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Abstract

Background: Epanorin (EP) is a secondary metabolite of the Acarospora lichenic species. EP has been found in
lichenic extracts with antimicrobial activity, and UV-absorption properties have been described for closely related
molecules; however, its antiproliferative activity in cancer cells has not yet been explored. It has been hypothesized
that EP inhibits cancer cell growth. MCF-7 breast cancer cells, normal fibroblasts, and the non-transformed HEK-293
cell line were exposed to increasing concentrations of EP, and proliferation was assessed by the sulforhodamine-B

assay.

Results: MCF-7 cells exposed to EP were examined for cell cycle progression using flow cytometry, and DNA
fragmentation was examined using the TUNEL assay. In addition, EP's mutagenic activity was assessed using the
Salmonella typhimurium reverse mutation assay. The data showed that EP inhibits proliferation of MCF-7 cells, and it
induces cell cycle arrest in GO/G1 through a DNA fragmentation-independent mechanism. Furthermore, EP’s lack of
overt cytotoxicity in the normal cell line HEK-293 and human fibroblasts in cell culture is supported by the absence of

mutagenic activity of EP.

Conclusion: EP emerges as a suitable molecule for further studies as a potential antineoplastic agent.
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Background
Cancer incidence is increasing worldwide with a pro-
jected rise in new cases from 18.1 million in 2018 to 29.4
million in 2040, becoming the first or second cause of
death before the age of 70 in more than 50% of countries
[13]. The most frequent type of cancer among women is
breast cancer [7] with an estimated 60—-80% being estro-
gen receptor alpha positive [26].

The contribution of natural origin products as antican-
cer and chemopreventive agents is widely recognized, as
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it is also well-established that there is a great need for
new molecule development with fewer side effects [2,
10]. Cell lines have been an extensively used tool for the
screening of potential new chemical entities to treat can-
cer. In this study, the MCF-7 breast cancer cell line was
used as a model to explore EP as a new antiproliferative
molecule because it represents a traditional and widely
studied estrogen receptor alpha positive cancer that has
shown to be suitable for screening anticancer drugs [6].
Lichens are symbiotic organisms consisting of a fungus
and a photosynthetic partner. Their capacity to produce
and accumulate secondary metabolites gives rise to their
wide chemical diversity which includes over 1000 com-
pounds. Many of these substances are unique to lichen
fungi and may be synthesized as stress metabolites, metal
detoxifiers or for protection against predators, pathogens
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or UV radiation. Some of these metabolites also exhibit
in vitro biological activities on prokaryotic and eukary-
otic cell models, including antimicrobial, antioxidant and
antiproliferative properties [5, 17, 24] which make them
potential candidates as human therapeutic agents.

EP (Fig. 1) is a shikimic acid-derived metabolite found,
among others, in Acarospora species. In the lichen, it
might be a photoprotector due to its structural similarity
to other pulvinic acid derivatives that absorb UV radia-
tion [11, 15], and it has also been shown to be present in
an extract that inhibits growth of several Gram positive
bacteria [32]. In a routine screening for biological activity
of several lichenic metabolites, EP inhibited MCE-7 cell
viability. Here, the analysis aimed to gain basic under-
standing about the antiproliferative activities of this natu-
ral origin molecule is reported. Flow cytometry was used
to evaluate cell cycle progression and TUNEL assay for
detection of DNA fragmentation as a marker for apopto-
sis induction in cells cultured in the presence of EP. Also,
mitochondrial reactive oxygen species (ROS) produc-
tion within EP-exposed cells was assessed by means of a
specific fluorescent probe. Additionally, the Salmonella
typhimurium reverse mutation assay was employed to
evaluate mutagenic properties of EP.

Methods
Botanical material
EP (methyl (2S)-2-[[(2Z)-2-(3-hydroxy-5-0xo0-4-phe-

nylfuran-2-ylidene)-2-phenylacetyl] = amino]-4-methyl-
pentanoate) was isolated from Acarospora schleicheri A.
Massal, and collected in altitudinal gradients in Enquelga-
Isluga (19°14'S, 68°47'W) in Chile’s alpine zones. In each
site, at least ten thalli were randomly collected from
rock surfaces. Voucher specimens were deposited in the
Lichen Herbarium of the School of Chemistry and Phar-
macy, Universidad de Valparaiso. The collection of the

Fig. 1 Structure of Epanorin (Huneck). A yellow solid shikimic
acid-derived metabolite extracted form Acarospora schleicheri A.

Massal
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specimens was authorized by the National Forest Corpo-
ration (CONAF).

EP extraction

Thalli were cleaned and washed with distilled water, and
dried at 60 °C. EP was extracted in acetone at room tem-
perature (20 °C+2°) for 48 and 24 h successively. The
extract was then purified chromatographically using a
silica gel Merck 60 G (0.032-0.063 nm) column eluted
with a mixture of hexane and ethyl-acetate with increas-
ing polarity. The fractions were monitored by thin-layer
chromatography (TLC) using silica gel Merck 60 F,s,
plates. The blots were developed using a H,SO, spray
reagent and UV light (254/365 nm).

EP identification
RMN spectroscopic analysis was utilized. The 'H- and
BC-NMR spectra were recorded in CDCl; solutions
and are referenced to the residual peaks of CHCI; at
8=7.26 ppm and §="77.00 ppm for 'H and *C on an
Avance 400 Digital NMR spectrometer (Bruker, Rhein-
stetten, Germany) operating at 400.1 MHz for 'H and
100.6 MHz for *C.

Optical rotation was measured with a sodium lamp
(A=589 nm, D line) on a Atago AP-300 digital polarim-
eter equipped with 1 dm cells at 23 °C.

Cell culture

The human breast adenocarcinoma cell line MCF-7
(American Type Culture Collection, (ATCC® HTB-22"),
Rockville, MD, USA) and the human epithelial kidney
HEK293 cells (ATCC® CRL-11268") were grown in
DMEM (Invitrogen, Carlsbad, CA, USA), supplemented
with 10% fetal bovine serum (FBS, PAA Laboratories
GmbH, Linz, Austria), 2 mM glutamine, 10 U/L penicil-
lin and 100 pg/mL streptomycin (Thermo Fischer Scien-
tific, Waltham, MA USA). The cells were cultured in an
incubator (Thermo Forma) with a 5% CO, humidified
atmosphere.

Cell proliferation assay

Cells were seeded into 96-well cell culture plates at a den-
sity of 5 x 10? cells/well. After 24 h incubation, cells were
exposed for 48 h to 14, 28, 42, 56, 70, 84 and 98 uM EP
in dimethyl sulfoxide (DMSO). Equivalent concentra-
tions of DMSO vehicle, corresponding to the different
dilutions of the test metabolite, and cells without treat-
ment were included as negative controls. Cell prolifera-
tion inhibition by 1.3 uM tamoxifen (TMX) was used as
positive control. Cell proliferation was determined with
sulforhodamine-B (SRB, Sigma Aldrich, St Louis, MI)
assay [30]. At the end of the culture period, proteins
were precipitated with 50% w/v trichloroacetic acid and
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cells were stained with 50 pL of SRB (0.4% w/v in 1% v/v
acetic acid). Finally, 200 pL 10 mM tris(hydroxymethyl)
aminomethane (TRIS) were added to each well and
absorbance was read at 540 nm using a microplate reader
(Merck Sensident Scan).

DNA fragmentation assay

Detection of DNA fragmentation as indicator of apop-
tosis was performed by the in Situ Cell Death Detection
Kit (TUNEL Kit, Roche Applied Science, Manheim, Ger-
many) [19]. MCF-7 cells were grown on silanized slides
until 40% confluence. Then, the cells were treated for
12 h with 28 pM EP in DMSO, and 50 uM TMX, DMSO,
and untreated cells as positive, vehicle and negative con-
trols, respectively. At the end of the exposure, cells were
washed five times with phosphate saline buffer (PBS) and
fixed 20 min with 2% p-formaldehyde at 4 °C. After wash-
ing them five times with PBS, apoptosis was determined
following manufacturer’s instructions, adding 4;,6-diami-
dino-2-phenylindole (DAPI) to stain the nuclei and using
a technical negative control with a slide to which no ter-
minal deoxynucleotidyl transferase (TdT) was added.
Images were visualized with an Olympus BX 51 fluores-
cence microscope provided with a U-MWU2 Olympus
filter.

Cell cycle analysis by flow cytometry

This protocol was performed by adapting the report of
Riccardi and Nicoletti [28]. For this, 20 x 10* cells were
seeded in cell culture flasks and incubated for 24 h, after
which they were treated for 48 h with 28 uM EP, 1.3 uM
TMX, DMSO, and untreated cells were used as posi-
tive, vehicle, and negative controls, respectively. Cells
were then trypsinized, aliquoted into flow cytometry
tubes (1 x 10° cells/tube) and centrifuged 5 min at 240g.
The pellet was resuspended into 500 pL PBS, and kept in
ethanol at 4 °C until its analysis, at which time cells were
centrifuged for 5 min at 240g, pellets were washed with
1 mL 10% p/v albumin in PBS, centrifuged for 5 min at
240g, and resuspended with 500 pL Krisham solution
(1.12 mg/mL sodium citrate, 0.046 mg/mL propidium
iodide, 0.01% v/v triton X-100 and 0.01 mg/mL RNAase
A) for DNA staining. DNA fluorescence was detected
with a flow cytometer [Coulter (R) Epics (R)]. For cell
counting, a minimum of 3500 events were recorded for
each treatment. Fluorescence intensity histograms versus
event numbers were recorded.

Mitochondrial oxygen reactive species assay

The mitoSOX red fluorescent probe was utilized for
the assessment of mitochondrial derived oxygen reac-
tive species [34]. The assay was performed seeding 5000
MCE-7 cells on a 96-wells culture plate. After 24 h, the
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cells were exposed to 1 uM doxorubicin (positive con-
trol), 28 uM EP or 1% DMSO containing cell culture
media for 48 h. Then, the cells were washed twice with
PBS and exposed to mytoSOX for 10 min; next, they
were washed twice again with PBS and the fluorescence
detected at 510/595 nm of excitation and emission,
respectively, with a Varioscan"'LUX multimode plate
reader (Thermoscientific). Next, the protein content
was determined by using the sulforhodamine B (SRB)
assay. For this, the cells were fixed using cold 1% ace-
tic acid in methanol and then exposed to SRB 0.5% w/v
for 1 h at 37 °C. After removing the SRB, the wells were
gently washed with 1% acetic acid, then the plate was
dried and the fixed dye solubilized by adding 200 pL of
10 mM tris pH 10. The absorbance was read with the
Varioscan' LUX multimode plate reader (Thermoscien-
tific) at 580 nm. The results were expressed as relative
fluorescence units normalized by the protein content of
each well.

Mutagenicity evaluation

Testing was performed according to standard S. typh-
imurium reverse mutation assay (Ames test) procedures
[1, 21]. In brief, four different histidine-deficient (his—)
S. typhimurium strains TA98, TA100, TA102 and TA
104 were used. For metabolic activation, S9 fraction was
obtained from the supernatant of post-mitochondrial
mouse liver fraction exposed to sodium phenobarbital
and B-naphtoflavone [9]. E was dissolved in DMSO and
tested at 0.125, 12.5 and 125 pg/plate. Each strain was
incubated in the presence of E at 37 °C for 48 h with and
without metabolic activation. Spontaneous reversions
and mutations in response to DMSO and known muta-
gens (4-nitroquinoline-N-oxide for TA98, methylmeth-
anesulfonate for TA 100 and TA102 and methylglyoxal
for TA104) were also determined for negative and posi-
tive controls, respectively. Each treatment was performed
in triplicate.

Statistical analysis

For proliferation assays, 42 independent experiments
were conducted. The percentage of inhibition for E
was expressed as 1 (%iEX) with the following statisti-
cal hypothesis: Hy: 1 (%EX)=0 and H;: m (%iEX)>0.
The results of the assay gave an estimation of m (%iEX)
which was called p (%iARX), and a function of this sam-
ple proportion allowed to analyze the hypothesis. The
Stata software was used [31] to calculate the signification
probability, which allowed to reject H, when it was below
0.05.
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Results

EP identification

EP was isolated as a yellow solid (m.p. 134.5 °C). Struc-
tural confirmation of EP (shown in Fig. 1) was based
on an analysis of 'H and 3C NMR spectra presented in
Fig. 2a, b, respectively. Specifically, the 'H NMR spec-
trum, showed signals at SH=15.7 ppm (1H, s) assigned
to hydrogen of OH. At 8H=7.6-7.3 ppm the presence of
ten aromatic protons is observed, and at SH=0.9 ppm
two signals were observed (3H, d, J=6.32 Hz), which
were assigned to methyl of isopropyl group. On the other
hand, the *C NMR confirmed the presence of three
carbonyls by their chemical shifts at 171.9, 168.4 and
166.5 ppm. Additionally, ten aromatic carbons at & 130.0
and 127.6 ppm were evident. Finally, the presence of ali-
phatic carbons was confirmed by their chemical shifts at
40.9, 25.0, 22.6 and 21.9 ppm.

The assignment of EP was according to the following:

'H-RMN (CDCl,) &: 15.7 (1H, s, OH); 82 (1H, d,
J=1.2 Hz NH); 7.6-7.3 (10H, m, H-Ar); 4.8-4.7 (1H,
m, NHCH); 3.8 (1H, s, O-CH,); 1.7-1.6 (3H, m, CH,
CH(CHs;),); 0.9 (3H, d, J=6.32 Hz, CH(CH,),), 0.9 (3H,
d, /=6.32 Hz, CH(CH,),).

BC-RMN (CDCl,) &: 171.9 (CONH); 168.4 (COOCH,);
166.5 (COO); 161.7 (COH); 153.2 (OCCOH); 130.0 (C-
Ar); 129.8 (C-Ar); 129.7 (C-Ar); 129.5 (C—Ar); 129.4
(C-Ar); 1289 (C-Ar); 128.8 (C-Ar); 1283 (C—Ar);
127.8 (C-Ar); 127.6 (C-Ar); 1169 (COC-Ar); 103.5
(COCOH); 52.7 (O—CHs,); 52.0 (NHCH); 40.9 (CH,); 25.0
(CH(CHS,),; 22.6 (CH(CH,),; 21.9 (CH(CH,),.

In addition to the spectral data, the optical rotation
gave a value of [a],=—1.81° (CHCl;, c=0.59), confirm-
ing EP identity according to Huneck and Yoshimura [12].

Selective proliferation inhibition by EP

EP’s capacity to inhibit cell proliferation was tested on
the MCE-7 cell line, and on primary cultures of menan-
gioma and fibroblasts. As seen in Fig. 3, the inhibitory
activity was outstanding for the breast cancer cell line
(up to 80%), relevant for the meningioma (up to 40%)
and irrelevant for most of the tested concentrations for
the HEK293 normal cell line and human fibroblasts (up
to 20%).

Next, as positive control, a dose response experiment
was conducted with 42 replicates to establish confidence
intervals for proliferation inhibition by EP and tamoxifen
(TMX) on the MCEF-7 cells (Fig. 4). The TMX concentra-
tion was chosen according to the estimated plasma levels
achievable in a patient after an oral dose. The inhibi-
tion of proliferation for EP at 28 uM was the highest and
resulted statistically significant (p <0.001), therefore, next
experiments were conducted at this concentration.
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In addition, the visible changes of the cell cultures
exposed to EP or TMX were documented by optical
microscopy, showing a noticeable reduction in cell colo-
nies specially with the EP exposed cultures (Fig. 5). This
was not seen in the respective solvent control (same
DMSO concentration) cell culture.

EP induced oxidative stress assay

MitoSOX was employed as a probe to detect mitochon-
drial oxidative stress, the most relevant source of ROS.
Doxorubicin is recognized for its capacity to induce oxi-
dative stress, therefore it was utilized as a positive con-
trol. As seen in Fig. 6, non detectable mitochondrial ROS
were found in MCF-7 cells exposed to EP as compared to
doxorubicin incubated MCEF-7 cells.

Cell cycle effect of EP

EP induced a Go cell cycle arrest with 86% of the cells on
this phase of the cell cycle, opposed to 73% on its solvent
control (DMSO). The percentage of cells on the S phase
of the cell cycle diminished from 10% on the control to
4.3 for the EP exposed cell culture. The TXM treated
cells, used as positive control, also exhibited a Go arrest,
showing a 79% of cells in this phase, compared with 65%
for its solvent control (ethanol). Regarding the percent-
age of cells within the S phase, it decreased from 13% for
the control cells to 7% for the tamoxifen treated cells.
Both molecules exhibited similar percentages of change
among cells in Go and S phases in relation to their
respective solvent control. The histograms that represent
the cell cycle progression for all the experimental condi-
tions are shown in Fig. 7.

DNA-fragmentation in EP exposed MCF-7 cells

The cells were cultivated during 12 h at the experimental
conditions and then the tunnel assay was performed to
detect DNA fragmentation. As presented in Fig. 8, EP did
not induce detectable DNA fragmentation, as no green
fluorescence was observed. Also, TXM at the previous
tested conditions, 1.3 pM did not show any signals of
DNA fragmentation. To check for the assay performance
a 50 pM concentration was assayed and a positive nuclear
fluorescent signal was observed, which is consistent with
DNA fragmentation (Fig. 8).

Mutagenicity of EP

Table 1 shows the number of revertants after culturing
TA98, TA100, TA102 and TA104 Salmonella strains with
increasing doses of EP. EP did not increase the number
of colonies of any of the strains in the presence or in the
absence of the S9 metabolic activation system. On the
contrary, all standard mutagens, used as positive con-
trols for the validation of the test conditions, caused an
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Fig.2 "H-RMN (a) and "*C-RMN (b) spectra for EP. The assignment of EP was according to the following: "H-RMN (CDCl;) &: 15.7 (1H, s, OH); 8.2 (1H,
d,J=1.2HzNH); 7.6-7.3 (10H, m, H-Ar); 4.8-4.7 (1H, m, NHCH); 3.8 (1H, s, O-CHj); 1.7-1.6 (3H, m, CH, CH(CHs),); 0.9 (3H, d, /=6.32 Hz, CH(CH,),), 0.9
(3H, d, J=6.32 Hz, CH(CH3),) and 13C-RMN (CDCl5) 6:171.9 (CONH); 168.4 (COOCH,); 166.5 (COO); 161.7 (COH); 153.2 (OCCOH); 130.0 (C-Ar); 129.8
(C-Ar); 129.7 (C=Ar); 129.5 (C-Ar); 129.4 (C-Ar); 128.9 (C-Ar); 128.8 (C-Ar); 128.3 (C-Ar); 127.8 (C-Ar); 127.6 (C-Ar); 116.9 (COC-Ar); 103.5 (COCOH);
52.7 (O-CHy); 52.0 (NHCH); 40.9 (CH,); 25.0 (CH(CH5),; 22.6 (CH(CH5),; 21.9 (CH(CH,),
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Fig. 3 Sulforhodamine B proliferation assays. The inhibition of EP on cell proliferation was tested for normal human fibroblasts (b, ), a primary
culture of menangioma (a) and the MCF-7 cell line (d). Cells were cultured for 48 h in the presence or absence of EP at concentrations from 14 to
98 uM. After quantifying proteins at each well by the sulforhodamine assay, the percentage of inhibition was calculated from the ratio of the signals
with each tested concentration of EP and the cells grown in cell culture media. This is the result of a single experiment performed in triplicates

b J5 (Human Fibroblast)

d MCF-7 (Breast Cancer Cell Line)
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increase in the number of revertant colonies, further
indicating that EP is not mutagenic in this assay.

Discussion

Lichenic extracts and their secondary metabolites have
been extensively studied for their pharmacologic activ-
ity as antibiotics, antiparasitic, anti fungal, antioxidants,
antiproliferative agents, among others [18, 27, 32]. How-
ever, EP bioactivity has not yet been examined, with the
exception of a report that showed its presence in a meth-
anolic extract with antimicrobial activity [32]. Herein evi-
dence is provided for the first time for EP inhibition of
proliferation of cancer cells with special efficacy on the
MCEF-7 cancer cells, decreasing its viability by a DNA
fragmentation-independent mechanism suggesting that
EP does not induce apoptosis. ROS were not detected
in EP treated MCF-7 cells, consistent with reports that
showed that apoptosis is accompanied with oxidative

stress [35]. The lack of mutagenic activity further sup-
ports that apoptosis is not a mechanism for the inhibition
of MCEF-7 cells growth, since mutated cells will normally
go into apoptosis. Moreover, ROS were not detected on
cells exposed to EP, which is also consistent with EP’s
absence of mutagenic activity, since ROS are recognized
for their mutagenic activity [16, 36].

On the other hand, there is a good correlation between
the mutagenic and carcinogenic activity of a molecule
[22] which is explained by the fact that some carcinogens
are mutagens and that certain types of cancers are pro-
duced as a result of somatic mutations. Maron and Ames
[21] proposed the S. typhimurium reverse mutation
assay which has become an efficient technique to detect
potential mutagens. Positive results in this assay are an
indication that further mammalian evaluations must be
performed, while lack of activity in the Ames system,
such as the one reported here for EP, is indicative that
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Fig. 4 Dose response analysis for the inhibition of MCF-7 and HEK293 cells proliferation by EP and TMX. Cells were cultured for 48 h in the presence
or absence of EP (14 to 98 uM) or TMX (1.3 uM) for MCF-7 and EP (14 to 98 puM) for HEP293 cells. The percentage of inhibition was calculated from
the ratio of the signals in both conditions. The gray bars represent the results of 42 independent experiments performed with triplicates for the
MCF-7 cells, and the black bars show the results for one experiment performed with triplicates for the HEP293 cell line. The standard error is shown
in each bar

1.3 uM TMX (d) and its ethanol solvent control (e). There are no noticeable differences among cells grown in drug free cell culture media, DMSO or
ethanol containing cell culture media. Cells grown in EP or TMX show a reduction in the number of colonies. Bar scale: 100 pm
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Fig. 6 MitoSOX mitochondrial oxygen reactive species assay. The
assay was performed on 5000 cells exposed to 28 uM EP, T uM
doxorubicin or DMSO control for 48 h. The cells were then exposed
to mytoSOX and fluorescence was read at 510/595 nm excitation/
emission. The results were normalized by the content of protein in
each well, determined by sulforhodamine. The bars represent the
mean values of the normalized fluorescence and standard error is
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the molecule may not pose a carcinogenicity risk, at least
not through a mutation-mediated mechanism. This is an
important property for novel antineoplastic agents, since
conventional ones that act at the DNA level (i.e. anti
metabolites or alkylating agents) are mutagenic, being
this a dangerous side effect of anti-cancer treatments.
The mechanisms of EP cytotoxicity do not involve
DNA fragmentation since doses of the molecule that sig-
nificantly reduced cell viability, failed to give tunel posi-
tive cells. This could be explained because MCF-7 cells
are resistant to apoptosis which has been attributed to
their functional deletion of caspase 3, a key serine pro-
tease for this cell death pathway [14]. However, McGee
et al. [23] showed apoptosis and DNA fragmentation of
MCE-7 cells exposed to a pyrrolo-1,5-benzoxazepine;
nevertheless, the percentages of cells undergoing apop-
tosis were only slightly above 30. This supporting that,

shown independent of the mechanism of cell death, MCE-7 cells
might be considered death-resistant, which highlights
the excellent performance of EP as a cytotoxic agent that
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Fig. 7 Histograms for cell cycle analysis by flow cytometry on MCF-7 cells. Treatment were 28 uM E (A), DMSO (B) 1.3 pM TMX (C), ethanol (D) or
non-exposed cultures (E). a, b and c represent cells in Go/G1, S and G2M, respectively and FL3 represents the popidium iodide fluorescence. Letter
a corresponds to Go, b to S and ¢ to G,M phases of the cell cycle. This figure is representative of two independent experiments and it shows that
solvent treated cells behave like cells grown in cell culture as opposed to EP and TXM exposed cells that exhibit cell cycle arrest
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DMSO TAMOXIFEN (50uM) TAMOXIFEN (1,3 uM) ETHANOL

DAPI

TUNNEL

PHASE
CONTRAST

Fig. 8 Apoptosis determination by tunnel assay. The cells were exposed to media with no additions (CONTROL), 28 uM E and its solvent control
DMSO, 50 UM TMX, and 1.3 uM TMX and ethanol as their solvent control. This image represents two independent experiments. The first raw
represents nuclei stained with DAPI, the second, the tunnel assay, and the third, the cells observed by phase contrast microscopy. The nuclei and
phase contrast observations show that EP and TXM are reducing the number of cells in culture. Only 50 uM TMX gives a positive nuclear green
fluorescent signal consistent with DNA fragmentation. Bar scale: 100 um

Table 1 Number of revertants in four different Salmonella typhimurium strains incubated with increasing concentrations
of etanorin

Treatment Number of histidine + revertants

TA98 TA100 TA102 TA104

S9— S9+ S9— S9+ S9— S9+ S9— S9+
Spontaneous revertions 302 22+4 40+7 38+6 345443 328+28 315+£23 365+48
DMSO 26+6 2443 4243 3947 305+£32 324435 363+32 321124
Standard mutagens® 8714 968 4+192 320+ 66 790459 1416 £34 4848+113 2069+ 125 4625+167
E0.125 pg/plate 26+6 29+2 5245 56+6 352425 35949 384446 361+52
E12.5 pyg/plate 264 27£1 50+4 4043 306119 352421 3254+41 374428
E 125 pg/plate 22+6 2242 4749 4016 296 +47 340+ 21 359436 346+ 44

2 Standard mutagens: 4-nitroquinoline-N-oxide for TA98, methylmethanesulfonate for TA100 and TA102 and methylglyoxal for TA104

exhibited, at the most effective concentration, 90% of cell
growth inhibition. Moreover, at the same inhibitory con-
centration (28 pM) EP exhibited neglectable inhibition
on non-transformed fibroblasts. And inhibition of the
HEP293 human normal cells was modest (below 20%),
which makes this molecule an interesting candidate for
further studies for a novel antineoplastic agent with less
side effects on bystander cells.

ROS were analyzed through the mytoSOX probe
because p53-mediated cell cycle arrest in MCEF-7
cells associated with mitochondrial apoptosis has
been reported [36]. However, no ROS production
was detected in the MCF-7 cells exposed to EP, which
is consistent with a previous report that showed

ROS-independent cell cycle arrest [37]. EP exhibited a
G1 cell cycle arrest which was similar in magnitude to
that shown by TXM, a clinically used anti proliferative
drug for estrogen positive breast cancer cells. Moreo-
ver, the effects on cell cycle progression were compa-
rable to the reported for coumestrol on the MCE-7
cells [37]. On the other hand, the effect of EP on cell
cycle arrest is significant, since pharmacologists have
seen an opportunity in the examination of cell cycle
phases for anticancer drug discovery which recently
resulted in a hit to the market of CDK’s inhibitors
[25, 33]. Herein EP showed a GO/G1 cell cycle arrest
effect which explains, at least partially, the results of
EP inhibition on the cell growth assay (sulforhodamine
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B). A recent report focused on the search of inhibitors
of the cell cycle phases, rendered 69 G1-phase inhibi-
tors, 148 S-phase inhibitors, and 273 G2/M-phase
inhibitors. So, apparently, there is less representation
of G1 inhibitors on common libraries of small mole-
cule inhibitors, which makes this result a contribution
to this less represented group, and it could give struc-
tural information for both basic and clinical oriented
research [29]. EP inhibited cell cycle with 86% of the
cells at Go/G1 as compared with the best G1 inhibi-
tor found by Senese et al. [29], staurosporine, with a
86.65 of the cells at this stage. Since staurosporine is
a known pKC inhibitor, it could be interesting to test
EP’s capacity to inhibit kinases that are critical for cell
cycle progression.

Backorovd et al. [4] have recently investigated the
mechanism of cytotoxicity of four lichen secondary
metabolites (parietin, atranorin, usnic acid and gyro-
phoric acid) on HT-29 cancer cell line. They found
that usnic acid and atranorin were capable of inducing
apoptosis via a caspase-3 mechanism activation. They
also detected a series of proteins (PARP, p53, Bcl-2/
Bcl-xL, Bax, p38, pp38) expressed by the cells which
further evidence apoptosis induction. The different
results with respect to this report might be attributed
to structural issues, since usnic acid is a dibenzophe-
none, atranorin is a depside, and EP is a pulvinic acid
derivative. Unfortunately, the pulvinic acid derivatives
have not been analyzed for antiproliferative activity.
In consequence, a comparison of EP with them is not
plausible. Interestingly, these compounds have shown
anti-inflammatory activity [8], but mechanisms have
not been evaluated. Anti-inflammatory activity might
be associated with antiproliferative effects [20], thus
exploring this avenue in future research could be
worthwhile.

Therefore, these molecules probably have different
cell targets, which requires further research. On the
other hand, different cancer cells have also shown to
have differentiated responses to the same lichenic com-
pound [3] so it is possible that EP could induce apopto-
sis on cells other than MCEF-7. This could be the case,
since MCF-7 cells have been shown to lack caspase 3, as
it was explained above, which would explain resistance
to apoptosis. This makes the results reported herein
especially valuable since a molecule is shown which
is suitable for killing more aggressive cancers which
are apoptosis-resistant and only modestly sensitive
to a conventional anti-cancer agent as tamoxifen used
for estrogen receptor positive breast cancers. Further
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studies are necessary to fully understand the antiprolif-
erative mechanisms of EP.

Conclusion

EP, a non-mutagenic molecule recovered from Acarospora
schleicheri A. Massal, has the potential to become a novel
anti-breast cancer drug based on its capacity to inhibit the
proliferation of a breast cancer cell line by arresting it at the
Go/G1 phase of the cell cycle.

Abbreviations

ATCC: American Type Culture Collection; DAPI: 4;6-diamidino-2-phenylindole;
DMSO: dimethyl sulfoxide; E: epanorin; FBS: fetal bovine serum; PBS: phos-
phate saline buffer; SRB: sulforhodamine-B; TMX: tamoxifen; TdT: terminal
deoxynucleotidyl transferase; TRIS: tris(hydroxymethyl)aminomethane.

Acknowledgements

We acknowledge the support of Centro Regional de Estudios de Alimentos
Saludables (CREAS) through Grant R17A10001 for facilities support. We also
aknowledge Dr Tania Bahamondez-Canas and Ms Katherine Acevedo for their
assistance with the MitoSOX Assay.

Authors’ contributions

JPM participated in the design of the research and performed all the cell
culture experiments, proliferation assays and preparation of the cells for tunnel
and flow cytometry experiments. CR and WQ collected the lichen and isolated
E. MFC and EdIP performed the Ames test. NQ performed the spectroscopic
identification of E. HD did the tunnel assays. FC executed the flow cytometry
experiments. CFHR participated in the research design and statistical analysis
and CWO designed the research and wrote the paper. All authors reviewed
the manuscript. All authors read and approved the final manuscript.

Funding
This study was supported by grant DIUV 29/2011 to Cecilia Rubio, DIUV-CIDI
10/2017, and a Fellowhip by Fundacién Carolina (granted to MF Cavieres).

Availability of data and materials
The datasets from the current study are available from the corresponding
author on reasonable request.

Ethics approval and consent to participate
The collection of the Acarospora schleicheri A. Massal specimens was author-
ized by the National Forest Corporation (CONAF).

Consent for publication
All named authors have participated in the work in a substantive manner and
are prepared to take public responsibility for the work.

Competing interests
The authors declare that they have no competing interests.

Author details

! Escuela de Quimica y Farmacia, Facultad de Farmacia, Universidad de
Valparaiso, Av. Gran Bretafa 1093, Playa Ancha, CP 2360102 Valparaiso, Chile.
2 Centro de Investigacion Farmacopea Chilena, Valparaiso, Chile. 3 |CA-Muta-
génesis Ambiental, Consejo Superior de Investigaciones Cientificas, Madrid,
Spain. 4 Escuela de Ingenierfa en Medioambiente, Facultad de Ingenierfa,
Universidad de Valparaiso, Valparaiso, Chile. > Programa de Inmunologfa Tra-
slacional, Facultad de Medicina, Clinica Alemana, Universidad del Desarrollo,
Las Condes, Santiago, Chile. © Instituto de Estadistica, Facultad de Ciencias,
Universidad de Valparaiso, Playa Ancha, Valparaiso, Chile.

Received: 26 May 2019 Accepted: 23 September 2019
Published online: 10 October 2019



Palacios-Moreno et al. Biol Res (2019) 52:55

References

1.

Ames B, Mccann J, Yamasaki IE. Methods for detecting carcinogens and
mutagens with Salmonella/mammalian-microsome mutagenicity test.
Mutat Res. 1975,31:347-64.

Aswad M, Rayan M, Abu-Lafi S, Falah M, Raiyn J, Abdallah Z, Rayan

A. Nature is the best source of anti-inflammatory drugs: indexing

natural products for their anti-inflammatory bioactivity. Inflamm Res.
2018,67:67-75.

Backorova M, Backor M, Mike$ J, JendZelovsky R, Fedorocko P. Variable
responses of different human cancer cells to the lichen compounds
parietin, atranorin, usnic acid and gyrophoric acid. Toxicol In Vitro.
2011;25:37-44.

Backorova M, JendZelovsky R, Kello M, Backor M, Mikes J, Fedorocko

P. Lichen secondary metabolites are responsible for induction of
apoptosis in HT-29 and A2780 human cancer cell lines. Toxicol In Vitro.
2012,;26:462-8.

Bézivin C, Tomasi S, Lohézic-le Dévéhat F, Boustie J. Cytotoxic activity of
some lichen extracts on murine and human cancer cell lines. Phytomedi-
cine. 2003;10:499-503.

Comsa S, Cimpean AM, Raica M. The story of MCF-7 breast cancer cell
line: 40 years of experience in research. Anticancer Res. 2015;35:3147-54.
Ferlay J, Soerjomataram I, Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M,
Parkin DM, Forman D, Bray F. GLOBOCAN 2012 v1.0, Cancer Incidence and
Mortality Worldwide: IARC CancerBase No. 11. Lyon: International Agency
for Research on Cancer; 2012. http://globocan.iarc fr.

Foden FR, Mccormick J, O'mant DM. Vulpinic acids as potential antiin-
flammatory agents. 1. Vulpinic acids with substituents in the aromatic
rings. J Med Chem. 1975;18(2):199-203.

Franco SG, Dominguez G, Pico JC. Alternatives in the induction and
preparation of phenobarbital/naphthoflavone-induced S9 and their
activation profiles. Mutagenesis. 1999;14:323-6.

Fridlender M, Kapulnik Y, Koltai H. Plant derived substances with anti-
cancer activity: from folklore to practice. Front Plant Sci. 2015;6:799.

. Hidalgo ME, Fernandez E, Ponce M, Rubio C, Quilhot W. Photophysical,

photochemical, and thermodynamic properties of shikimic acid deriva-
tives: calycin and rhizocarpic acid (lichens). J Photochem Photobiol B.
2002,66:213-7.

Huneck S, Yoshimura I. Identification of Lichen substances. Berlin:
Springer; 1996.

International Agency for Research on Cancer. Global cancer observatory:
cancer today. gco.iarc ; 2018. https://gco.arc.fr/today.

Janicke RU. MCF-7 breast carcinoma cells do not express caspase-3.
Breast Cancer Res Treat. 2008;117:219-21.

Khanh-Hung N, Chollet-Krugler M, Gouault N, Tomasi S. UV-protectant
metabolites from lichens and their symbiotic partners. Nat Prod Rep.
2013;30:1490-508.

Koike R, Uchiyama T, Arimoto-Kobayashi S, Okamoto K, Negishi T. Increase
of somatic cell mutations in oxidative damage-sensitive drosophila.
Genes Environ. 2018;40:3.

Kosani¢ M, Ranjovic¢ B, Stanojkovic¢ T. Antioxidant, antimicrobial and
anticancer activity of 3 Umbilicaria species. J Food Sci. 2012;71:T20-5.
Lauinger IL, Vivas L, Perozzo R, Stairiker C, Tarun A, Zloh M, et al. Potential
of Lichen secondary metabolites against plasmodium liver stage para-
sites with FAS-Il as the potential target. J Nat Prod. 2013;76:1064-70.

Loo DT, Rillema JR. Measurement of cell death. In: Mather JP, Barnes D,
editors. Methods in cell biology, vol. 57. San Diego: Academic Press; 1998.
p.251-64.

Page 11 of 11

20. Mantovani A. Molecular pathways linking inflammation and cancer. Curr
Mol Med. 2010;10(4):369-73.

21. Maron DM, Ames BN. Revised methods for the Salmonella mutagenicity
test. Mutat Res. 1983;113:173-215.

22. McCann J, Ames BN. Discussion paper: the detection of mutagenic
metabolites of carcinogens in urine with the Salmonella/microsome test.
Ann NY Acad Sci. 1975;269:21-5.

23. McGee MM, Hyland E, Campiani G, Ramunno A, NacciV, Zisterer DM.
Caspase-3 is not essential for DNA fragmentation in MCF-7 cells during
apoptosis induced by the pyrrolo-1,5-benzoxazepine, PBOX-6. FEBS Lett.
2002;515:66-70.

24. Molnar K, Farkas E. Current results on biological activities of lichen sec-
ondary metabolites: a review. Naturforsch. 2010,65¢:157-73.

25. Mullard A. FDA approves Novartis's CDK4/6 inhibitor. Nat Rev Drug
Discov. 2017;16:229.

26. Onitilo AA, Engel JM, Greenlee RE, Mukesh BN. Breast cancer subtypes
based on ER/PR and Her2 expression: comparison of clinicopathologic
features and survival. Clin Med Res. 2009;7(1-2):4-13.

27. Rankovi¢ BR, Kosani¢ MM, Stanojkovi¢ TP. Antioxidant, antimicrobial and
anticancer activity of the lichens Cladonia furcata, Lecanora atra and
Lecanora muralis. BMC Complement Altern Med. 2011;11:97.

28. Riccardi C, Nicoletti I. Analysis of apoptosis by propidium iodide staining
and flow cytometry. Nat Protoc. 2006;1(3):1458-61.

29. Senese S, Lo YC, Huang D, Zangle TA, Gholkar AA, Robert L, et al. Chemical
dissection of the cell cycle: probes for cell biology and anti-cancer drug
development. Cell Death Dis. 2014;5:21462.

30. Skehan P, Storeng R, Scudiero D, Monks A, McMahon J, Vistica D, Warren
JT, Bokesch H, Kenney S, Boyd MR. New colorimetric cytotox- icity assay
for anticancer-drug screening. J Natl Cancer Inst. 1990;82:1107-12.

31. StataCorp. Statistical Software: release 10. College Station, TX: StataCorp
LP; 2007.

32. Timbreza LP, De los Reyes JL, Flores CH, Perez RJ, Stockel MA, Santiago KA.
Antibacterial activities of the lichen Ramalina and Usnea collected from
Mt. Banoi, Batangas and Dahilayan, Bukidnon, against multi-drug resist-
ant (MDR) bacteria. Aust J Mycol. 2017,26:27-42.

33. Williams GH, Stoeber K. The cell cycle and cancer. J Pathol.
2012,226:352-64.

34. Wojtala A, Bonora M, Malinska D, Pinton P, Duszynski J, Wieckowski MR.
Methods to monitor ROS production by fluorescence microscopy and
fluorometry. Methods in enzymology, vol. 542. Amsterdam: Elsevier Inc;
2014. p. 243-62.

35. Zafar A, Singh S, Naseem I. Cu(ll)-coumestrol interaction leads to
ROS-mediated DNA damage and cell death: a putative mechanism for
anticancer activity. J Nutr Biochem. 2016;33:15-27.

36. Zafar A, Singh S, Naseem |. Cytotoxic activity of soy phytoestrogen
coumestrol against human breast cancer MCF-7 cells: insights into the
molecular mechanism. Food Chem Toxicol. 2017;99:149-61.

37. Zafar A, Singh S, Satijac YK, Salujac D, Naseem I. Deciphering the
molecular mechanism underlying anticancer activity of coumestrol in
triple-negative breast cancer cells. Toxicol In Vitro. 2018;46:19-28.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


http://globocan.iarc.fr
https://gco.iarc.fr/today

	Epanorin, a lichen secondary metabolite, inhibits proliferation of MCF-7 breast cancer cells
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	Botanical material
	EP extraction
	EP identification
	Cell culture
	Cell proliferation assay
	DNA fragmentation assay
	Cell cycle analysis by flow cytometry
	Mitochondrial oxygen reactive species assay
	Mutagenicity evaluation
	Statistical analysis

	Results
	EP identification
	Selective proliferation inhibition by EP
	EP induced oxidative stress assay
	Cell cycle effect of EP
	DNA-fragmentation in EP exposed MCF-7 cells
	Mutagenicity of EP

	Discussion
	Conclusion
	Acknowledgements
	References




