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Currently, there is no effective therapy for high grade gliomas. 8-Methoxypsoralen (8-MOP) is a com-
pound used in the treatment of skin diseases combined with UV light irradiation. In this work, rat glioma
C6 cells, normal astrocytes and human glioblastoma GL-15 cells comprised an in vitro model to evaluate
the antitumor activity of 8-MOP. We found that 8-MOP promoted a time- and concentration-dependent
reduction of cell viability in tumor, but not in normal cells. This effect was more evident in log-phase
growing culture, indicating antiproliferative activity, which was confirmed by colony formation assay.
Long-term effect of 8-MOP at low concentration was also attested. The concentrations used in the tests
(0.02—0.4 mM) were lower than plasmatic concentration found in patients. Despite the treatment leads
to considerable morphological changes and apoptosis when used at high concentrations, 8-MOP did not
promote cell cycle arrest, change in migration pattern neither necrosis. In addition, we evaluated the
effect of 8-MOP in MDA-MB-231, CT-26 and SCC-3 cell lines, derived from other kind of primary tumors,
and found that CT-26 cells did not respond to 8-MOP treatment, indicating that this compound does not
act through a generic mechanism. Coumarin derivatives structurally related to 8-MOP were screened for
its antitumor potential and presented different patterns of biological activity, and then it was possible to
suggest the relevance of 8-MOP molecular structure for antiproliferative action. Therefore, 8-MOP, a drug
with an outstanding record of safety, and related coumarins are good prototypes for development of a
new class of anti-glioma drugs.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

impact of technological advances on clinical outcome has not been
satisfactory (Omuro and DeAngelis, 2013; de Oliveira et al., 2009).

Gliomas, tumors of neuroepithelial tissue, are the most common
primary brain tumors in adults with an annual incidence of 5.26 per
100,000 population; despite many studies on this theme, the
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The drug resistance is an important cause of poor clinical outcomes
(Garrido et al., 2014), and then new therapeutic approaches,
treatments and drugs are necessary. This reality has been a moti-
vation to a large number of publications, many of these using
in vivo and, mainly, in vitro models.

The 8-methoxypsoralen (8-MOP), also called xanthotoxin, is a
furanocoumarin (derivative of psoralen) that has been widely
employed for many years, combined with irradiation with long-
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wavelength UV light (PUVA), to treat patients with vitiligo, and FDA
also approved it for the treatment of cutaneous T cell lymphoma
(Cao et al., 2008). Photosensitizers and photodynamic therapy have
been used in both pre-clinical and clinical studies for the treatment
of brain tumors (Wilson and Patterson, 2008). However, there are
descriptions of biological activity of some derivatives of psoralen
even without UV irradiation (Rodighiero et al., 1996). Moreover,
cytotoxic and antiproliferative effects have been attributed to pyr-
rolocoumarins and furanocoumarins, such as 8-MOP, and some of
them were identified as potent topoisomerase I inhibitors (Kim
et al.,, 2007; Diwan and Malpathak, 2009; Guiotto et al., 1995).

In this work, C6 cells, from rat glioma, as well as GL-15, a well
characterized cell line from human glioblastoma (Bocchini et al.,
1991), were used to evaluate the antiproliferative and apoptosis-
inducing potential of 8-MOP. The effects of 8-MOP were also
studied on rat primary cultures of astrocytes to compare results.
Additionally, three other cell lines, from different kinds of tumor, as
well as several structurally related compounds were used to
describe the whole potential of this new prototype of antitumor
drug.

2. Material and methods
2.1. Cell cultures

Human glioblastoma GL-15 cells, rat glioma C6 cells, SCC3 (hu-
man lymphoma), CT-26 (murine colorectal cancer) and MDA-MB-
231 (human breast cancer) cell lines were cultured at 37 °C in
DMEM, supplemented with 44 mM NaHCOs, 10% fetal bovine
serum, 100 IU/mL penicillin and 100 pg/mL streptomycin in a hu-
midified atmosphere of 5% CO, and 95% air. Primary culture of as-
trocytes from Wistar rats were performed according to a previously
described method (Pinheiro et al., 2006), and kept under same
conditions. Culture medium for C6, GL-15 and astrocytes was also
supplemented with 1 mM pyruvic acid, 2 mM L(+)-glutamine. The
culture medium was changed every 2 days.

2.2. Treatment with 8-MOP

The cells were seeded in Petri dishes of 35 mm in diameter or
96-well plates (according to the used test), at a density of
3.1 x 10% cells/cm?, 72 h prior to treatments, except for proliferation
assays using Trypan blue dye and phase contrast microscopy
analysis, in which the drug was added during the seeding of cells.
The cultures were submitted to the treatment with 0.2, 0.3 or
0.4 mM 8-MOP or with 0.5% DMSO (vehicle) and incubated for 24,
48, or 72 h or 20 uM 8-MOP every two days for long-term (10 days)
effect evaluation.

2.3. Cell viability and proliferation analysis

Cell viability was measured in 96 well plates by the classic MTT
method. The MTT reagent dissolved in PBS was added to each well
(1 mg/mL final concentration). Following additional 2-h incubation,
100 pL of 20% SDS in dimethylformamide (DMF 50% in water, pH
4.7) was added to lyse cells. The absorbance was then measured at
540 nm using a microplate reader (THERMO PLATE, model TP-
reader — type B). 90% Confluent and sub-confluent (50—60%) cul-
tures were tested. Total protein content in culture was admitted as
cellularity indicator. To access it, cells were rinsed twice with PBS
and dissolved in 0.5 mL of 1 M NaOH for 20 min at room temper-
ature with gentle shaking. Proteins were relatively quantified by
using a DC protein assay reagent kit (Bio-Rad, Hercules, CA, USA).
Also, cell membrane integrity was evaluated by extracellular LDH
levels measurement (see Supplementary methodology).

Furthermore, cell counting was used as a direct way to evaluate
proliferation and it was carried out by trypan blue dye exclusion
assay. In this case, after treatments, the culture medium was
collected, and cells were removed from plates using 0.05% trypsin,
20% EDTA in PBS for 5 min. Cells were harvested and centrifuged at
168 g for 6 min. Then, the pellet was suspended and mixed with
fresh culture medium, and 0.05% trypan blue was added. Ten mi-
nutes after, the cells were counted in a hemocytometer. The per-
centages of inhibition of proliferation after the long-term exposure
were calculated according to equation: 100(AV — (AV; + (Ug — Uy))/
AV.), in which AV, = variation on number of viable control cells
between first and tenth days; AV, = variation on number of viable
treated cells between first and tenth days; Ui = unviable treated
cells on the tenth day; U, = unviable control cells on the tenth day.

2.4. Colony formation assay

For the colony formation assay a basal layer of solid medium
(0.2 mL of DMEM with 0.5% low melting point agarose) was
deposited in each well. Therefore, an intermediate semi-solid
(0.2 mL of DMEM with 0.35% low melting point agarose at 38 °C)
was deposited over this layer, in which the cells were dispersed
(400/well). A third layer of liquid medium containing the drug (8-
MOP) or the vehicle (0.001% DMSO) was deposited over the sec-
ond one and was replaced every two days. After two weeks, the
colonies were stained with 10% gentian violet for observation under
an optical microscope. The number of colonies was counted in six
wells for each group. The maximum diameter and its perpendicular
axis for each colony were measured and the final diameter was the
mean of these values. Ten random fields in each well were photo-
graphed for this procedure.

2.5. Microscopy

Cells were observed using an inverted phase contrast micro-
scope (NIKON Eclipse TS100) to perform a qualitative analysis of
cellularity and morphology. Ultra-structural analyses of both sur-
face and cytoplasm of cells were also performed. For transmission
electron microscopy, the cells were fixed in 4% paraformaldehyde
and 2.5% glutaraldehyde (Polysciences) in 0.1 M sodium cacodylate
buffer, pH 7.4, postfixed in 1% osmium tetroxide (Polysciences) and
0.08% potassium ferricyanide in the same buffer, dehydrated in
acetone series, and embedded in Polybed resin (Polysciences). The
sections were observed under a Zeiss EM109 transmission electron
microscope (TEM). For scanning electron microscopy, the cells were
cultured on poly-I-lysine treated coverslips and fixed as described
above, dehydrated in ethanol series, dried by the critical point
method in a Balzers apparatus, mounted on stubs, and covered with
a 20 nm-thick gold layer. Cells were observed in a JSM 6390 LV Low
Vacum - JEOL (EUA) scanning electron microscope (SEM). Fluores-
cence microscopy was also used (See Supplementary information).

2.6. Migration assay

Migratory capacity of the tumor cells was evaluated by Wound-
healing assays. The cells were seeded and grown to 100% conflu-
ence Then, the cell layer was scratched in the middle of the wells
using yellow tips, washed three times with PBS and the cells were
grown further in serum-free medium at 37 °C. The wounded
monolayer of culture was recorded under inverted microscope at
0 h, 12 h, 30 h, and 60 h.

2.7. Cell cycle and cell death analysis

Flow cytometry analysis of DNA content was performed to
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assess the cell cycle phase distribution. After treatments, cells were
harvested by trypsinization, fixed with cold ethanol, and stained
with propidium iodide (PI). A fluorescence-activated flow cytom-
eter (Becton-Dickinson, FranklinLakes, NJ, USA) was used for anal-
ysis. The software Cell Quest™ 3.1 was used to generate histograms
and determine the cell cycle phase distribution. Cell death was
studied by using FITC-Annexin V and propidium iodide (PI) staining
approach (annexin-V FITC-Kit, BioSource, Camarillo, U.S.A.), that
identifies both apoptotic and necrotic cells, and apoptosis was
confirmed by Hoescht staining of treated and control cultures
(more details in Supplementary Methods).

2.8. Analysis of proteins expression

Expression of GFAP, and vimentin were investigated in

astrocytes and brain tumor cells by western-blotting and immu-
nocytochemistry. Vimentin expression in GL-15 cultures was also
assessed by flow cytometry (more details in Supplementary
Methods).

2.9. Statistical analysis

Data were showed as mean with SEM or median with range
according to their distribution, analyzed by Shapiro-Wilk normality
test and Skewness (normal: <1 or >—1) and Kurtosis (normal: <2 or
>—2) calculation. Also according to the distribution, parametric or
non-parametric statistic test were chosen, they are indicated in
illustration legends. Experiments were performed at least in trip-
licate. Probability values of p < 0.05 were accepted as indication of
statistically significant difference.
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Fig. 1. Analysis of cell viability performed by MTT assay after treatment with 8-MOP at increasing concentrations and times of exposure (A) and the protein content measurement
confirmed the reduction on cellularity after 48 h exposure (B) *,
effect of 48 h exposure to 8-MOP on cell proliferation was also performed by the trypan blue dye exclusion assay (C), unpaired t-test was used in this case (C top); the cytotoxic effect
of 8-MOP (C bottom), indicated by the percentage of unviable relative to total cells, was observed only for GL-15 cells. *, P < 0.05 compared to respective controls (Mann-Whitney
test). Evaluation of the treatment with 20 uM 8-MOP every 2 days for 10 days on the cell proliferation (low cell density, n = 5), also performed by trypan blue assay (D), showed no

significant effect on astrocytes. However, the drug reduced proliferation of both glioma cell lines. *, P < 0.05 compared to respective controls (Mann-Whitney test).

P < 0.05 compared to respective controls (One-way ANOVA followed by Dunnett’s Multiple Comparison test). The
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3. Results

3.1. 8-MOP reduced cell viability and cellularity more efficiently in
tumor than in normal cells

MTT test showed a significant decrease in the viability of brain
cells and indicated a selective action against other tumors. The
crescent order of susceptibility to 8-MOP was astrocytes, C6 and
GL-15 (Fig. 1A). 24 h exposition to 0.2 mM 8-MOP led to a decreased
viability on GL-15 and C6 cells of 74 + 1.2% and 115 + 1.5%,
respectively, and the toxicity increased in a dose-dependent
manner. Toxicity against astrocytes became evident only for treat-
ment with 0.4 mM 8-MOP after 48 h. A 72 h exposure promoted a
maximum effect in GL-15 cells, but also decreased the cell viability
of astrocytes. The total protein content measurement suggested
that MTT results reflect reduction of cellularity (Fig. 1B). Trypan
blue dye exclusion assay confirmed the reduction on cell growth
after treatment (Fig. 1C). After 48 h, GL-15 cultures increased
172 + 14% in control conditions and 46 + 6% in the treated group.
For C6 cultures, these values were 188 + 32% and “not apparent”,
respectively. In astrocytes, there was no significant effect. Cell death
was not visually evident in all the experiments; it was confirmed by
LDH assay (Supplementary Fig. 1). A mild cytotoxic effect of 8-MOP
was observed only on GL-15 cells, which cannot explain the
reduction on cellularity. The 10-days exposure to a low
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concentration of 8-MOP showed a cumulative effect only on tumor
cells; an apparent toxicity was observed against C6 cells in this
experiment, but it was not significant (Fig. 1D and Supplementary
Table 1). Taken together, these results suggest that 8-MOP pre-
sents anti-proliferative action and is tumor cell selective.

3.2. Antiproliferative effect of 8-MOP is not related to cell cycle
arrest

Results from 8-MOP treatment on confluent (Fig. 2A) and sub-
confluent (Fig. 2B) cultures showed that the effect is more
notable in Log-phase of the growth. Under sub-confluence, C6 cells
(higher mitosis rate), were apparently more susceptible than GL-
15 cells. It was observed changes in tumor cells morphology and
decrease on cellularity of sub-confluent cultures treated with 8-
MOP (Fig. 2 - pictures). The largest susceptibility of GL-15 cells to
8-MOP was visually evident. Astrocyte cultures were not affected.
Furthermore, there was no astrocyte activation since treatment did
not change GFAP expression (Fig. 2C). Despite the antiproliferative
action, 8-MOP did not promote cell cycle arrest (Fig. 3A and
Supplementary Fig. 2). In fact, there was no difference in number of
colonies between vehicle and drug treated C6 cells, but 8-MOP
slowed cell division, resulting in smaller colonies (Fig. 3B—F and
Supplementary Fig. 3). GL-15 cells did not form colonies.
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Fig. 2. Analysis of cell viability, performed by MTT assay, after 48 h exposure of confluent (A) and sub-confluent (B) cultures to 8-MOP at increasing concentrations. *, P < 0.05
compared to respective controls (One-way ANOVA followed by Dunnett’s Multiple Comparison test). The treatment with 8-MOP did not increase GFAP expression in astrocytes (C).
Phase contrast microscopy showed a decrease in cellularity and changes in cell morphology after treatment with 8-MOP for 48 h (pictures), which was more evident in tumor cells

than in normal ones.
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Fig. 3. Distribution of the cells in phases of cell cycle after treatments with 8-MOP (A) showing that the drug does not alter this parameter (there is no significant difference
between treated and respective control groups). The C6 cells formed colonies in medium treated with 0.001% DMSO (B), 20 uM 8-MOP (C) and 0.1 mM 8-MOP (D) for two weeks.
The total number of colonies were equal in all groups (E), but the average diameter of them reduced in a concentration-dependent manner after treatment with 8-MOP (F) **,
P < 0.01 and ***, P < 0.001 compared to respective controls (One-way ANOVA followed by Dunnett’s Multiple Comparison test).

3.3. 8-MOP at high concentration induced cell death by apoptosis
and changes in cell morphology

Acute administration of 8-MOP at high concentration (0.4 mM,
48 h) was able to induce apoptosis in all kinds of cells
(Supplementary Figs. 4 and 5). The amount of necrotic cells was not
significant in all groups. The changes in cellular morphology visu-
alized by phase contrast microscopy were confirmed by SEM in the
tumor cells, but were not evident in astrocytes (Fig. 4A—F).
Increasing of filopodia-like structures, often associated with
migration, could be observed in the surface of tumor cells treated
with 8-MOP (Fig. 4G), however, the migratory capacity of these cells
was not affected (Fig. 4H). In fact, a mild inhibition of cell migration
was observed in 8-MOP treated cells, but it was not significant
(Supplementary Fig. 6). The drug was also able to change the
pattern of vimentin expression in GL-15 cells (Supplementary
Fig. 7), overexpression of this proteins seems to be related to
morphological changes on these cells.

3.4. Coumarin derivatives structurally related to 8-MOP presented
different patterns of biological activity

MTT assay after 48 h treatment of sub-confluent cultures was
used as a screening technique to investigate the antitumor poten-
tial of coumarin derivatives structurally related to 8-MOP
(Supplementary Fig. 8). In general, all compounds showed more
significant activity in tumor cells than in normal ones (Fig. 5 and
Supplementary Fig. 9). The coumarin core alone did not show ac-
tivity, while the non-methoxylated psoralen was toxic for both
tumor cells and astrocytes. If, however, the furan ring is removed

from the structure, but the oxygen atom preserved, as in the
structure of methoxyumbeliferone, the activity remains restricted
to tumor cells. Moreover, the presence of nonpolar groups such as
methyl or prenyl seems to potentiate the effect. The compound
trimethylpsoralen showed selective antiproliferative activity at
0.6 uM (Fig. 5). Besides decreased cell viability, some compounds
also promoted changes in the morphology of tumor -cells
(Supplementary Fig. 10).

3.5. Non glioma tumor cells respond differently to 8-MOP treatment

8-MOP was tested on other cell lines (Supplementary Fig. 11).
The treatment was not effective against colorectal CT-26 cells, but
lymphoma SCC3 cells and breast cancer MDA-MB-231 cells had
their viability affected. However, in these cases, high concentration
of 8-MOP did not lead to different results in confluent and sub-
confluent cultures. Taken together these findings suggest that the
drug has a specific pathway-dependent mechanism of action,
otherwise the same pattern of response would be shown by all
cells.

4. Discussion

In this work, a dose-dependent antiproliferative effect of 8-MOP
was observed against glioma cells and normal rat astrocytes, but it
was stronger in tumor cells. This effect was attested in the absence
of UV light irradiation. The concentrations used in the tests are,
apparently, very high to be considered for therapeutic purposes,
but pharmacokinetic studies demonstrated that plasma concen-
trations of 8-MOP as high as 1 mM can be achieved safely (Billard
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0.4 mM 8-MOP

C6 GL-15

0.4 mM 8-MOP 0.5% DMSO 0.4 mM 8-MOP

Fig. 4. Electromicrography by scanning electron microscopy of C6 and GL-15 cells and normal astrocytes under control conditions (A, C and E, respectively) and after 48 h treatment
with 0.4 mM 8-MOP (B, D and F, respectively). Zoom of surface and edge of each cell type is also shown. The treatment leads to generation of filopodia-like structures on the tumor
cells, also visible by transmission electronic microscopy (G), but the 8-MOP did not increase cell migration (H).

et al.,, 1995). This classical drug with an outstanding record of safety
has real chance to be tested in clinical trials, in the near future, for
the treatment of gliomas, which frequently do not respond to the
main agent currently used in the therapy, temozolomide (TMZ)
(Wang et al., 2015a; Beier et al., 2008). In fact, 1 mM TMZ after a 72-
h incubation promoted death in 24—81% (mean: 49.83%) of glioma
cells from six patients, when analyzed by the MTT assay (Pédeboscq
et al., 2007). We found that a 72-h incubation with 0.4 mM 8-MOP
promoted death on 41.68% of human glioblastoma GL-15 cells.
Indeed, in our study 0.2 mM 8-MOP was more effective against GL-
15 cells, which are extremely resistant to TMZ (de Oliveira et al.,
2014), than 0.2 mM TMZ against GOS-3 and U-87 MG glioma cells
(Patel et al., 2008).

The MTT test performed at sub-confluent conditions (log-phase
of cell growth) indicated the antiproliferative action of 8-MOP,
which was confirmed by additional tests. Cell death (apoptosis) was
significant only at the higher concentration used. In fact, phase
contrast microscopy, trypan blue staining, colony formation assay
and LDH measurement did not show significant cell death after
treatment with 8-MOP at 0.2 or 0.3 mM. A low dose-experiment
was executed, but for a longer time exposure, simulating a real
therapy. A chronic treatment with low concentrations could pre-
vent toxic effects of an acute high dose administration. Data from
this experiment showed antiproliferative effects against tumor

cells even at low concentration, which indicates that a clinical
therapeutic scheme with 8-MOP could be designed. Additionally,
many neurological effects of 8-MOP suggest that this substance is
able to cross the brain-blood barrier (Vernassiere et al.,, 2006).
Moreover, 8-MOP did not change GFAP expression in astrocytes.
The presence of drugs can promote astrocyte activation, as identi-
fied by GFAP immunostaining (Goswami et al., 2015), which could
interfere with tissue homeostasis and lead to various damages in
normal cells.

Psoralens, like 8-MOP, have a hydrophobic nature and a planar
aromatic structure, which enables them to intercalate between
DNA base pairs, preferentially at 5-TA-3’ sites (Cao et al., 2008; Wu
et al., 2009). The irradiation of psoralens with UVA (320—400 nm)
leads to formation of monoadducts, diadducts and interstrand
cross-links (ICL) (Rodighiero et al., 1996), that are believed to be the
principal element in PUVA therapy. However, there are other
mechanisms involved in the growth-inhibitory and apoptosis-
inducing effects of 5-methoxypsoralen (Lee et al., 2003). Interca-
lation itself results in a decrease in DNA helical twist and length-
ening (Abassi Joozdani et al., 2015), which is the mechanism of
action of some antitumor agents.

Despite clear impact of 8-MOP in proliferation, cell death was
not observed at the conditions used for proliferation assays, in the
other hand, the treatment did not promote cell cycle arrest. The
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most probable explanation for this apparent paradox is that the
drug can slow down the cell division process by interfering with
cell cycle controllers. In fact, it has been demonstrated that, after
PUVA therapy, there are changes in cell cycle controlling proteins
levels in the patients (Abou El-Ela et al, 2010). The detailed
mechanism of action of 8-MOP remains under investigation, but if
this hypothesis is confirmed it could prevent side effects common
in many antitumor drugs (Terada et al., 2015). 8-MOP also pro-
moted morphological changes in tumor cells. The induction of
filopodia-like structures, for example, indicates possible pathways
involving the actin cytoskeleton that could suffer modulation by
drugs (Schafer et al., 2010). These structures are often, but not
necessarily, associated with the migration capability of cells
(Arjonen et al., 2011), however, in this case 8-MOP did not increase
cell migration. Vimentin expression increased in 8-MOP treated GL-
15 cells, mainly in cells with affected morphology. This effect is
probably due to the antiproliferative action of 8-MOP, since the
reduction of cell density in the culture is itself a stimulus for
vimentin expression, which also occurs after treatment with
traditional chemotherapy (Trog et al., 2008). We have recently
demonstrated that 8-MOP also inhibits the glutathione S-trans-
ferase 7w (GSTP1) activity and increases cell susceptibility to
apoptosis (de Oliveira et al., 2014), which could explain the pro-
apoptotic action of 8-MOP at high concentrations.

Our data also pointed coumarin derivatives as a possible new
class of antiproliferative agents and 8-MOP as a good prototype for
future studies. The structure-activity relationship analysis pointed
the oxygen atom in furan ring as mandatory for activity. All com-
pounds tested have LogP values compatible with therapeutic ap-
plications, but the trimethylpsoralen (also clinically used) showed
the best activity/concentration relationship, probably because of an
increased availability. In fact, many classes of coumarin derivatives
may be potential candidates for the treatment of cancer (Wang
et al,, 2015b; Liu et al,, 2015). Novobiocin, for example, exhibited
antitumor activity by binding to the molecular chaperone Hsp90
(Donnelly et al., 2008), and noscapine, which is not a coumarin
derivative but has structural similarities to 8-MOP, was also able to
inhibit the growth of glioma cells resistant to TMZ (Jhaveri et al.,
2011).

In conclusion, the antiproliferative activity of 8-MOP in glioma
cell lines, without UV light irradiation, demonstrated for the first
time in this work, confirm that this substance is a good candidate as
a new chemotherapeutic agent on glioma therapy, bringing new
perspectives on the use of psoralen derivatives.
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