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yet been comprehensively addressed. The aim of the study was focused on the impact of the two lichen metab-
olites, on the viability (by Trypan blue test and fluoresceine diacetate and ethidium bromide assay), proliferation
(cell counting in a Biirker's chamber), apoptosis (flow cytometry analysis and Western blot) and motile activity
(cell movement recording and image analysis) and actin cytoskeleton organization (immunofluorescent stain-

ﬁi’:;‘;rg;' ing) of melanoma HTB-140, prostate cancers DU-145 and PC-3, normal human skin fibroblasts and prostate ep-
Usnic acid ithelial PNT2 cells, with special emphasis to their selectivity and versatility.
Cytotoxic Results: Both compounds exerted strong inhibitory effects on cancer cell proliferation, migration and actin cyto-
Metastasis skeleton organization, while their effect on apoptosis process was less relevant. The impact of usnic acid on the
Actin cytoskeleton examined cancer cells was found more efficient in comparison to atranorin. Also, selective effect of both agents
Apoptosis on tumor cells was observed.

Significance: The ability of usnic acid and atranorin to inhibit cancer cells motility may have future implications

for development of new therapeutic strategies targeted at the interference with the metastatic cascade.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction the same set of functional capabilities during their growth and develop-

Cancer is the most severe health problem worldwide, with its inva-
sive forms being the leading cause of death in world. Nowadays, it ac-
counts for nearly 15% of all deaths recorded annually (WHO Statistics,
2013) and a continuous increase of cancer incidence is observed world-
wide (Nguyen et al., 2014). One of the most frequently diagnosed
human malignancies is prostate cancer which due to the predilection
for metastasis to the bone, brain and lymph nodes, is a dominant
cause of cancer-related deaths of elderly men (Lewifiska et al., 2015).
Also, the incidence of melanoma is increasing worldwide, with a grow-
ing fraction of patients with advanced drug-resistant tumors (Garbe et
al., 2011). Although significant progress in oncology has been made,
no effective therapy has been elaborated that would guarantee thera-
peutic success in the treatment of melanoma and prostate cancer.

Despite the enormous diversity of tumor types, most tumor cells
share some common features. Hanahan and Weiberg (2000);
Hanahan and Weinberg (2011) suggested that all cancers have acquired
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ment, although they can undertake different strategies of promotion
and progression. Generally, tumor cells are insensitive to anti-growth
signals, can efficiently avoid apoptosis and have the ability to invade
surrounding tissues and metastasize (Hanahan and Weiberg, 2000;
Hanahan and Weinberg, 2011). Phenotypic heterogeneity of tumor
cells underlies their resistance to currently used, relatively non-selec-
tive chemotherapeutics and account for tumor relapses and treatment
failures. Accordingly, chemotherapeutics affect only certain cells within
the tumor while the growth of chemo-resistant cells remains unhin-
dered by these agents. Thus, elaboration of new potential anticancer
agents that would multidirectionally but selectively target tumor cells
is necessary. This priority goal could be pursued by isolating novel, effi-
cient compounds from natural resources. They should be characterized
by comprehensive but selective activity, potentially leading to the inhi-
bition of tumor progression at its terminal stages.

Lichens are an exceptionally interesting source of potential anti-
tumor compounds. A number of bio-active substances are produced
by lichens as a result of the symbiosis between fungi and algae or
cyanobacteria. Lichen-specific secondary metabolites are a unique
class of compounds, which are synthesized via the polyketide pathway
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and are reported to possess antibacterial, antifungal, antiviral, anti-in-
flammatory and analgesic activity (Molnar and Farkas, 2010). Accord-
ingly, cytotoxic (Bézivin et al., 2004; Koparal et al., 2006; Bazin et al.,
2008; Einarsdottir et al., 2010; Correche et al., 2004; Burlando et al.,
2009; Backorova et al., 2011; Kristmundsdottir et al., 2005) and antipro-
liferative effects (Kumar and Miiller, 1999; Burlando et al., 2009;
Einarsdottir et al., 2010) of lichen compounds have been widely studied.
Whereas usnic acid and atranorin seem to be the most promising agents
belonging to this group, relatively few data describe proapoptotic prop-
erties of these metabolites. The obtained results are often contradictory
(Correche et al., 2004; Backorova et al., 2011; Russo et al., 2012; Kosani¢
et al., 2014), while their impact on invasive potential of tumor cells has
not yet been comprehensively addressed (Nguyen et al., 2014; Yang et
al, 2016).

In the present study, we investigated the influence of usnic acid and
atranorin on melanoma HTB-140 and prostate cancer DU-145 and PC-3
(derived from prostate cancer metastasis to brain and bone, respective-
ly) cell properties. To evaluate the potential selectivity of these com-
pounds, their effects on normal human skin fibroblasts HSFs and
prostate epithelial PNT2 cells were also studied. Limited data referring
to the cellular mechanism of usnic acid and atranorin urged us to
focus on their combined impact on cell viability, proliferation, apoptosis
and motile activity, with special emphasis to their selectivity and
versatility.

2. Materials and methods
2.1. Secondary lichen metabolites

Two secondary lichen metabolites were analyzed in this study,
namely dibenzofuran derivative: usnic acid (UA) and 3-orcinol deriva-
tive: didepside atranorin (ATR). Atranorin (CAS no: 479-20-9) was pur-
chased from Chromadex. Usnic acid (CAS no 7562-61-0) was isolated
from Cladonia arbuscula (Wallr.). Ruoss subsp. squarrosa, collected in
northern Poland in the dry, non-coastal European scots pine forests in
July 2008. The lichen species was identified by one of the authors
(MW). Voucher specimen has been deposited in the herbarium of De-
partment of Pharmacognosy, Jagiellonian University (Ref. No. KFg/
2008/L1). Isolation of usnic acid was performed according to the proto-
col by Bézivin et al. (2004). Briefly, lichen thalli were extracted consec-
utively with hexane and chloroform in a Soxhlet apparatus. Crystals of
the compound, which had been obtained during extract cooling, were
purified by recrystallization. The identity of the compound was assessed
by measurement of melting point and by TLC and HPLC analyses, by
comparing Rf and Rt values with those of standard usnic acid (Sigma-
Aldrich).

2.2. Identification of usnic acid

A standardized TLC method was used for the identification of usnic
acid. Briefly, the isolated compound, dissolved in chloroform was ap-
plied to TLC silica gel plates (Merck) with a glass pipette and the plates
were developed in three solvent systems: A (toluene - 1, 4-dioxane -
acetic acid 180:45:5), B (toluene - acetic acid 170:30) and C (toluene
- ethylacetate - formic acid 139:83:8) (Orange et al., 2001). Usnic acid
was visualized by spraying with 25% sulfuric acid and heating at
110 °C. Chloroform solution of usnic acid was also analyzed by HPLC
under following conditions: Dionex HPLC system (PDA detector,
Hypersil Gold C-18 column (250 x 4.6 mm), mobile phase consisting
of methanol-water-phosphoric acid 80:20:0.9, flow rate: 1.0 mL/min,
detection: 240 nm, according to Manojlovic et al. (2010).

2.3. Cell culture and experimental conditions

Experiments were performed on three cancer cell lines obtained
from American Type Culture Collection: HTB-140 (Hs 294T)- human

melanoma derived from metastasis to lymph node; DU 145 (HTB-
81)- human carcinoma derived from brain metastasis and PC-3 (CRL-
1435) - human adenocarcinoma derived from bone metastasis) and
two normal types of cells: human skin fibroblasts (HSF) and normal
human prostate epithelium (PNT2). The cells were cultured in
Dulbecco's Modified Eagle's Medium F12 HAM (DU-145, PC-3), RPMI-
1640 Medium (PNT2), Dulbecco's Modified Eagle's Medium with low
(1000 mg/L) and high (4500 mg/L) glucose (HSFs and HTB-140, respec-
tively). The media were supplemented with 10% fetal bovine serum
(FBS), 100 IU/mL penicillin and 10 pg/mL streptomycin. The cells were
cultured in a humidified atmosphere with 5% CO, at 37 °C. Usnic acid
(UA) and atranorin (ATR) were diluted in the culture media from fresh-
ly made stock solution (ATR: 3.5 mg/mL; UA: 6.5 mg/mL in DMSO;
Sigma-Aldrich) to the working concentrations (from 0 to 40 pg/mL).
Medium containing DMSO at the concentration equivalent to 40 g/
mL ATR and UA was used as a solvent control.

2.4. Viability assay

For cell viability assays, the cells were seeded onto 24-well plates
(2 x 10* cells/cm?) and cultured for 24 h. Then, the culture medium
was replaced with the same medium containing different concentra-
tions of ATR or UA (0 pg/mL to 40 pg/mL). After 24 and 48 h of incuba-
tion, medium was collected to centrifuge tube, cells were harvested
from the plate wells by trypsinization, centrifuged and suspended in
the fresh medium. Subsequently, cell viability was determined by the
Trypan blue exclusion dye and by the fluoresceine diacetate (FDA)
and ethidium bromide (EtBr) assays, as described previously (Galanty
et al., 2008). Viable cells were counted using light (trypan blue exclu-
sion) and fluorescent microscopy (FDA/EtBr test).

2.5. Proliferation assay

For proliferation assays, the cells were seeded onto 12-well plates
(5 x 10? cells/cm?) and incubated for 24 h. After various times (24, 48
and 72 h) of incubation with or w/o ATR and UA, cell numbers was de-
termined using a Biirker's hemocytometer. Data were expressed as an
ECso value (concentration at which the proliferation is inhibited by
50%).

2.6. Analysis of apoptosis

2.6.1. Flow cytometry analysis

Cells were seeded to Corning flasks (25 cm?) at the density of 9 x 10-
3 cells/cm?. After 24 h, the medium was replaced with the fresh one,
containing DMSO (equivalent to 10 pug/mL ATR or UA concentration),
ATR or UA (both at 10 pg/m), respectively. The cells were incubated in
the presence of these compounds for 48 h. Afterwards, the medium
was harvested into centrifuge tubes, the cells were washed with PBS
without Ca?* and Mg? ™ trypsinized, centrifuged (1000 rpm; 5 min)
and counted with Biirker's chamber. For apoptosis assessment, the
cells were stained using Annexin V Apoptosis Detection Kit (BD Biosci-
ence), according to modified manufacturer's protocol. Briefly, 1 x 10°
cells were resuspended in 1 x Binding Buffer and incubated in the pres-
ence of FITC-conjugated Annexin V (Ann V) and viability dye 7-amino-
actinomycin D (7-AAD) for 15 min at room temperature. Subsequently,
stained cells were analyzed with BD LSRFortessa flow cytometer and BD
FACSDiva Software ver. 8.1 (BD Bioscience).

2.6.2. Proteins isolation and immunoblotting

After the preincubation in culture medium, the cells were incubated
in the presence of 10 pg/mL ATR and UA at concentration for 24 and
48 h. Next, the medium was harvested into centrifuge tubes, cells
were washed with PBS without Ca?>™ and Mg? " ions, trypsinized, cen-
trifuged (1000 rpm; 5 min), suspended with PBS without Ca?™ and
Mg?* ions and centrifuged again. Afterwards, total cell protein extracts
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Fig. 1. Cytotoxic activity of atranorin and usnic acid on melanoma HTB-140, prostate cancer DU-145 and PC-3 cells (A), normal human skin fibroblasts HSF and normal prostate cells PNT2 (B). Cells were cultured in medium supplemented with 10%
FBS in the absence (0 pg/mL) or presence (10, 20, 25, 30 or 40 pg/mL) of atranorin or usnic acid. Cell viability was assessed by fluoresceine diacetate and ethidum bromide assay. Values represent means 4+ SEM of three independent experiments; each

experiment was done in triplicate. (*) statistically significant vs. control, p < 0.05.

were collected by suspending the cell pellet in the lysis buffer (50 mM
Tris-HCl, pH 7.4; 150 mM NaCl; 2% Triton X-100; 0.02% NaN3) with pro-
tease and phosphatase inhibitors. The protein concentration was deter-
mined using the Bradford method, aliquots containing 15 pg of protein
were separated by 15% SDS-polyacrylamide gel electrophoresis under
reducing conditions and then transferred onto a polyvinylidene
difluoride membrane (BioRad). After blocking in PBS-T (0.1% Tween
80 in PBS) containing 5% skimmed milk at room temperature, the mem-
branes were incubated with rabbit monoclonal anti-Bax, anti-Caspase 3,
7,9, anti-Cleaved-Caspase 3, 7, 9, anti-PARP and anti-Cleaved-PARP an-
tibody (all from Cell Signaling Technology, 1:500) and with mouse
monoclonal anti-GAPDH (Sigma 1:3000). After washing, the membrane
was incubated with anti-mouse or anti-rabbit IgG horseradish peroxi-
dase-conjugated antibody (1:3000, Invitrogen, Carlsbad, CA). After ex-
tensive washing, membranes were incubated with the
chemiluminescent reagent Super Signal West Pico Substrate (Pierce,
Rockford, IL) and analyzed with MicroChemi (DNR Bio Imaging
System).

2.7. Staining of actin cytoskeleton.

To visualize the actin cytoskeleton (microfilaments and focal adhe-
sions), the cells were seeded on glass coverslips inserted into 12-well
plates at density of 8 x 10> cells/cm?, and cultivated in the absence
(DMSO control) or presence of ATR and UA (10 and 25 pg/mL) for
72 h. Then, the cells were washed with PBS with Ca®>* and Mg?™ ions,
fixed in 3.7% paraformaldehyde/PBS at room temperature and perme-
abilized with 0.1% Triton X-100/PBS for 8 min. The cells were then incu-
bated with 1% BSA/PBS for 1 h, followed by the overnight incubation
with mouse monoclonal antibody against human vinculin (Sigma-Al-
drich) at 4 °C. Afterwards, cells were washed with PBS, incubated with
corresponding Alexa Fluor 488 conjugated goat IgG antibody (clone
A11001, Sigma-Aldrich), and counterstained with Hoechst 33,342
(Sigma-Aldrich) and phalloidin conjugated with Alexa Fluor 563 for
45 min at room temperature. After 5 washes with distilled water, the
coverslips were mounted using Fluorescent mounting medium
(DAKO). The immunofluorescence images were obtained using a Leica
DMI6000B microscope.

2.8. Cell migration assay

Cell movement was observed with an inverted Leica DMI 6000 B mi-
croscope equipped with time-lapse system, IMC contrast optics and in-
cubation chamber (37 °C, 5% CO,). Cells were plated to 6-well plates at
the density of 20 x 10* cells/cm? and incubated in culture medium for
24 h. Then the medium was replaced with the fresh one containing
DMSO (control) or the tested compounds (10 pg/mL) and cell move-
ment was recorded for 8 h. The tracks of individual cells were generated
as described previously (Koczurkiewicz et al., 2013). Cell trajectories
were constructed from 88 cell centroid positions recorded over
440 min at 5-min time's intervals immediately after the addition of
atranorin or usnic acid or after 24 h preincubation in their presence.
Analysis of the parameters characterizing cell migration was performed
with the “Mathematica” software (by Stephen Wolfram). The following
parameters were computed for each cell (Galanty et al,, 2008):

- the total length of cell trajectory (um)

the total length of cell displacement (pm)

- the average speed of cell movement (um/min)

- the average speed of cell displacement (pm/min)

2.9. Statistical analysis

The statistical significance was determined using the Student's t-test
(viability, proliferation and cytometry analyses) or the non-parametric
Mann-Whitney U test (time-lapse analyses) with p < 0.05 considered
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Table 1

Antiproliferative activity of atranorin and usnic acid against melanoma HTB 140 cells, prostate cancer cells: DU145 and PC3, normal human skin fibroblasts (HSF) and normal human pros-
tate epitelium cells PNT-2. Cells were cultured in medium supplemented with 10% FBS in the absence (0 pg/mL) or presence (5, 10 or 30 pg/mL) of atranorin or usnic acid for 24, 48 and
72 h. After incubation the cells were counted using a Biirker's hemocytometer. Values represents mean of the experiments done in triplicate.

ECso [ug/mL]

Cancer cells Normal cells

HTB-140 DU-145 PC-3 HSF PNT2
Time 24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h
ATR >30 >30 >30 >30 27.2 26.5 >30 29 215 >30 >30 >30 >30 >30 3.6
UA 22.1 16.6 13.7 233 8.6 8.4 7.05 2.67 223 22.4 20.5 193 26.2 18.2 3.9

to indicate significant differences. Each parameter was calculated as the
mean (£ SEM). At least three independent experiments (each in dupli-
cate) were performed for every different assay.

3. Results
3.1. Identification of the isolated usnic acid

Yellow crystals of the compound isolated from the hexane and chlo-
roform extracts from Cladonia arbuscula were identified as usnic acid, by
measurement of its melting point and by HPLC and TLC analyses. The
data obtained for the isolated substance were compared with those
for a standard usnic acid: melting point 202-204 and 203-204 °C, Rt
8.85 and 8.82 min, respectively (Fig. 1S). Rf factors for the isolated com-
pound and standard usnic acid were 0.69 and 0.70 in solvent system A,
0.71 and 0.71 in solvent system B, 0.87 and 0.88 in solvent system C,
respectively.
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Fig. 2. The effect of atranorin and usnic acid on apoptosis induction in melanoma HTB-140
cells, prostate cancer DU-145 and PC-3 cells, normal human skin fibroblasts HSF and
normal prostate cells PNT2. Cells were cultured for 48 h in control and atranorin- or
usnic acid- supplemented medium (both at 10 pug/mL) and then apoptotic cells in
analyzed cell populations were identified by flow cytometry. (A) Representative dot
plots of Ann V/7-AAD-stained HTB-140, DU-145 and PC-3 cells. The percentage of cells
in each quadrant is indicated. (B) Summarized quantitative results for all analyzed cell
types, expressed as a % of apoptotic cells (sum of early apoptotic Ann V+ 7-AAD- and
late apoptotic Ann V+ 7-AAD+). At least 50,000 cells were counted for each
experiment. Each experiment was done three times. (*) Statistically significant vs.
control, p < 0.05.

3.2. Usnic acid and atranorin selectively affect the viability of prostate can-
cer DU-145 cells

Atranorin and usnic acid showed some differences in activity to-
wards DU-145 cells (Fig. 1). Although both compounds affected the vi-
ability of DU-145 prostate cancer cells in a dose- dependent manner
(Fig. 1A), stronger cytotoxic effect of usnic acid could be observed (Fig.
1B), whereas no significant cytotoxic effects of both agents on normal
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Fig. 3. A. Effect of atranorin on the expression of protein involved in apoptosis signal
transduction in melanoma HTB-140 cells, prostate cancer DU-145 and PC- 3 cells. Cells
were incubated with 10 pg/mL of atranorin for 24 h and protein levels was assessed by
Western blot analysis as described in Materials and methods. GAPDH was used as the
internal control. B. Effect of usnic acid on the expression of protein involved in apoptosis
signal transduction in melanoma HTB-140 cells, prostate cancer DU-145 and PC- 3 cells.
Cells were incubated with 10 pg/mL of usnic acid for 24 h and protein levels was
assessed by Western blot analysis as described in Materials and methods. GAPDH was
used as the internal control.
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prostate PNT2 cells could be seen (Fig. 1B). At the concentrations tested,
none of the compounds had significant influence on the viability of PC-3
prostate cancer cells (Fig. 1A). A slight cytotoxic effect was observed in
HTB-140 melanoma cells exposed to usnic acid, but not to atranorin
(Fig. 1A), while normal human skin fibroblasts were insensitive to
both agents (Fig. 1B).

3.3. Usnic acid and atranorin exert differential cytostatic effects on human
prostate cancer and melanoma cells

ECs values revealed vast differences between the effects of two li-
chen metabolites on cell proliferation (Table 1). All tested cell lines
were much more resistant to atranorin than to usnic acid. Prostate can-
cer cell lines appeared to be more sensitive to atranorin than melanoma
cells, with ECsq value 26.2 and 21.5 after 72 h of incubation, for DU-145

A control

10 pg/ml

25 pg/ml

DU145 HTB140

PC3

o3
8

=
s

10 pg/ml

25 pg/mi

HTB140

DU145

PC3

Fig. 4. A. Effect of atranorin on actin cytoskeleton (F-actin, vinculin and cell nuclei are
stained with red, green and blue, respectively) in melanoma HTB-140 cells, prostate
cancer DU-145 and PC-3 cells. Cells were incubated in medium supplemented with 10%
FBS in the absence (control: 0 ug/mL) or presence (10 or 25 pg/mL) of atranorin for
72 h. Immunocytochemical analysis of actin cytoskeleton organization was performed as
described in Materials and methods section. Bar = 25 um. B. Effect of usnic acid on actin
cytoskeleton (F-actin, vinculin and cell nuclei are stained with red, green and blue,
respectively) in melanoma HTB-140 cells, prostate cancer DU-145 and PC- 3 cells. Cells
were incubated in medium supplemented with 10% FBS in the absence (control: 0 ug/
mL) or presence (10 or 25 pg/mL) of usnic acid for 72 h. Immunocytochemical analysis
of actin cytoskeleton organization was performed as described in Materials and methods
section. Bar = 25 pm.

and PC-3 cells, respectively. On the other hand, normal skin fibroblasts
were not affected by atranorin, while the inhibition of prostate epitheli-
al cells proliferation was only observed after 72 h-long incubation, with
ECs0 value equal to 3.6 pg/mL.

When applied at the non-cytotoxic concentrations, usnic acid
showed a significant and time-dependent inhibitory effect on cancer
cell proliferation (Table 1). PC-3 cells were most vulnerable to usnic
acid (ECsq value 7.05, 2.67, 2.23 after 24, 48 and 72 h of incubation, re-
spectively). The proliferation of DU-145 cells was also significantly
inhibited, but the effect was more pronounced after 48 and 72 h only.
The growth of normal prostate epithelium cells was less affected by
this agent; a strong inhibition of their proliferation was observed only
after 72 h of incubation in its presence. The cytostatic effect of usnic
acid on normal skin fibroblasts was observed only after longer incuba-
tion time. Interestingly, no significant effects of usnic acid on melanoma
HTB-140 cell proliferation were seen.

3.4. Usnic acid induces slight apoptotic response of cancer cells

To evaluate whether atranorin and usnic acid induce apoptosis in the
tested cancer cells, we performed double staining with Ann V (which
binds to the phosphatydilserine expressed on the surface of apoptotic
cells) and viability dye 7-AAD, followed by a subsequent flow cytometry
analyses. The obtained results demonstrated different pro-apoptotic ac-
tivity of atranorin or usnic acid (Fig. 2). The treatment of HTB-140, DU-
145 or PC-3 cells with atranorin (10 pg/mL) only slightly decreased the
percentage of alive (Ann V™~ 7AAD ™) cells, comparing to the control me-
dium, indicating that this compound did not induce apoptosis in the an-
alyzed cancer cells (Fig. 2A,B). Normal cells (HSFs, PNT2) were resistant
to atranorin as well (Figs. 2B and 2S). Interestingly, usnic acid increased
the percentage of the apoptotic Ann V-positive cells in HTB-140 and PC-
3 populations (Fig. 2), with the strongest effect for the latter (19% of ap-
optotic PC-3 cells after 48 h). No pro-apoptotic effect of usnic acid was
observed in human skin fibroblast populations, while this compound
slightly induced the apoptosis of normal prostate cells (Fig. 2S).

Western blot analysis performed to detect the changes in the levels
of proteins associated with the apoptotic signaling pathway showed in-
crease PARP protein levels in HTB-140, DU-145 and PC-3 cells treated
with atranorin, while we could not detect cleaved PARP, Bax, caspase-
3,7 or 9 in these cells (Fig. 3A). Increased expression of PARP was also
observed in usnic acid-treated HTB-140, DU-145 or PC-3 cells, accompa-
nied by elevated levels of cleaved PARP and caspase-3, while the levels
of cleaved caspase-7 was increased only in prostate cancer cells (Fig.
3B). On the other hand, no changes in the levels of the tested
proapoptotic proteins were observed in human skin fibroblasts HSFs
and human normal prostate epithelial cells PNT2 undergone the treat-
ment with both agents (Fig. 3SA,B).

3.5. Atranorin and usnic acid induce cytoskeletal rearrangements in pros-
tate cancer and melanoma cells

To complete the data on the activity of the two tested lichen metab-
olites we examined their impact on actin cytoskeleton organization.
Both compounds, when administered at the concentrations of 10 and
25 pg/mL, induced significant rearrangements of actin cytoskeleton in
prostate cancer and melanoma cells in a dose-dependent manner (Fig.
4A,B), however much more pronounced effect of usnic acid on this pa-
rameter could be seen. Disintegration of microfilament bundles in the
cells treated with the tested compounds was observed, accompanied
by the reorganization of F-actin network into sub-membraneously or
perinuclearly-located aggregates seen upon cell exposition to atranorin
(Fig.4A) and usnic acid (Fig. 4B). A significant decrease of vinculin-pos-
itive focal adhesion plaques could also be observed (Fig. 4A,B). Note-
worthy, usnic acid exerted much stronger effects on actin cytoskeleton
than atranorin. It induced cell detachment resulting in decreased cell
numbers, which is in accordance with the cytostatic activity of usnic
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Fig. 5. Effect of atranorin on the motility of human prostate cancer DU-145 and melanoma HTB-140 cells. Cell movement was time-lapse recorded in the absence (control: A, D) of
atranorin, directly after the addition (B, E) and after 24-h preincubation (C, F) of 10 pg/mL of atranorin. Cell trajectories are presented in circular diagrams, with the starting point of
each trajectory at the plot centre. Cells were seeded at a density of 20 x 10* cells/cm?. The panels show the trajectories of 50 individual cells. Axis scale in um. Average VCM (total
length of cell movement) and VCD (total length of cell displacement), counted as % of control, for Du-145 and HTB-140 cells movement recorded directly after the addition and after
24-h preincubation of 10 pg/mL of atranorin are presented in the graphs below (B, E) and (C, F), respectively. Results are presented as means + SEM. Each experiment was done three

times. *Statistically significant; p < 0.05.

acid (see above). HTB-140 melanoma cells seemed to be the most sen-
sitive to atranorin, while prostate cancer cells, particularly PC-3 cells,
were more vulnerable to usnic acid.

3.6. Usnic acid and atranorin interferes with the invasive potential of pros-
tate and melanoma cancer cells

Changes in the organization of actin filaments observed in atranorin-
and usnic acid-treated cells inspired us to examine the influence of both
agents on the migration of cancer cells. Usnic acid and atranorin signif-
icantly inhibited the motility of prostate cancer and melanoma cells, as
demonstrated on the circular diagrams illustrating trajectories of indi-
vidual cells moving in the presence or absence of the tested compounds
(Figs. 5, 6). Interesting differences were observed between the short-
term and long-term effects of 10 pg/mL atranorin on the movement of
HTB-140 and DU-145 cells. Similar displacement rates of HTB-140
cells were observed in control conditions and directly after the adminis-
tration of 10 ug/mL of atranorin, whereas a significant (ca. 3-fold) de-
crease of this parameter was seen 24 h after agent administration (Fig.
5D,E,F). However, the exposure of DU-145 cells to 10 ug/mL of atranorin
caused an immediate decrease of their movement parameters (Fig. 5B;
Table 2), while DU145 cell preincubation with this compound did not
affect cell movement (Fig. 5C). These differential effects may probably
be explained by phenotypic differences between both types of tumor.

Noteworthy, a considerably higher sensitivity of HTB-140 cells to
usnic acid than to atranorin was observed. A significant decrease of
cell movement parameters was observed directly after the administra-
tion of 10 pg/mL of usnic acid (55 and 70% decrease in total lengths of
cell trajectory and displacement, respectively; Fig. 6D,E, Table 2). 24-h
preincubation of the cells with usnic acid resulted in a total loss of cell

motility (data not shown). Usnic acid also inhibited the motile activity
of DU-145 cells during the first 8 h of treatment. A pronounced decrease
in the total length of cell trajectories and the total cell displacement was
observed, to 63 and 56% of control, respectively (Fig. 6B). Exposing cells
to 10 pg/mL of usnic acid for a longer time (24 h preincubation) caused
further decrease of these parameters to 68 and 70% of control, respec-
tively (Fig. 6C).

4. Discussion

Although many reports concern the impact of lichen-derived com-
pounds on the physiology of cancer cells, little is known on the mecha-
nisms of their action (Correche et al., 2004, Einarsdottir et al., 2010,
Koparal et al., 2006, Bézivin et al., 2004, Bazin et al., 2008, Mayer et al.,
2005, O'Neill et al., 2010, Backorova et al., 2011) and the data on this
topic are still ambiguous. Therefore, we determined not only the cyto-
toxic and antiproliferative effects of two lichen acids - atranorin and
usnic acid, but also focused on their impact on other cellular functions
crucial for tumor development, such as apoptosis, cytoskeleton archi-
tecture and cell migration. To better address the specificity of their ef-
fects, and also the potential selectivity, we have chosen melanoma
HTB-140, prostate cancer cell lines DU-145 and PC-3, together with nor-
mal human skin fibroblasts and prostate epithelial cells.

So far, usnic acid and atranorin were predominantly investigated for
their cytotoxic and antiproliferative activity. However, only two litera-
ture reports described the antiproliferative potential of usnic acid on
human cancer cell lines: pancreatic adenocarcinoma Capan-2
(Einarsdottir et al., 2010) and colon carcinoma HCT-116 (Backorova et
al., 2011). The influence of atranorin on cell proliferation has so far
been described on normal human keratinocytes and human melanoma
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UACC-62 and also on murine B16-F10 melanoma and murine fibroblasts
(Kumar and Miiller, 1999, Branddo et al., 2013), whereas growth inhibi-
tion was observed only on UACC-62 melanoma cells (Branddo et al.,
2013). Only in two cases, recently described by Rankovic et al. (2014),
atranorin revealed significant cytotoxic activity against human melano-
ma FemX and human colon carcinoma LS 174, with ICsq values about
20 pg/mL. Usnic acid was previously tested against prostate cancer
DU-145 cell line by Bazin et al. (2008), with the activity described as
high (ICso 57.4 4 2.1 uM, which is about 20 pg/mL). The effect of usnic
acid and atranorin on cancer cells have never been determined so far
on the HTB-140 melanoma cell line, only two reports describe the im-
pact of these two compounds on any other human melanoma cell
lines (Manojlovic et al., 2012; Rankovic et al., 2014). The impact of the
two lichen metabolites on HSF and PNT2 cells has been determined in
this study for the first time and the results of atranorin effect on PC-3
cells are novel as well.

In our hands, both examined compounds displayed cytotoxicity
against DU-145 prostate cancer cells, while the other two cancer cell
lines were unaffected. Noteworthy, almost no toxic effect on normal
cells was observed. Cytotoxic potential of atranorin, described by
other authors, was rather low (Perry et al., 1999, Kumar and Miiller,
1999 a, Kristmundsdottir et al., 2005), which is similar to the effect ob-
tained in our study.

Table 2

Atranorin exerted moderate, time-dependent antiproliferative effect
on both prostate cancer cell lines, while the growth of normal epithelial
prostate cells was almost not affected by this compound. No growth in-
hibition was observed for melanoma HTB-140 cells and also for normal
skin fibroblasts. Usnic acid exerted considerably higher anti-prolifera-
tive effects on cancer cells than atranorin, especially against prostate
cancer cell lines PC-3 and DU-145. It is noteworthy, that normal prostate
cells PNT2 were less sensitive than cancer cells. Rather moderate, in
comparison to DU-145 cells, impact of usnic acid on melanoma HTB-
140 cells and human skin fibroblasts was observed. Data regarding
anti-proliferative activity of usnic acid on any human melanoma or
prostate cancer cell line obtained in our study, are novel and might be
of great importance when taking into account that usnic acid strongly
inhibited growth of cancer cells while being not cytotoxic in the same
concentration range. These results also show that the effect of both me-
tabolites on cell proliferation profoundly depends on the cell type.

Evaluation of anticancer properties of any compound involves not
only the assessment of its cytotoxicity and antiproliferative activity,
but also the potential to induce apoptosis. Our results indicate that
atranorin shows a weak pro-apoptotic effect against the tested cancer
cells. A slight increase of Ann V positive cells population after 48 h incu-
bation in the presence of this compound was observed, in comparison to
control conditions. Similarly, the levels of pro-apoptotic proteins in the

Quantitative data showing the movement parameters of human melanoma HTB-140 and human prostate cancer cells Du 145 in control conditions (without the tested agents).

Total length of cell trajectory (um) Average speed of cell movement

Total length of cell displacement (um) Average rate of cell displacement

(um/min) (um/min)
HTB-140 144.92 + 453 0.34 + 0.01 33.50 + 1.66 0.08 + 0.01
DU-145 24328 + 7.75 0.57 + 0.01 58.78 + 5.97 0.14 + 0.06
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cells incubated in the presence of atranorin were increased only to a
small extent. The results obtained by Russo et al. (2012) showed that
atranorin did not affect the expression of proteins involved in apoptotic
process (Bcl-2, Bax, Hsp70 etc.), and also the activity of caspase-3 was
not increased in androgen-sensitive (LNCaP) and androgen-insensitive
(DU-145) human prostate cancer cells, which is in accordance with
our results. The only report on proapoptotic ability of atranorin in
human cancer cells, namely A2780 ovarian cancer, HCT-116 colon carci-
noma and HL-60 leukemia, was described by Backorova et al. (2011).

Our results revealed the prominent pro-apoptotic activity of usnic
acid, which was most significant in the case of malignant PC-3 cells.
This conclusion was confirmed by increased levels of PARP protein, cas-
pase-3, 7 and 9 and the presence of cleaved PARP and caspase-7 forms
in these cells. It suggests that intrinsic pathway of apoptosis is induced
by usnic acid in these cells. Till now, pro-apoptotic effect of usnic acid
on A2780 ovarian cancer, HCT-116 colon carcinoma, HL-60 leukemia
(Backorova et al., 2011), A549 lung cancer (Koparal et al., 2006;
Nguyen et al,, 2014), FemX melanoma (Manojlovi¢ et al., 2012), HT29
colon cancer, AGS gastric cancer and CWR22Rv-1 prostate cancer cells
(Nguyen et al., 2014) was described, with the increase of cleaved
PARP, caspase-3 and Bax levels in the latter. On the other hand, no
proapoptotic effect was seen in T-47D breast cancer, Capan2 pancreatic
adenocarcinoma (Einarsdottir et al., 2010) and MCF7 breast cancer
(Mayer et al,, 2005).

We have proved so far that both tested compounds exert cytostatic
effects on prostate cancer and melanoma cells. Because cell proliferation
is regulated by actin cytoskeleton (McBeath et al., 2004, Christopher et
al., 1997), and also a well documented relationship between actin cyto-
skeleton and the motile ability of the cell has been reported (Mitchison
and Cramer, 1996; Olson and Sahai, 2009). We further focused on the
impact of atranorin and usnic acid on actin cytoskeleton organization
and the motile activity of the tested cancer cells. Which may be of
great importance regarding the ability of cancer cells to metastasis.
Both atranorin and usnic acid caused significant disassembly of actin fil-
aments. Also, a decline in focal adhesion contacts in the tested cancer
cell lines was seen, though with an impact dependent on the type of
cell line - atranorin presented the strongest effect on HTB-140 melano-
ma cells, while PC-3 cells were most sensitive to usnic acid. What is
noteworthy, these effects were observed at non-cytotoxic concentra-
tions of both compounds. Our study is probably the first to demonstrate
the impact of any lichen metabolites on the actin cytoskeleton organiza-
tion. The only report concerning the influence of usnic acid on cell cyto-
skeleton elements is the study of O'Neill et al. (2010), with no observed
effect on microtubules.

However, the studies indicating the effect of atranorin and usnic acid
on other basic features crucial for cancer cell invasion are rather limited.
In this context, we proved the impact of the tested compounds on the
motile activity of cancer cells. Atranorin was a strong inhibitor of cell
movement, with more profound impact on melanoma cells; however
its effect was weaker in comparison to usnic acid, which strongly
inhibited migration of DU-145 prostate cancer and HTB-140 melanoma
cells. It is worth noting that such strong inhibitory effect on cell move-
ment was observed within the low concentration range of both com-
pounds. Suppression of the motile activity after treatment of usnic
acid was described only twice so far, by Nguyen et al. (2014) and Yang
et al. (2016), by means of transwell system, on human A549 lung cancer
and AGS gastric cancer cell lines, and both authors reported strong
motility inhibition. To our best knowledge, this is the first report
concerning the influence of atranorin on cell movement.

In summary, we conclude that both tested lichen metabolites re-
vealed significant impact of human cancer cells functioning. The results
of our study indicate a strong ability of atranorin to influence actin cyto-
skeleton architecture and the motility of cancer cells, whereas this agent
has rather weak cytotoxic and antiproliferative activity. Usnic acid
strongly inhibits proliferation of both prostate cancer cell lines and
stimulates the apoptotic process in malignant prostate cancer PC-3

cells, while affecting cancer cells motility. At the same time, it remains
relatively neutral to normal cells, which indicates an impressive selec-
tivity of the compound. Our results expand the knowledge on the
wide range of lichen compounds activities in general, and in particular
atranorin and usnic acid impact on prostate cancer and melanoma
cells in culture. The differences in the influence of both agents on the
tested cancer cells emphasize their specificity of action, depending on
cell type. The ability of usnic acid and atranorin to inhibit cancer cells
motility may have future implications for development of new thera-
peutic strategies targeted at the interference with the metastatic cas-
cade. Thus, further in vitro and in vivo studies should be continued to
address mechanistic aspects of potential anti-tumor activity of usnic
acid and atranorin.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tiv.2017.01.008.
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