50 uM UA treatment also in-
duced the accumulation of vacuoles in BRAF wild-
type MeWo cells. However, the observed vacuoles
in MeWo cells were smaller and fewer than those of
A2058, especially at 50 pM UA treatment. More-
over, some apoptotic cells were also observed in
response to 100 uM UA treatment in MeWo cells
(Figure 4b). Therefore, the results of morphological
changes detected in UA-treated MM cells, support-

Control

50 pM

100 pM

Figure 4. The morphological changes of UA on MM cell lines. (4) BRAFV*°°E mutated A2058 and (B) BRAF wild-type MeWo
cells after treatment with increasing concentrations of UA for 48 h.
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ed by WST-1 and Annexin V results, indicated that
UA induced vacuole-dependent cell death, instead
of apoptosis, in particularly BRAF""E mutated
A2058 cells.

Effect of UA on AVOs Formation
in MM Cells

Live-cell staining with AO was performed for de-
tection of AVOs formation that is a characteris-
tic for autophagy, a major vacuole-dependent cell

death, in the UA-treated MM cells for 12, 18, 24,
and 36 h. Our result showed that AVOs formation
was observed in both MM cells after UA treat-
ments. While AVOs were increased in a dose-de-
pendent manner as observed for 12, 18, and 24
h, the red fluorescence decreased for 36 h UA
treatment in BRAF""2 mutated A2058 MM cells
(Figure 5). Additionally, AVOs positive cells in-
creased in a dose-dependent manner for 24 and 36
h in BRAF wild-type MeWo MM cells (Figure 6).
These results were consistent with the morpho-
logical changes of the cells after UA treatment.

Control

50 pM

100 M

Figure 5. The live-cell imaging results of BRAFY%F mutated A2058 cells. The cells were treated with 50 and 100 uM UA for
(4) 12h (B)18 h (C) 24 h (D) 36 h. AVOs formation which was observed as red fluorescence increased following treatment with

increasing concentration of UA, especially at 12, 18 and 24 h.
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Thus, we concluded that UA induced an acidic
vacuole-dependent cell death, most probably au-
tophagy due to UA’s known autophagic inducer
effect in both MM cells.

DISCUSSION

Malignant melanoma (MM), the deadliest form
of skin cancer that develops due to the malignant
transformation of melanocytes, shows rapid pro-
gression with high metastatic properties'*. MM is

treated with surgery in the earlier stages. How-
ever, treatment options are still limited after pro-
gression®. One of the molecular alterations that
complicate MM therapy in the later stages is the
presence of BRAFY*® mutation. BRAF-mutat-
ed-MMs exhibit more aggressive features com-
pared with wild-type ones'. Thus, there is a need
for new therapeutic candidates for effective treat-
ment of MM, especially BRAF-mutated ones.
Usnic acid (UA) is a natural active compound
derivative of dibenzofuran, synthesized as a sec-
ondary metabolite in lichens'. Although the anti-

Control

50 uM

100 uM

Figure 6. The live-cell imaging results of BRAF wild-type MeWo cells. The cells were treated with 50 and 100 uM UA for (4)
12h (B) 18 h (C) 24 h (D) 36 h. AVOs formation which was observed as red fluorescence increased following treatment with

increasing concentration of UA, especially at 24 and 36 h.
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tumoral effects of UA have been widely studied
in several types of cancer, including MM, UA’s
cytotoxic effect on MM cells with different ge-
nomic profiles in the BRAF aspect has not been
investigated yet. Therefore, in the current study,
we evaluated the promising effects of UA on the
different MM cell lines, A2058 and MeWo, based
on the genomic profile in the BRAF aspect.

Our results showed that UA caused a signifi-
cant reduction in the viability of both MM cells.
However, BRAF wild-type MeWo cells were more
sensitive to UA treatments than A2058 cells with
BRAFVEmutation. Furthermore, we determined
that UA triggered vacuole-dependent cell death
in both cells through the detection of AVO for-
mation. However, its effect was more profound
in BRAFY**°® mutated-A2058. These results were
consistent with the Annexin V analysis results,
showing that a higher concentration of UA treat-
ment resulted in apoptotic cell death in BRAF
wild-type MeWo cells. Additionally, UA treat-
ment caused a significant increase in GO/GI arrest
of A2058 cells, unlike MeWo cells. Therefore, our
findings showed that UA mediated apoptotic or
probably autophagic activity based on the BRAF
status of MM cells.

UA has been reported as an autophagy and
apoptosis inducer in cancer cells, depending on
concentrations, exposure times, and types of the
cancer cells'®2!, Our previous study has shown
that UA treatment induced both apoptosis and
autophagy in hepatocellular carcinoma, and its
activity changed by HBV infection dependent!’.
However, we previously found that UA induced
only apoptotic cell death in hormone-dependent
breast and prostate cancer cells'?. Additionally,
recent studies indicated that autophagy activation
is induced by inhibition of apoptotic cell death,
inactivating mammalian target of rapamycin
(mTOR), and activating c-Jun N-terminal kinases
(JNK) during UA-induced cytotoxicity*>*. More-
over, BRAF is a member of the mitogen-activated
protein kinase (MAPK) signal transduction cas-
cade. The BRAFYt is the most common BRAF
mutation in MM, which is responsible for the re-
fractory MM phenotype**. Oncogenic BRAF mu-
tation is associated with the induction of chron-
ic ER stress, which results in an increased basal
level of autophagy and apoptotic resistance in
cutaneous melanoma. Thus, the induction of au-
tophagy could be related to the inhibition of apop-
tosis in the cells?>2%. Moreover, in the late stages
of cancer, autophagy is defined as a cytoprotec-
tive process for the survival of cancer cells?’. As
consistent with the literature findings, our results
showed that UA induced vacuole-dependent cell
death, most probably autophagy, not apoptosis,
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in the BRAF"5F mutated-A2058 MM cells at es-
pecially 100 uM UA, suggesting that BRAF"*"%
mutation could contribute to preventing apopto-
sis and decreasing UA sensitivity of A2058 cells.
In addition, in the BRAF wild-type MeWo cells,
UA triggered less AVOs formation, especially at
100 uM, and induced more apoptotic cell death,
unlike A2058 cells. Similarly, as indicated in the
literature, BRAFY*°t mutation increase autoph-
agy induction in central nervous system (CNS)
tumors compared to the wild-type CNS cells?.
Therefore, our results were also consistent with
the findings that BRAFY*E-mutated A2058 cells
were less sensitive to UA treatment than the BRAF
wild-type MeWo cells.

Moreover, in the BRAFV*E mutated-A2058
cells, UA induced G0/Gl1 cell cycle arrest and cell
death induction. However, UA did not show any
considerable effect on the cell cycle regulation in
the BRAF wild-type MeWo cells. The previous
studies indicated that, while UA induced GO0/G1
phase arrest in gastric cancer, G2/M phase arrest
was also observed in the UA-treated AGS gastric
cancer cells, accompanied by UA-triggered apop-
tosis or autophagy. UA also causes G0/G1 cell cy-
cle arrest by decreasing the expression of CDK4,
CDKS6, and cyclin D1 and increasing the p21/cipl
protein expression in lung cancer. Our previous
results have shown that UA treatment induces
p53-mediated apoptosis in breast and prostate
cancer cells by causing cell cycle arrest in G0O/G1
phase'®?. In addition, everolimus, an mTOR in-
hibitor, causes the induction of autophagy through
GO/GI1 cell cycle arrest and degradation of cyclin
D1 in breast cancer cells. However, G2/M phase
arrest could also co-occur with the induction of
autophagy, as in the artesunate-treated breast can-
cer cells?®3!. These results suggest that cell cycle
progression could be regulated by autophagy or
apoptosis induction at different phases, as in our
study. After UA treatment, induction of vacu-
ole-dependent cell death stimulated the arrest of
the cell cycle in the G0/G1 phase in the BRAFYE
mutated-A2058 cells. However, UA did not cause
a significant alteration in the cell cycle regulation
on BRAF wild-type MeWo cells, suggesting that
the induction of two different types of cell death
by UA could differentially affect cell cycle regu-
lation at different phases by depending on MM
cells’ genomic profiles.

CONCLUSIONS

Our results indicated that UA exerted a variable
cytotoxic effect on the MM cells by inducing dif-
ferent types of cell death based on the genomic
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profiles of the cells in the BRAF aspect. As a lim-
itation of this study, next studies should focus on
the detailed molecular mechanisms underlying
the UA-triggered cell death activation by the for-
mation of AVOs in the BRAF-mutated MM cells
for revealing whether this type of cell death rep-
resents a defense mechanism that prevents apop-
tosis against UA-triggered cytotoxicity in these
MM cells in the BRAF aspect.
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