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Abstract

The occurrence of metastasis, an important breast cancer prognostic factor, depends on cell
migration/invasion mechanisms, which can be controlled by regulatory and effector molecules
such as Rho-associated kinase protein (ROCK-1). Increased expression of this protein promotes
tumor growth and metastasis, which can be restricted by ROCK-1 inhibitors. Melatonin has shown
oncostatic, antimetastatic, and anti-angiogenic effects and can modulate ROCK-1 expression.
Metastatic and nonmetastatic breast cancer cell lines were treated with melatonin as well as with
specific ROCK-1 inhibitor (Y27632). Cell viability, cell migration/invasion, and ROCK-1 gene
expression and protein expression were determined in vitro. In vivo lung metastasis study was
performed using female athymic nude mice treated with either melatonin or Y27832 for 2 and 5
wk. The metastases were evaluated by X-ray computed tomography and single photon emission
computed tomography (SPECT) and by immunchistochemistry for ROCK-1 and cytokeratin
proteins. Melatonin and Y27632 treatments reduced cell viability and invasion/migration of both
cell lines and decreased ROCK-1 gene expression in metastatic cells and protein expression in
nonmetastatic cell line. The numbers of ‘hot’ spots (lung metastasis) identified by SPECT images
were significantly lower in treated groups. ROCK-1 protein expression also was decreased in
metastatic foci of treated groups. Melatonin has shown to be effective in controlling metastatic
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breast cancer in vitro and in vivo, not only via inhibition of the proliferation of tumor cells but also
through direct antagonism of metastatic mechanism of cells rendered by ROCK-1 inhibition.
When Y27632 was used, the effects were similar to those found with melatonin treatment.
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Background

Breast cancer is the most common nonskin neoplasm and responsible for higher cancer-
related death in women worldwide [1]. The mortality rate is intrinsically related to the
occurrence of metastasis, as observed in over 90% of the fatal cases [2, 3]. Although the
molecular mechanisms responsible for the metastasis in breast cancer have not been fully
elucidated, it is known that the loss of cellular adhesion and subsequent anchoring-
independent survival are crucial steps in the metastatic process [4]. Cell migration and
substratum binding are regulated by external signaling molecules which alter cell structure
by activating surface receptors [5].

Rho-associated kinase and its isoforms (ROCK-1 and ROCK-2) play a central role in the
invasion and migration process by regulating the actin rearrangements in the cytoskeleton
[6]. The ROCK-mediated signal plays a fundamental role in cellular morphology, adhesion,
and mobility [7]. Liu et al. [7] verified an increased expression of ROCK gene, mainly
ROCK-1, in metastatic breast cancers than in nonmetastatic tumors. It has, furthermore,
shown that a specific ROCK-1 inhibitor, Y27632, was able to affect in vitro cell mobility
and in vivo metastasis.

Melatonin (A-acetyl-5-methoxytryptamine), the main hormone of the pineal gland, was
derived from serotonin. Melatonin is also produced by immune cells and a number of
peripheral tissues [8], and it holds an oncostatic and cytoskeleton modulatory properties,
capable of inhibiting cancer cells’ invasiveness, and tumor growth both in vivo and in vitro
[9]. Among other functions, melatonin participates in the regulation of the circadian rhythms
and has been reported to be oncostatic in estrogen receptor (ERa)-positive cells at
physiological concentrations, but not in ERa-negative cells [10]. Its antitumoral effects have
been noticed in breast neoplasms both in vivo using rat models with chemically induced
cancer and in vitro in cell lines [11].

The use of melatonin in breast cancer therapy is based on its selective estrogen receptor
modulator (SERM) and selective estrogen enzyme modulator (SEEM) properties [12]. The
SERM actions include estrogen-regulated cell proliferation, cell invasiveness, protein
expression, growth factors, and oncogene expression. These actions are perceived in cells
expressing ERa and are mediated by MT1 melatonin receptor. The SEEM behavior is due to
the inhibition of expression and activity of P450 aromatase, estrogen sulfatase, and 17p-
hydroxysteroid dehydrogenase and to the stimulus of estrogen sulfotransferase. This dual-
action mechanism (SERM and SEEM) and ERa specificity provide melatonin potential
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advantages to breast cancer treatment [13]. However, there has not been any mechanism or
pathway described for the treatment of triple-negative breast cancer (TNBC) using
melatonin.

We have recently shown that melatonin treatment in vivo decrease TNBC tumor growth and
downregulating pro-angiogenic factors [14]. Similarly, Luchetti et al. [9] have already
demonstrated the inhibitory effect of melatonin on tumor growth in vitro and in vivo. There
are a few studies evaluating the effect of melatonin in tumor metastasis, but nothing has been
reported about the inhibitory effect of melatonin on ROCK-mediated metastasis of breast
cancer [6, 7, 10]. The purpose of this study was to determine the effect of melatonin on
ROCK-mediated (mainly ROCK-1) human TNBC metastasis in a mouse model, possibly
representing a new therapeutic alternative to suppress breast cancer metastasis.

Materials and methods

Cell culture

This study was approved by the ethics committee on animal use (CEUA) of the Faculty of
Medicine of Sao Jose do Rio Preto (FAMERP), # 3210/2011 and the Institutional Animal
Care and Use Committees (IACUC) of Henry Ford Health System in the United States, #
1228, which are developed following national and international standards of ethics in animal
experimentation.

This study was performed using human breast cancer cell lines MDA-MB-231 (metastatic,
ERa-negative) (ATCC, Manassas, VA, USA) and MCF-7 (nonmetastatic, ERa.-positive)
(ATCC). Both cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM) high
glucose (4.5 g/L) (GIBCO, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS) (GIBCO), 2 mwm L-glutamine (GIBCO), and 1% antimycotic and antibiotic
(GIBCO). All cell lines were cultured in a humidified chamber with 5% CO, and at 37°C.

Cell viability assessment by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

assay

Cell viability was measured using a 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Vibrant MTT Cell Proliferation Assay Kit; Molecular Probes,
Eugene, OR, USA). Briefly, MDA-MB-231 and MCF-7 cells were plated at a density of 5 x
10* cells/well in 96-well plates in 100 uL DMEM with 2% FBS. Then, the cells in different
groups were treated with melatonin (Sigma-Aldrich, St. Louis, MO, USA) (0.0001, 0.001,
0.01, 0.1, 1 mm) and Y27632 (Sigma-Aldrich) (2.5, 10, 50, 100 pm) for 24 and 48 hr.
Melatonin was diluted in ethanol (0.01%) and Y27632 was diluted in phosphate- buffered
saline (PBS). Control groups contained ethanol corresponding to the concentration present
in the highest melatonin dosage of 1 mm to exclude possible effects of the solvent.
Thereafter, 10 uL of MTT solution was added to each well and the plates were incubated at
37°C for an additional 4 hr. To solubilize the MTT formazan crystals, the cells were
incubated with dimethyl sulfoxide (DMSO) (Sigma-Aldrich) for 10 min. The absorbance of
each well was measured using a 570-nm Multiskan FC (Thermo Fisher Scientific, Waltham,
MA, USA). Medium with 2% FBS was used as background and subtracted from the
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samples. Cell viability (%) was calculated for all groups compared to control sample and
performed in triplicate.

Based on the results of MTT assay, four treatment groups were established: group | (control)
containing only cells in culture medium with vehicle (0.01% ethanol), group Il containing 1
mwm of melatonin, group 111 containing 10 pm of Y27632, and group IV containing a
combination of 1 mm of melatonin and 10 um of Y27632.

Migration and invasion assay

The invasiveness of breast cancer cells was tested in 24-well plates with 8-pm inserts
Matrigel membranes (BD Biosciences, Billerica, MA, USA). In the upper compartment of
the chamber, approximately 2.5 x 104 cells/insert were added into culture medium without
serum, while 750 pL of culture medium (with 10% FBS) was added to the lower
compartment with different treatments (melatonin or Y27632 alone or in combination). For
negative and positive controls, 0.5% and 10% FBS, respectively, were used.

After 24 hr, those membranes were washed, paraformaldehyde-fixed, and permeabilized,
and they were stained with hematoxylin to detect the migrated cells. The counting was made
with an inverted optic microscope (Nikon Eclipse E200; Nikon, Melville, NY, USA) and
photographed by putting the insert over a plate containing glycerol at 50%. The invasion rate
was calculated by dividing the average number of treated cells that migrated and invaded the
Matrigel membrane by the average number cells that migrated in positive control samples.

Quantitative real-time RT-polymerase chain reaction

The expression of ROCK-1 gene was determined by real-time polymerase chain reaction
(PCR). Total RNA was isolated from MDA-MB-231 and MCF-7 cells using the TRIzol
reagent (GIBCO) according to the manufacturer’s instructions. Complementary DNA
(cDNA) corresponding to 2 g of total RNA was used per reaction (20 L) in a real-time
quantitative PCR performed on StepOnePlus Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA) and using TagMan Universal Master Mix kit (Applied Biosystems).
TagMan inventoried probes were used for ROCK-1 (Hs01127699 _m1) detection and, actin
beta (ACTB) (Hs99999903 m1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Hs99999905_m1) as endogenous control for reaction standardizers.

The relative quantification (RQ) value of the expression of interest genes was determined
with DataAssist 3.0 software (Applied Biosystems), using the average of standardizer genes
(AAG) [15, 16]. The samples were tested in triplicate and all experiments included negative
controls.

Protein extraction and Western blotting

Cells treated with or without melatonin or Y27632 alone or in combination, were washed in
ice-cold PBS and lysed in NP40 cell lysis buffer (Invitrogen, Camarillo, CA, USA)
supplemented with 1 mm phenylmethanesulfonyl (PMSF) (Sigma-Aldrich) and protease
inhibitor cocktail (Sigma-Aldrich). After incubation for 30 min with intermittent vortexing,
the cell lysate was centrifuged and the proteins were collected from supernatant. Proteins
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extracts were quantified by the bicinchoninic acid (BCA) with Pierce™ CA protein assay kit
(Thermo Fisher Scientific, Rockford, IL, USA), separated on 8% SDS-PAGE and transferred
onto PVDF membranes (Bio-Rad, Hercules, CA, USA). The membranes were incubated
with the desired primary antibody for ROCK-1 at 1:1000 (Sigma-Aldrich) and tubulin at
1:5000 (Sigma-Aldrich) overnight at 4°C, followed by incubation with the appropriate
secondary antibody for 2 hr at room temperature. The detection of tubulin was used as a
loading control. ROCK-1 and tubulin were detected using the Clarity Western ECL kit (Bio-
Rad), and quantification was performed using Image J software (NIH, Bethesda, MD, USA)
as image analyzer. The values were obtained in arbitrary units (au) and showed the mean
optical density (MOD) to each sample.

Animal model and treatment schedules

Athymic nude female mice (n = 35) 6-8 wk old and weighing 20-25 g were randomly
separated into different groups of treatment, kept under pathogen-free conditions at room
temperature (21-25°C) on exposure to light for 12 hr and 12 hr in the dark. Food and water
were offered ad libitum. The mice were purchased from Charles River Laboratory
(Frederick, MD, USA) and housed at Henry Ford Hospital (Detroit, M1, USA).

For lung metastasis induction, as described by Chen et al. [17], 2.5 x 10° viable MDA-
MB-231 cells (washed with PBS and resuspended in 0.1 mL of serum free RPMI 1640
medium; GIBCQ) were injected intravenous (i.v.) into the tail vein after prior restraint of
animals.

After 1 wk of tumor induction, the animals received treatment for 2 and 5 wk with melatonin
(100 mg/kg per day) or Y27632 (10 mg/kg per day) or vehicle as control containing PBS
with 10% of DMSO (Sigma, St. Louise, MO, USA) and 10% cremophor (Sigma),
intraperitoneally (i.p.) for 5 days during the week (Monday through Friday). Melatonin was
administered at 17:00 hr just before turning off the light of the animal facility. To better
evaluate the effect of melatonin treatment, animals underwent single photon emission
computed tomography (SPECT) on weeks 3 or 6 following induction of lung metastasis (i.v.
injection of cells). However, for Y27632, animals underwent SPECT on week 3 (2 wk after
treatment) following induction of lung metastasis. As an indicator of overall animal health,
the body weight was measured twice weekly.

Single photon emission computed tomography study and image analysis

To identify the metastases formation in treated and untreated animals with melatonin and
Y27632, animals underwent SPECT imaging according to the protocol established by Dr.
Arbab modified from Cowey et al. [18] and Gambini et al. [19]. The animals were restrained
using proper retainer for mice and were injected in the tail vein with 1 mCi of 99mTc-
tetrofosmin. 99mTc-tetrofosmin accumulates in larger amounts in tumor cells due to
increased mitochondrial activity [20-22].

After 2 hr, the animals were anesthetized with ketamine/xylazine (100/15 mg/kg) and
images were acquired with a gamma camera (PRISM 3000 system, Bioscan, Washington,
DC, USA) converted to a micro SPECT system for small animal scanning. The images were
acquired with mouse specific pinhole collimators (Bioscan) in 360 degree rotation, using 3
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collimators obtaining 10 projections for each collimator (total 30 projections), was acquired
a minimum 90 s per projection (minimum 40,000 counts/projection). The total acquisition
time for each animal was approximately 15 min.

Images were reconstructed with HiISPECT software (Bioscan), and the generated images in
DICOM format were analyzed by Image J software (NIH). The intensity of radioactivity was
detected in lung and submitted to three times of subtracting the standard deviation for all
groups (IntDen — 3 x S.D.) to eliminate excessive background. The positive control was
considered as the basis for the analysis between groups. The presence of metastasis was
confirmed by histology with hematoxylin and eosin (H&E) stain and cytokeratin
immunohistochemistry.

The X-ray computed tomography (CT) was performed to detect the metastatic foci in the

lungs using the Albira SPECT-CT imaging station (Bruker Biospin Corp., Woodbridge, CT,
USA) as described by Wathen et al. [23]. Imaging was acquired in high resolution with 80-
mm axial field of view (FOV). The CT images were reconstructed at a resolution of 25 pm.

Histopathology and immunohistochemistry

Following 2 or 5 wk (3 or 6 wk following tumor induction) of treatment, the animals were
euthanized and perfused with PBS and 4% paraformaldehyde (Acros Organics, Morris
Plains, NJ, USA). The lung was collected and fixed in 4% paraformaldehyde containing 3%
sucrose (Fisher Chemical, Waltham, MA, USA). Collected tissues were prepared for paraffin
blocks and sectioning. Standard H&E staining was performed to evaluate the presence of
metastases, and immunohistochemical staining procedures were performed as recommended
by the suppliers of primary antibodies. The following antibodies were used to delineate the
expression of corresponding antigens: ROCK-1 (Santa Cruz Biotechnology, Dallas, TX,
USA) and cytokeratin (clone AE1/AE3; Dako, Carpinteria, CA, USA), a marker of epithelial
cells.

Briefly, the slides containing tissues were deparaffinized and rehydrated and then incubated
with citrate buffer at 96°C for 45 min. Once it washed with PBS, the sections were incubated
with PBS + filtered 1% albumin for 20 min. Following this process, sections were incubated
with the primary antibody (anti-ROCK-1 or anticytokeratin) diluted in PBS + albumin 0.5%
at 4°C overnight. Then, the sections were stabilized in room temperature, washed with PBS,
and incubated with Starr Trek Universal HRP Detection System kit (Biocare Medical,
Concord, CA, USA) containing the secondary antibody (biotinylated anti-mouse, anti-rabbit,
anti-goat immunoglobulins). The sections were once again rinsed with PBS and incubated
with the peroxidase—streptavidin conjugates, washed, and incubated with diaminobenzidine
tetrachloride (DAB) chromogenic substrate. At last, all sections were counterstained with
hematoxylin, dehydrated, and coverslipped.

Data analysis and statistics

The immunohistochemistry analyses were performed following the method described by
Jardim-Perassi et al. [14]. All results were submitted to descriptive analysis to determine
statistical normality. An analysis of variance (ANOVA) was performed, followed by
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Bonferroni’s test. Values of £< 0.05 were considered statistically significant. The GraphPad
Prism 5 software (GraphPad Software, Inc., San Diego, CA, USA) was used.

Both cell lines were subjected to MTT cell viability testing, after being treated with
melatonin and Y27632. We previously [14] showed that the MDA-MB-231 cells were
sensitive to 1 mm of melatonin after 24 hr of incubation, showing a statistically significant
reduction in cell viability compared to control (£ < 0.05). In 48 hr of treatment with a
concentration of 1 mm melatonin, cell viability remained significantly different when
compared to control cells (32.89 + 2.56%; P< 0.05; Fig. 1A). Based on the results of MTT
assay, we have selected 1 mm concentration of melatonin as the standard dose for subsequent
studies.

Cell viability was also affected by the Y27632 with most concentrations after 24 hr of
treatment; however, only the 10 um concentration was able to produce a statistically
significant decrease in cell viability compared to control (50.1 + 5.7%; P< 0.05; Fig. 1C).
After 48 hr of Y27632 treatment, the different concentrations tested did not show significant
difference compared to control cells, thus demonstrating the loss of drug action within this
range (data not shown).

The similar MTT assay was used for the nonmetastatic cell line, MCF-7. For melatonin,
previously we also showed [24] that the concentrations of 0.001-1 mm were able to inhibit
cell viability significantly compared to control at 24 hr (P < 0.05). Following 48 hr of
melatonin treatment, only the concentrations between 0.01 and 1 mm showed statistically
significant differences when compared to control cells (42.48 + 18.03%, 41.43 £ 21.76%,
41.50 £ 18.21%, respectively; P< 0.05; Fig. 1B). MCF-7 cells demonstrated to be more
sensitive to melatonin treatment than MDA-MB-231 cells. For Y27632 treatment, almost all
concentrations were effective (P < 0.0002), especially 10 pm that caused a 59.7% (+£2.6%; P
< 0.0001) in reducing MCF-7 cell viability compared to control at 24 hr (Fig. 1D). Similar
to that of MDA-MB-231 in 48 hr, Y27632 treatment had no response in MCF-7 cells (data
not shown).

To verify whether melatonin or Y27632 alone or in combination would decrease the
migration and invasive potential of breast cancer cell lines, both cell lines were subjected to
migration and invasion assay (Fig. 2A,B). After 24 hr of melatonin treatment, there was a
significant decrease (55 + 18.0%; P < 0.05) in invasion and migration of MDA-MB-231
cells and there was also significant decrease in migration and invasion of MCF-7 cells (58
+ 1.6%; P<0.05). Y27632 treatment decreased 55.3 + 6.0% (P < 0.05) for MDA-MB-231
and 42.5 + 7.7% (P < 0.05) for MCF-7 cells. For the combined treatments, there was a 54.7
+ 10.2% (P < 0.05) reduction for MDA-MB-231 cells and 49.7 + 5.5% (£ < 0.05) for
MCEF-7 cells. Melatonin showed the same competence as Y27632 to inhibit the migration
and invasion of both cell lines. For this assay, the positive control was used to compare with
treatment results, and negative control assay showed a 50 + 10.2% reduction in the migration
of the cells compared to that of positive control (P < 0.05), indicating the validity of the
results (data not shown).
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Expression of ROCK-1 gene after treatment with melatonin and specific inhibitor Y27632 in
MDA-MB-231 cells is shown in Fig. 3A. The value of RQ for the control group was
established as 1.0 arbitrary unit (au). The difference in ROCK-1 expression between control
and treated cells with melatonin was 0.50 au (+0.14 au; < 0.05) and with Y27632 was 0.65
au (£0.03 au; ~P=0.05) and with combined melatonin and Y27632 was 0.46 au (+0.18 au; P
< 0.05; Fig. 3A). On the other hand, neither melatonin nor specific inhibitor Y27632
decreased the expression of ROCK-1 in MCF-7 cells (Fig. 3B).

Melatonin treatment also showed a tendency to reduce ROCK-1 protein expression (0.80

+ 0.19 au) compared to control group (1 £ 0.14 au), similar to that of Y27632 treatment
alone (0.70 £ 0.15 au), but not for combined drugs (1.11 + 0.35 au), showing a comparable
decrease to that of gene expression found in the gene expression analysis for 24 hr (Fig. 3C).
After 48 hr of treatment, the combined treatment group showed a tendency to decrease the
ROCK-1 protein expression; however, the others groups did not showed any difference
compared to control (data not shown).

Nonmetastatic cell line MCF-7 did not show statistically significant difference in ROCK-1
gene expression compared to control after 24 hr of treatment with melatonin and specific
ROCK-1 inhibitor Y27632 (Fig. 3B). Nevertheless, protein analysis showed an efficient
ROCK-1 protein reduction after melatonin (0.49 £ 0.12 au; £< 0.001) and Y27632 (0.44

+ 0.06 au; P<0.001) treatments, especially when the drugs were combined (0.24 + 0.06 au;
P<0.0001; Fig. 3D) compared to control (1 + 0.08 au). After 48 hr, this reduction was
maintained for the combined group (0.14 + 0.01 au; £< 0.0001), but not for the other groups
studied (data not shown).

To determine the role of melatonin in metastasis, we investigated its effects using a mouse
model of breast cancer metastasis to lung. All mice remained healthy for the duration of
experiment, and no clinical or pathologic signs of toxicity from melatonin or Y27632 were
found. The identification of metastatic foci was performed by SPECT technique. At the end
of treatment period, animals were subjected to 99mTc-tetrofosmin scanning to identify lung
metastases. 99mTc-tetrofosmin is accumulated in the lung metastatic foci and give rise of
high radioactivity in the lung metastatic foci.

The results demonstrated that animals treated with melatonin (61.0 + 15.1%; P < 0.05) or
Y27632 (42.2 £ 7.2%; P<0.001) for 2 wk showed a lower intensity of radioactivity in the
lungs when compared to that of untreated positive control animals (100 + 0.2%; Fig. 4A, B).
When compared between melatonin and Y27632 treatments, there was no significant
difference (P> 0.05).

Similar reduction of metastasis foci and radioactivity were observed in animals that were
treated with melatonin for 5 wk (75.9 £ 5.9%) when compared to positive control animals
(100 £ 0.5%; P< 0.05), indicating the effect of melatonin for preventing lung metastases for
the extended period (Fig. 4C,D). High-resolution images of 25 um thick acquired by CT
identified the presence of metastatic lesions in the lungs of a positive control animal after 6
wk of tumor induction (Fig. 4E).
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After paraffin section, the lung tissues from all groups were investigated using H&E staining
(Fig. 5). Histological examination of the untreated tissue and melatonin group showed
compact tumor cells with intact structure for 2 and 5 wk of treatment (Fig. 5A,B), but in
Y27632 treatment group, the tumor cells were sparse and separated from each other (Figs
5A and 6B). Breast tumors in the model of lung metastasis were also confirmed by
anticytokeratin immunohistochemistry (Fig. 6). The cytokeratin stain was observed in the
cytoplasm in all regions of the lung metastases identifying breast cancer cells and epithelial
regions of the bronchioles. Nodular pulmonary metastases were found in greater numbers
and size in the positive control when compared to the treated groups (Figs 6 and 7).

For ROCK-1 protein detection in lung metastasis, we performed the immunohistochemical
procedure. The presence of ROCK-1 was observed in all groups, however, with less intensity
in the treated groups (Fig. 7). The immunostaining quantification was assessed by optical
densitometry, and the results showed a statistically significant decrease in ROCK-1 protein
expression in animals treated with melatonin (131.3 £ 13.1 au; £< 0.05) and Y27632 (143.3
+ 6.5 au; £<0.05) for 2 wk compared to the positive control (160.5 + 3.7 au; Fig. 7A,B).
However, a tendency of reduction in ROCK-1 protein expression was observed in animals
treated with melatonin (160.2 = 4.4 au; P> 0.05) for 5 wk when compared to the positive
control (173.2 £+ 4.4 au), which indicates a preserved and additive action of melatonin
treatment over time (Fig. 7C,D).

Discussion

The metastatic process is divided into several steps, among them the basement membrane
invasion and migration through the extracellular matrix, which allows reaching the systemic
circulation and anchoring in distant sites [25]. Melatonin has been considered an important
natural oncostatic agent, in studies with breast cancer cell lines and with rats with
chemically induced breast cancer [11, 26-30]. Our results demonstrated that melatonin and
Y27632 were able to reduce cell viability in both MDA-MB-231 and MCF-7 breast cancer
cell lines, assuming an oncostatic role. In additional, MCF-7 cells showed higher
responsiveness than MDA-MB-321 cells to melatonin treatment.

To achieve therapeutic effects, endogenous substances are commonly administered in much
higher concentrations than those corresponding to the physiological concentration [31].
Concentrations above 1 pm are described as pharmacological, while physiological
concentration includes those below 1 nm [32, 33]. In this study, only the highest
concentration (1 mm) was effective in metastatic and ERa-negative cells. High
concentrations of melatonin (>0.01 mm) showed effectiveness in reducing the cell
proliferation of melanoma cells (B16 cells line), being 1 mm the most effective. Moreover,
the authors demonstrated that the efficacy of melatonin was dependent on the number of
cells in culture, and the higher the availability of melatonin per cell, the greater their
antiproliferative action [31].

Regarding the antitumor effect of melatonin in ERa-positive and ERa-negative breast
cancer cells, Hill et al. [34] have shown that, at physiological concentrations (serum levels of
1-0.01 nm in humans corresponding to the peak at night- and at daytime, respectively),
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melatonin can inhibit the growth of ERa-positive breast tumor cell lines, such as MCF-7,
T47D, and ZR 75-1, and ERa.-negative as MDA-MB-468. Furthermore, melatonin at high
concentrations (10 pm—1 mm) inhibits the proliferation of ERa-positive lines (MCF-7,
T47D, ZR-75-1) more efficiently than ERa-negative lines such as BT-20, MDA-MB-231,
MDA-MB-364, and Hs587t T47Dco, suggesting that part of its antiproliferative effect is
mediated by estrogen signaling pathway [35, 36].

Melatonin binds to membrane receptors coupled to the G protein, known as MT1 and MT2.
Mammary tumor cells which expressing MT1 receptor, acts in the regulation of the
antiproliferative effects [37]. Both ERa-positive and ERa-negative cell lines express the
MT1 receptor [37]; however, relevant studies have shown that ERa-positive tumors have an
increased expression of MT1 compared to triple-receptor-negative tumors such as MDA-
MB-231 line [38, 39].

In our in vivo study, melatonin treatment was performed at a dose of 100 mg/kg in mice with
lung metastases. Liu et al. [40] and Rao et al. [41] analyzed different melatonin doses in
animal tumors models, testing low (25 mg/kg), moderate (50 mg/kg), and high (100-200
mg/kg) doses. In agreement with our findings, these authors showed that melatonin has
dose-dependent oncostatic action, with high efficiency around 100 mg/kg and cytotoxicity at
a dose of 200 mg/kg.

We also demonstrated that melatonin and Y27632 were able to reduce around 50% of
migration and invasion in both cell lines tested. Interestingly, melatonin showed similar
ability to inhibit these processes compared to Y27632 treatment. Corroborating with our
findings, Liu et al. [7] demonstrated a cell migration reduction around 30-40% in MDA-
MB-231 and SUM1315 (human mammary epithelial) cells after Y27632 treatment. In
contrast, Yang and Kim [42] observed that ROCK inhibition was effective to increase
proliferation, migration, and invasion of nonmetastatic MCF-7 cells, but not the metastatic
MDA-MB-231 cells.

Mao et al. [29] and Cos et al. [10] demonstrated the role of melatonin in breast cancer cell
invasion and metastasis using invasive clones from MCF-7 breast cancer cells and noted that
nanomolar concentrations of melatonin are capable of inhibiting cell proliferation and
increase the expression of adhesion proteins (E-cadherin and B1-integrin), leading to
reduced invasiveness of breast tumor cells. Melatonin can act as a modulator of cellular
cytoskeleton to promote an increase in tubulin polymerization and microtubule
rearrangement through Ca%*/calmodulin antagonism [43, 44].

Metastatic cells, characterized by poorly structured microfilaments and scarce anchorage on
its substrate forming impaired stress fibers, leading to decrease focal adhesion causing no
cell adhesion, increase migration and cell growth [45]. The protrusion migration of these
cells occurs by means of microfilaments and microtubules arranged in membrane ruffles,
lamellipodia and filopodia, whereas contraction of these structures at the cellular
cytoskeleton occurs at the opposite side. [6]. Moreover, nonmigratory cells remain attached
to the substrate via anchor cell produced by a highly specialized microfilament organization
in adhesion plaques [46]. Focal adhesion formation involves microfilaments arrangement in
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stress fibers, which interact with vinculin, among other proteins [47]. Thus, minimally
invasive cells, such as MCF-7 cells, attach to the substrate through actin stress fibers
forming focal adhesion in combination with adhesion proteins such as integrins and
cadherins, among other proteins [10].

In the present study, treatment with melatonin and Y27632 was able to inhibit the ROCK-1
gene expression in MDA-MB-231 metastatic cell line and protein expression in MCF-7
nonmetastatic cell line. Liu et al. [7] demonstrated that ROCK expression is much higher in
metastatic human mammary tumors compared with nonmetastatic tumors as well in
metastatic breast cancer cells as compared to nonmetastatic cells in vitro, thus suggesting
that initial higher expression of ROCK-1 gene in metastatic cells could be the reason for
resistance to decrease in ROCK-1 protein expression levels in the initial period of melatonin
treatment. Decrease in ROCK-1 protein expression could be observed in our in vivo study,
where animals were treated for a longer period of time (2-5 wk).

Besides that, when MCF-7 nonmetastatic cells were subjected a ROCK-1 gene
overexpression, it was possible to verify an increased activity of this protein, giving a
metastatic phenotype of these cells. For Joshi et al. [48], ROCK signaling is regulated by
translocation of its MRNA-promoting cellular protrusion and invasive response due to
hypoxia, suggesting that ROCK participates in many important roles in cell migration and
invasion. Raviraj et al. [49] demonstrated that ROCK-1 activity is increased in tumor cells
when grown in high-density matrix, indicating that the higher the barrier and resistance to
tumor cell migration, the higher the production of this protein is. However, they also showed
that the requirement of ROCK-1 is conditional upon the availability of other mechanisms
such as proteolysis-assisted migration.

Ramirez-Rodriguez et al. [50] showed that melatonin can reorganize actin microfilaments in
dense stress fibers and increase focal adhesion contacts formation in epithelial canine kidney
MDCK cells by stimulating ROCK downstream protein kinase C (PKC) pathway. Melatonin
selectively activates PKC-alpha causing the translocation of this enzyme into the
cytoskeleton, concomitant leading to increase vimentin phosphorylation and reorganize
vimentin intermediate filaments [44]. The same authors [47] also noted the relevance
between melatonin and ROCK, wherein melatonin could decrease ROCK activity similar to
that of specific inhibitor Y27632, when compared to the untreated cells.

To validate the results from our in vitro study, we developed a lung metastasis model via tail
vein injection in nude athymic mice, wherein we observed lower 99mTc-tetrofosmin
radioactivity intensity in the animal’s lungs treated with melatonin and Y27632, independent
of treatment period. When it was compared the early and delayed melatonin treatments, we
succeeded in identifying a preserved melatonin action for a long time. In addition, melatonin
showed a similar response to modulate the lung metastasis as Y27632 treatment when it was
compared on 2 wk of treatment. Corroborating with our findings, Leon-Blanco et al. [51] in
their studies with melatonin and mammary tumors using MCF-7 cell line did not find
metastatic focus in treated animals. Conversely, 62.5% of the animals of nontreated group
developed secondary tumors. Similarly, Anisimov et al. [52] observed lower metastasis
incidence in spontaneous mammary tumors models in HER2/neu transgenic mice during 9
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months of melatonin treatment. Cos et al. [10] also noticed less tumor size compared to
animal control in athymic nude mice treated with melatonin for 10 wk. Further, in the same
study it was demonstrated that melatonin treatment led to reduced development of distant
metastasis and increased animal survival. However, only Liu et al. [7] showed the role of
ROCK in breast cancer metastasis using specifically a bone metastasis model.

In this study, we found less metastasis in treated animals and consequently lower intensity
staining for cytokeratin. Expression of ROCK-1 protein was reduced in animals treated with
Y27632 and melatonin after 2 and 5 wk when compared to positive control animals.

Taken together, the results have shown that melatonin is able to delay cancer progression not
only via inhibition of the proliferation of tumor cells, but also through direct antagonism of
metastatic cell functions rendered by the inhibition of ROCK-1. MDA-MB-321 cells were
more sensitive to high and prolonged doses of melatonin both in vitro and in vivo. When
Y27632 was used, the effects were similar to those found with melatonin treatments.

Melatonin has proved to be effective in reducing metastasis in vitro and in vivo. Melatonin
tends to preserve pulmonary parenchyma in lung metastasis cases. Therefore, research with
melatonin should be prioritized as a possible new agent in the fight against breast cancer and
its metastasis.
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Fig. 1.

E\?aluation of cell viability by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay. (A) MDA-MB-231 and (B) MCF-7 breast cancer cell lines after 48 hr of
melatonin treatment; (C) MDA-MB-231 and (D) MCF-7 breast cancer cell lines after 24 hr
of Y27632 treatment. Significant value in ANOVA followed by Bonferroni’s test (£S.E.M.
*P<0.05).
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Fig 2.

Analysis of migration and invasion rate after melatonin and Y27632 treatments. (A) MDA-
MB-231 and (B) MCF-7 breast cancer cell lines. Significant value in ANOVA followed by
Bonferroni’s test (£S.E.M. *P< 0.05, **P< 0.001).

J Pineal Res. Author manuscript; available in PMC 2016 August 24.

M+Y




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Borin et al.

(A)
1.5

1.0 1

RQ

0.5 1

MDA-MB-231 cells

0.0

°

20 A

1.5+

1.0 -

0.5+

ROCK-1 relative levels

0.0

Control Mel Y27632 M+Y

MDA-MB-231 cells

T

1]
Control

T
M+Y

Mel

Y27632

o= ———

e em e

Fig. 3.

1 Control
Il Melatonin
B Y27632

=1 Melatonin
+ Y27632

[ Control
R Melatonin
B Y27632

= Melatonin
+Y27632

ROCK-1
160 KDa

a-tubulin
50 KDa

(8)

RQ

Gl

ROCK-1 relative levels

Page 18
MCF-7 cells
1.5
d——
1.0 4
0.5
0.0 T T
Control Mel Y27632 M+Y
MCF-7 cells
20 -
1.5 -
1.0 o =t
0.5 - *hK
0.0 T
Control Mel Y27632 M+Y

T —— —

Analysis of expression of Rho-associated kinase protein (ROCK)-1 gene and protein after 24
hr of treatment with melatonin and Y27632. (A) and (C) MDA-MB-231, and (B) and (D)
MCEF-7 breast cancer cell lines. The gene expression values were relative quantification
(RQ) represented and protein expression values were represented in relative levels. ROCK-1
protein levels were normalized by a-tubulin protein, presented in the boxes. Significant
value in ANOVA followed by Bonferroni’s test (+S.E.M. *P< 0.05, **P< 0.001, and ***P

<0.0001).
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Lung metastasis after 2 and 5 wk of melatonin and Y27632 treatments. Semiquantitative

analysis of radioactivity intensity by single photon emission computed tomography (SPECT)
images following (A) 2 wk of treatment and following (C) 5 wk of treatment. SPECT
images obtained after injection of the 99mTc-tetrofosmin showing lung metastasis following
(B) 2 wk of treatment and following (D) 5 wk of treatment. (a) and (b) negative control, (c)
and (d) positive control, (e) and (f) melatonin treatment, (g) and (h) Rho-associated kinase
protein (ROCK)-1 inhibitor (Y27632) treatment. (E) High-resolution computed tomography
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images at 25-um thickness. (a) Control animal without metastasis; (b) positive control
animal without treatment showing high-density area (white arrow) indicating lung metastasis
in animal after 6 wk following induction of lung metastasis. Significant value in ANOVA
followed by Bonferroni’s test (£S.E.M. *P < 0.05; ***P < 0.0001).

J Pineal Res. Author manuscript; available in PMC 2016 August 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Borin et al. Page 21

(A)

Positive control

AL

,,,,,

Melatonin Y2763

Fig. 5.
Hematoxylin and eosin staining showing lung tissues in all groups. (A) Representative

images from 2 wk of treatment and (B) from 5 wk of treatment. (a) and (e) negative control,
(b) and (f) positive control, (c) and (g) melatonin treatment, (d) and (h) Y27632 treatment.
Images were taken with 10x and 40x magnification. Arrows show the sites of metastasis.
Note the sparsity of tumor cells in Y27632-treated group.
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Fig. 6.

C)?tokeratin protein expression analysis in lung metastasis. (A) and (C) Semiquantitative
analysis from animals with 2 and 5 wk of treatment, respectively. (B) and (D) Representative
images from (a) and (b) negative control, (c) and (d) positive control, (e) and (f) melatonin
treatment, (g) and (h) Y27632 treatment. Images were taken with 10x and 40x
magnification. Arrows show the sites of metastasis. The values of mean optical density and
standard error for each group are shown in arbitrary units (au). (**) represents £< 0.001 and
(***) P<0.0001 by ANOVA followed by Bonferroni’s test.
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Fig. 7.

Rt?o-associated kinase protein (ROCK)-1 protein expression analysis in lung metastasis. (A)
and (C) Semiquantitative analysis from animals with 2 and 5 wk of treatment, respectively.
(B) and (D) Representative images from (a) and (b) negative control, (c) and (d) positive
control, (e) and (f) melatonin treatment, (g) and (h) Y27632 treatment. Images were taken
with 10x and 40x magnification. Arrows show the sites of metastasis. The values of mean
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optical density and standard error for each group are shown in arbitrary units (au). (*)
represents A< 0.05 and (**) £< 0.001 by ANOVA followed by Bonferroni’s test.
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