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Abstract

Effects of sorafenib in hepatocellular carcinoma (HCC) are frequently transient due to tumor-
acquired resistance, a phenotype that could be targeted by other molecules to reduce this adaptive
response. Because melatonin is known to exert antitumor effects in HCC cells, this study
investigated whether and how melatonin reduces resistance to sorafenib. Susceptibility to sorafenib
(10 nM to 50 uM) in the presence of melatonin (1 and 2 mM) was assessed in HCC cell lines
HepG2, HUH7 and Hep3B. Cell viability was reduced by sorafenib from 1 uM in HepG2 or HuH7
cells, and 2.5 uM in Hep3B cells. Co-administration of melatonin and sorafenib exhibited a
synergistic cytotoxic effect on HepG2 and HuH7 cells, while Hep3B cells displayed susceptibility
to doses of sorafenib that had no effect when administrated alone. Co-administration of 2.5 uM
sorafenib and 1 mM melatonin induced apoptosis in Hep3B cells, increasing PARP hydrolysis and
BAX expression. We also observed an early colocalization of mitochondria with lysosomes,
correlating with the expression of mitophagy markers PINK1 and Parkin and a reduction of
mitofusin-2 and mtDNA compared with sorafenib administration alone. Moreover, increased
reactive oxygen species production and mitochondrial membrane depolarization were elicited by
drug combination, suggesting their contribution to mitophagy induction. Interestingly, Parkin
silencing by siRNA to impair mitophagy significantly reduced cell killing, PARP cleavage and
BAX expression. These results demonstrate that the pro-oxidant capacity of melatonin and its
impact on mitochondria stability and turnover via mitophagy increase sensitivity to the cytotoxic
effect of sorafenib.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most prevalent cancer and the third most
frequent cause of cancer-related death worldwide. Patients with HCC diagnosed in early
stages are the best candidates for surgical resection or liver transplantation, with a 5-year
survival success higher than 50% compared with 20% in untreated patients [1, 2].
Unfortunately, most HCC patients are diagnosed in advanced stages when curative
treatments are not applicable and the benefits of conventional chemotherapy do not reach
expected results. Currently, the only available non-curative approaches that have shown
improvement in survival rate in advanced HCC are transarterial chemoembolization and
sorafenib administration [3]. Sorafenib is a multikinase inhibitor that modulates cancer
development and progression by targeting specific molecular pathways. The drug blocks
tumor cell proliferation and angiogenesis through inhibition of the Raf/Mitogen-activated
protein (MAP)/extracellular signal-regulated kinase (ERK) kinase (MEK)/ERK signaling
cascade, and the kinase activity of vascular endothelial growth factor receptor (VEGFR) and
platelet-derived growth factor receptor-p (PDGFR) [4]. The usefulness and safety of
sorafenib in advanced HCC has been tested in different phase 111 randomized, double-blind,
placebo-controlled trials [5]. Although results obtained from these clinical studies have
shown survival benefits, the efficacy of sorafenib treatment is frequently transient, and the
activation of compensatory pathways in response to drug administration leads to tumor
acquired resistance, having a negative impact on the therapeutic outcome [6]. Therefore,
overcoming acquired resistance is required to potentiate cytotoxic effects of sorafenib, and
the combination with other molecules could be a manageable approach to reduce adaptive
response of tumor cells to the action of the drug [7].

Melatonin (N-acetyl-5-metoxitriptamine), the main product of the pineal gland, exhibits
antioxidant, inmunomodulatory and oncostatic features [8-10], playing a protective role in a
wide range of liver diseases [11-13]. Studies with HepG2 cells have shown that melatonin
induces mitogen-activated protein kinase (MAPK) signalling pathways, increases the
expression of p53 and p21 proteins, and causes cell cycle arrest [14, 15]. Moreover, the
indole modulates apoptosis by increasing BIM levels through forkhead box class O(FoxQ)3a
activation [16], and reduces VEGF expression in hypoxic conditions by blockade of hypoxia
inducible factor 1 alpha (Hifla) and signal transducer and activator of transcription (STAT3)
[17]. In addition, melatonin modulates motility and invasiveness through molecular
mechanisms that involve inhibition of matrix metalloproteinase (MMP)-9 and nuclear factor
kappa B (NF-kB) [18]. Recently, it has been reported that ceramide metabolism controlled
by melatonin plays an important role in autophagy regulation as well as in apoptotic cell
death in HepG2 cells [19]. Data obtained in a murine model of HCC confirm that induction
of apoptosis and endoplasmic reticulum stress contribute to the beneficial effects of
melatonin [20] The indole shows oncostatic and pro-apoptotic properties not only in HCC
cell lines, but also in different types of cancers, and it has been found that the combination of
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chemotherapeutics or other drugs with melatonin increases cytotoxicity while enhancing
apoptotic cell death [20-25]. Recently, it has been found that concomitant treatment with
melatonin and cisplatin in HeLa cells induces mitochondrial apoptosis because of reactive
oxygen species (ROS) overproduction [22], stressing the link between ROS, mitochondria
and apoptosis in cancer. Regardless of its well-known role as anti-oxidant molecule,
melatonin occasionally stimulates the production of ROS, depending on cell type,
concentration or duration of the treatment [10, 26-28]. Several studies have established that
mitochondria are important targets of melatonin, and it is widely recognized that these
organelles are the main source of ROS production. Indeed, mitochondria alterations caused
by the indole could be responsible for the elevation of ROS levels, contributing to the pro-
apoptotic effects observed in cancer cells [29].

The accumulation of mitochondrial ROS induces oxidation of proteins, lipids and DNA,
leading in part to mitochondrial dysfunction. Mitophagy, a clearly distinct form of
autophagy, promotes turnover of damaged mitochondria entrapped in autophagolysosomes
through interactions of specific proteins at the outer mitochondrial membrane (OMM) with
microtubule-associated protein light chain 3 (LC3) [30, 31]. This process is mediated by two
different molecular pathways: NIP3-like protein X (NIX)/BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3-like (BNIP3L), regulated mainly by hypoxia, and Parkin
(PARK2)/PTEN induced putative kinase 1 (PINKZ1). In response to mitochondrial membrane
depolarization due in part to ROS generation, PINK1 is stabilized, accumulates at the OMM
and selectively recruits Parkin to damaged mitochondria [32, 33]. Parkin ubiquitinates key
protein substrates in order to promote its interaction with p62 that, in turn, facilitates
interaction with LC3 [34, 35]. Numerous studies have analyzed the effects of mitophagy
deficiency on tumorigenesis, revealing that inhibition of mitophagy promotes tumor
progression. Parkin null mice (Parkin™~) exposed to gamma radiation are more susceptible
to liver tumors formation, and Parkin™~ MEF (mouse embryo fibroblast) significantly
enhances glucose uptake, the rate of glycolysis and lactate production, leading to the
Warburg effect [36]. Moreover, in human tumor samples, Parkin controls the stability of
both cyclin D and cyclin E, and regulates cell growth [37], which could explain the
enhancement in hepatocyte proliferation and development of macroscopic hepatic tumors
with the characteristics of HCC in Parkin™'~ mice.

Considering this background, this study evaluated if melatonin is able to reduce resistance to
sorafenib in HCC cells and the potential contribution of ROS production and activation of
the mitophagy pathway to the beneficial effect of the indole. Results obtained demonstrate
that the pro-oxidant capacity of melatonin and its impact on mitochondria stability and
mitophagy increase sensitivity to the citotoxic effect of the multikinase inhibitor.

Materials and methods

Cell culture and reagents

The HepG2, HUH7 and Hep3B human hepatocarcinoma cell lines were obtained from the
American Type Culture Collection (Manassas, VA). They were cultured under controlled
conditions (37°C, 5% CO,) and grown in Dulbecco's modified Eagle's Medium-high glucose
(Sigma, St Louis, MO) containing 10% fetal bovine serum and 100 U/mL penicillin/
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streptomycin. Cells were plated in 9.6 cm? culture dishes at a density of 0.25 x 10° cells/
well. Twenty four hours after plating, cells were treated with melatonin (0.1, 0.5, 1, 2 mM)
(Sigma) and sorafenib (0.01, 0.05, 0.1, 1, 2.5, 5, 10, 50 uM) (Santa Cruz Biotechnology,
Dallas, TX).

Cell viability assay

HepG2, HUH7 and Hep3B cells were seeded on 96-well plates at 5,000 cells/well 24 hours
before being treated with different concentrations of melatonin and sorafenib for 48 hours.
Cells were incubated for 3 hours with 0.5 mg/ml of 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) (Sigma) dissolved in serum free medium.[14] After
this interval, cells were washed with PBS followed by the addition of DMSO. The optical
densities were measured at 560 nm spectral wavelength using microtitre plate reader
(SynergyTM HT Multi-Mode Microplate Reader, Bio-Tek Instruments, Inc., Winooski, VT,
USA).

Annexin V-propidium iodide assay

Apoptosis was assessed by Alexa Fluor 488 annexin V/Dead apoptosis kit (Invitrogen,
Carlsbad, CA) [19]. Hep3B cells were seeded in a 6-well plate at density of 0.25 x 106 cells/
well. Next day, the cells were treated with melatonin (1 mM, 2 mM) and sorafenib (2.5 uM)
for 48 hours. Cell pellets were resuspended in 100 pL buffer with 5 pl annexin V and 1 pL of
propidium iodide, and incubated for 15 min at 25°C in the dark. 400 uL of buffer were
added for a final volume of 500 pL. Cells were immediately analyzed by FACS SCAN flow
Cytometer (Becton-Dickinson, San Jose, United States). 10,000 cells per sample were
acquired and percentage of cell death was analyzed using Cell Quest software.

Western blot analysis

After treatments, cultured cells were washed twice with ice cold PBS and lysed by adding
ice cold RIPA buffer containing 50 mM Tris-HCI pH 7.4, 150 mM NaCl, 2 mM EDTA,
0.1% Triton 100X, 10% sodium deoxycholate, 10% SDS, 1 mM NaF and protease cocktail
inhibitor (Roche, Basel, Switzerland) and scraped off the plate. Extracts were transferred to
a microfuge tube and centrifuged for 10 min at 15,000g. Equal amounts of the supernatant
protein (20 ug) were separately subjected to SDS-PAGE and transferred to a PVDF
membrane (Bio-Rad, Hercules, CA)[18]. Primary antibodies (Ab) were diluted in blocking
solution and incubated overnight at 4°C with polyclonal PINK, PARKIN, OPA-1, hFIS1,
and Mitofusin-2 (1:1000 dilution; from Abcam, Cambridge, UK), poly ADP ribose
polymerase (PARP) and BAX (1:100, Santa Cruz Biotechnology), LC3(1:1000, Cell
Signalling Beverly, MA, USA) . Equal loading of protein was demonstrated by probing the
membranes with a rabbit polyclonal anti B-actin antibody (Sigma). After washing with PBS-
T, the membranes were incubated for 1 hour at room temperature with secondary HRP-
conjugated antibody (1:5,000; Dako, Glostrup, Denmark) and visualized using ECL
detection kit (Amersham Pharmacia, Uppsala, Sweden) .The density of the specific bands
was quantified employing the software ImageJ (National institute of Mental Health,
Bethesda, MD) with an imaging densitometer (Scion Image, Maryland, MA).
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Mitochondrial DNA content

Speedtools tissue DNA extraction (Biotools B&M Labs, Madrid, Spain) was used for total
DNA extraction and purification following the vendor instructions. Changes in
mitochondrial DNA content was measured in comparison with nuclear DNA.[38]
Mitochondrial DNA: mtMinArc Fw 5° CTAAATAGCCCACACGTTCCC 3’, Rv 5’
AGAGCTCCCGTGAGTGGTTA 3’ (GenBank # NC_012920). Nuclear DNA: f2M Fw 5’
GCTGGGTAGCTCTAAACAATGTATTCA 3", Rv 5’
CCATGTACTAACAAATGTCTAAAATGGT 3’ (GenBank # NT_010194.17). Quantitative
real-time PCR analysis was performed using SYBR Green (Invitrogen). Relative changes in
gene expression levels were determined using the 2~2ACT method.

Immunofluorescence and laser confocal imaging

Immunofluorescence colocalization of mitochondria with lysosomes was performed as
described before [39]. For immunofluorescence labelling cells were cultured on 24 wells
culture plates containing glass coverslips at a seeding density of 1x104. Briefly, Hep3B were
incubated with melatonin and sorafenib. After that, cells were fixed for 15 minutes with 4%
paraformaldehyde and washed twice with PBS 1X. Cells were blocked and permeabilized
with PBS 1X + 0.2 % saponin and 1% fatty acid free BSA (FFA-BSA) for 15 minutes at
room temperature. After washing twice with PBS 1X, cells were incubated with a mouse
monoclonal [H4B4] LAMP2 antibody (Abcam) and a rabbit polyclonal Tom20 antibody
(FL-145) (Santa Cruz) diluted both 1:300 in 1X PBS with 1 % ffa-BSA O/N at 4°C and
washed twice with PBS 1X followed by incubation with a secondary anti-mouse 1gG
antibody, conjugated to Alexa 488 (1:1000) and anti-rabbit IgG antibody, conjugated to
Alexa 647 (1:1000) for 1 hour at 25°C. Coverslips were washed twice with PBS 1X and
mounted on glass slides with fluorescent mounting medium Fluoroshield™ with DAPI
(Sigma) and visualized in a Leica SPE confocal laser-scanning microscope.

ROS measurement

Hep3B were plated in 24-well plates and treated with sorafenib and/or melatonin for 1, 3
and 6h. After treatment, cells were incubated with 20 uM 2 2°,7° —dichlorofluorescin
diacetate (DCFDA) in PBS during 30 minutes at 37°C. Fluorescence was immediately
measured in a Microplate Fluorescence Reader using an exciting wavelength of 485 nm and
an emission wavelength of 520 nm. Hydrogen peroxide was utilized as a positive control.
Results are expressed as percentage of intensity of fluorescence versus control.

Mitochondrial transmembrane potential analysis by JC-1 staining assay

To evaluate the mitochondrial depolarization induced by drug treatment, we plated 6x10°
Hep3B cells in 24-well plates. After 24 hours, cells were treated with sorafenib and/or
melatonin for 1, 3 and 6h and stained for 20 minutes in medium containing C5,5',6,6'-
tetrachloro- 1,1',3,3'-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) (Mitochondrial
Membrane Potential Assay Kit, Cayman) following manufacturer's recommendations.
Fluorescence was measured in a Microplate Fluorescence Reader using an exciting/emission
wavelength of 550/600 nm for red and 485/535 nm for green fluorescence. Results are
presented as a ratio of red/green fluorescence. Mitochondrial depolarization is indicated by a
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decrease in the red/green fluorescence intensity ratio. Fluorescence microscopy and MCCP
as positive control were performed in parallel to validate fluorescence measurement.

Small interfering RNA transfection

HepG2 cells (0.6 x 10° cells/ml) were seeded in 12 wells culture plates with DMEM
medium without antibiotics and 24 hours later 100ul of Lipofectamine® RNAIMAX reagent
was added into each plate. The cells were transfected with PARKIN small interfering
(SIRNA) (sc-42158) (Santa Cruz Biotechnology) according to the manufacturer's
instructions. A non-targeting siRNA-A sc-37007 was used as a negative control. At 24h after
transfection, medium was replaced for complete DMEM and cells were treated with or
without melatonin and imipramine.

Statistical analysis

Results

Results are expressed as mean values = SD of the indicated number of experiments. One-
way ANOVA followed by Bonferroni post hoc test was used to measure differences between
mean values of the different treated groups. p <0.05 was considered significant. Values were
analyzed using the statistical package GraphPad Prism 5.

It is known that sorafenib and melatonin kill HCC cells and reduce tumor development, but
the impact of combinatorial treatment with both molecules has not been investigated. Here,
we studied for the first time the effect of sorafenib in combination with melatonin on the
viability of several HCC cell lines. MTT assay was performed after 48 hours of treatment
with different doses of both molecules. HepG2 and HuH7 cells responded to melatonin
administration (1 and 2 mM) with a significant reduction in viability; however, Hep3B cells
were sensitive only to the highest concentration on the indole (Fig. 1A). Nanomolar doses of
sorafenib did not exert cytotoxicity in any of the three cell lines, but doses from 1 to 50 pM
of sorafenib were lethal for HepG2 and HuH7 cells. Similarly to melatonin, only highest
doses of the kinase inhibitor affected cell viability in Hep3B cells (Fig. 1A). Viability was
significantly reduced in Hep3B cells when melatonin and sorafenib were concomitantly
added using doses of sorafenib that had no effect when administrated alone (Fig. 1B).
Because of the results obtained in Hep3B cells, next studies were carried out in this cell line
with sorafenib and melatonin doses of 2.5 pM and 1 mM, respectively, which had
deleterious effects when combined.

Mitochondria are the main organelles in the maintenance of energy, control of apoptosis-
mediated cell death and oxidative stress production. All these functions have been observed
during tumor initiation and promotion, suggesting that mitochondria could be a good target
for therapeutic combinations. Mitophagy promotes turnover of damaged mitochondria
entrapped in autophagolysosomes, and its inhibition has been observed to promote tumor
progression. Confocal microscopy imaging denoted that sorafenib plus melatonin treatment
for 6 and 12 hours stimulated mitochondria and lysosome colocalization, suggesting that
mitochondria were delivered to lysosomes for degradation (Fig. 2A). We evaluated time
course of PINKZ1 and Parkin protein levels in response to sorafenib or sorafenib plus
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melatonin treatment. Sorafenib administration (2.5 pM) did not induce significant changes in
PINK1 expression over time, but its levels increased when melatonin was added to the
treatment from 3 to 12 hours, declining thereafter (Fig. 2B). Levels of the related-protein
Parkin were not modified with sorafenib alone; when the drug was combined with
melatonin, Parkin showed a transient elevation from 3 to 6 hours, returning to control levels
after 12 hours of combined treatment. (Fig. 2B). PINK1 and Parkin changes were in
accordance to the increase observed from 6 to 12 hours in LC3I1 expression (Fig. 2C).
Because mitophagy is closely related to mitochondrial dynamics, including organelle fusion
and fission, we assessed protein levels of mitofusin-2 (Mfn-2), OPA1 (Optic atrophy 1) and
Mitochondrial fission 1 protein (hFis). On one hand, fusion proteins were not affected by
sorafenib treatment, while the combination of both drugs depleted Mfn and particularly
OPA1 up to 6 hours after treatment. On the other hand, hFis, a fission protein, did not show
changes with sorafenib treatment alone and exhibited a progressive reduction over time
when cells were treated with sorafenib plus melatonin (Fig. 2C). To analyze changes in the
number of mitochondria as a consequence of mitophagy induced by treatment, we examined
alterations in the mitochondrial DNA copy number. As observed in figure 2D, reduced
mtDNA levels were found in sorafenib plus melatonin treatment after 6 hours. In addition,
levels of heat shock protein 60 (Hsp60), a mitochondrial chaperone implicated in biogenesis,
decreased from 6 to 24 hours of treatment, suggesting that melatonin was able to inhibit
mitochondrial genesis when it was combined with sorafenib (Fig. 2D).

Pro-oxidant capacity of the indole could account for mitochondrial alterations observed by
combination of melatonin and sorafenib. In order to assess oxidized environment, ROS
production was measured in cells with a ROS-sensitive fluorescent probe. Although
sorafenib did not disturb oxidant status, melatonin alone or in combination with sorafenib
caused a time-dependent increase in ROS production as early as 1 hour post-treatment (Fig.
3A). These data suggest that the oxidative feature of melatonin could contribute, in part, of
the recruitment of mitophagic proteins to mitochondrial membrane.

Mitochondrial membrane depolarization has also been described as a necessary condition for
mitophagy initiation. Evaluation of mitochondrial membrane potential was carried out
measuring fluorescence changes caused in JC-1 staining in response to sorafenib or
sorafenib plus melatonin treatment. Interestingly, sorafenib induced a decline in
mitochondrial membrane potential that was not observed in cells treated with melatonin
alone but was maintained in cells treated with the drug combination. (Fig. 3A). These
observations suggest that both, ROS production and membrane depolarization, likely trigger
mitophagy induction when melatonin and sorafenib are coadministered.

Due to the pro-apoptotic role of melatonin in HCC cell lines we evaluated apoptosis and cell
death by annexin V/propidium iodide staining. Flow cytometry analysis revealed a similar
pattern observed with MTT, confirming that cell viability was only reduced after sorafenib
and melatonin co-administration (Fig. 3B). Time-dependent changes of the apoptotic
markers Poly ADP-ribose polymerase (PARP) and BAX revealed increased expression 24
and 48 hours following melatonin co-administration with sorafenib, suggesting that the indol
is necessary for apoptotic response (Fig. 3C). These results suggest that the combination of
melatonin and sorafenib enhances apoptotic cell death.
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To address the impact of mitophagy on the susceptibility of HCC cells to cell death, we
assessed the effect of Parkin silencing with siRNA on melatonin and sorafenib-induced
apoptosis. Downregulation of Parkin reduced significantly the cytotoxic effect of melatonin
in silenced cells after incubation with both drugs for 48 hours (Fig. 4A). Moreover, these
findings were accompanied by a diminution in PARP cleavage and BAX levels (Fig. 4B).
Results suggest that mitophagy induced by melatonin in sorafenib-treated cells is a
mechanism that potentiates in part apoptotic cell death, enhancing the cytotoxic effect of the
multikinase inhibitor.

Discussion

Although several drugs have been tested for HCC treatment, most of them have failed in
phase Il clinical trials, and only the multikinase inhibitor sorafenib has been approved by
the Food and Drug Administration (FDA) for HCC management [40]. Even so, sorafenib
presents several limitations and response to treatment is lacking in many patients due to the
acquired resistance that tumor cells develop. Since high doses of the drug have not shown
efficacy in arresting tumor progression in long term, and side effects are a critical factor in
survival [41], it is necessary to find strategies to increase chemosensitivity towards sorafenib.
For instance, metformin, histone deacetylase inhibitors, CXC chemokine receptor 2 or
cyclooxygenase 2 inhibitors, in combination with sorafenib reduce metastasis, proliferation
or cell viability, and increase apoptosis both in vitroand in vivo studies [7]. Moreover,
preclinical and clinical research has proven that sorafenib addition to conventional
chemotherapy increases benefits in the treatment of different cancers [42].

Melatonin has been proposed as a potential drug for HCC treatment due to its anti-
proliferative, pro-apoptotic, anti-angiogenic and anti-invasiveness properties in cultured cells
[14-18]. Results from the present study show that response to sorafenib administration was
different in three HCC cell lines, HepG2, HuH7 and Hep3B; low doses of the kinase
inhibitor reduced viability of HepG2 and HuH7 cells, but only the highest doses were toxic
to Hep3B cells. Sorafenib has been previously reported to induce autophagy in HUH7 but not
in Hep3B cells, suggesting that events preceding autophagy activation might be altered in
Hep3B [43]; this fact could be a possible reason beyond the different response to sorafenib
of both cell lines. In any case, co-administration of melatonin plus sorafenib showed a
synergistic effect in the reduction of cell viability in all HCC cell lines tested. Although
melatonin has not been previously combined with sorafenib, it has been shown to reduce
side effects of some chemotherapy treatments and to improve the cytotoxic effects of
different chemotherapy agents in human cervical cancer, hepatoma or human lung cancer
cell lines [22, 44, 45]. Moreover, positive effects of the combination of sorafenib with other
oncostatic molecules derived from natural resources (such as resveratrol, quercitin or
curcumin) have been tested in different cancer types [46-48].

Mitochondrial biogenesis and degradation through mitophagy are important events in the
control of the mitochondria quality, and deletion of different regulators of mitophagy has
been observed in cancer [49]. Parkin has been identified as a tumor suppressor gene for
hepatocellular carcinoma, and mutations of Parkin gene have been described in cancer [50,
51]. In our study, sorafenib and melatonin co-administration stimulated Parkin expression 6
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hours post-treatment, while sorafenib alone has no effect. Localization of Parkin to
mitochondria is mediated by PINK1, which phosphorylates Parkin, allowing its translocation
to mitochondrial membrane [31]. We found that PINK1 expression increased concomitant
with Parkin induction under melatonin and sorafenib co-treatment. Expression of lipidated
form of LC3, the main protein for autophagosome formation, was also elevated under
melatonin co-administration, suggesting that Parkin-mediated mitochondrial degradation is
performed, in part, by mitophagy, although proteasome could be also implicated due to the
E3 ubiquitin ligase activity of Parkin [52]. Besides, melatonin administration to sorafenib-
treated cells promoted colocalization of mitochondria and lysosomes. These findings suggest
that melatonin induces mitochondria delivery to lysosomes for degradation, probably via
autophagosome formation.

In addition, mitochondrial DNA content decreased 3 hours post co-treatment, indicating a
reduction in mitochondria number. To confirm this data, we measured protein levels of
Hsp60, a mitochondrial chaperone with a key role in mitochondrial biogenesis, which has
been defined as a potential component on the PINK1/parkin mitophagy pathway [53]. Our
results show that melatonin addition to sorafenib decreased Hsp60 protein content from 6 to
24h after treatment, indicating a possible reduction in mitochondria biogenesis. Data support
that addition of melatonin to conventional sorafenib treatment induces mitochondrial
degradation probably by a mechanism involving PINK1 and Parkin activities. Results differ
from those in liver fibrosis mouse models, in which administration of the indole alleviates
impairment of mitophagy and ameliorates mitochondrial biogenesis [54]. Therefore,
melatonin modulation of mitophagy seems to be cell-type and context-dependent, similarly
to is effects on other signaling pathways [55].

Mfn-2 belongs to a group of proteins necessary for mitochondrial fusion that links to
mitophagy through Parkin activity, responsible for Mfn-2 ubiquitination and proteasomal
degradation [56, 57]. Mfn-2 deficiency modifies mitochondrial dynamics leading to
mitochondria fragmentation [58], and changes in its expression have been described in
several diseases [59]. In the present research, melatonin combined with sorafenib reduced
Mfn-2 protein levels from 3 to 6 hours of treatment, which correlated with Parkin induction.
However, longer exposure time to these drugs restored and increased Mfn-2 protein.
Analysis of HCC tissues has revealed that Mfn-2 is down-regulated, and its overexpression
promotes apoptosis [60]. These findings suggest that the late increase observed in Mfn-2
expression after administration of sorafenib plus melatonin could be associated with an anti-
proliferative function of this protein, since an increase in BAX and PARP cleavage was
detected.

In addition to Mfn-2 activity as promoter of outer membrane fusion, inner membrane fusion
is also required. This event is regulated by the activity of OPAL [58], which is cleaved when
depolarization occurs, causing the degradation of dysfunctional mitochondria [61]. In our
study, melatonin in combination with sorafenib was able to decrease OPAL levels from 3 to
6 hours after treatment, suggesting that inner membrane fusion of altered mitochondria is
functional. Fragmentation of mitochondria, which favours its clearance by mitophagy, is
regulated by dynamin-related protein Drp-1 and hFisl [62]. Mitochondrial fragmentation by
overexpression of hFisl is known to promote autophagy markers accumulation and probably
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mitophagy [63]. Our results show that melatonin addition to sorafenib treatment increased
hFisl levels, suggesting that fission and the balance between fission and fusion could be
implicated in mitophagy under melatonin treatment. Although the effect of the indole on
mitophagy has not been previously studied in tumor cells, it has been described that
melatonin prevents mitochondrial translocation of Drp-1 to the mitochondria in cadmium-
treated neurons [64].

Mitophagy has been described as a possible mechanism for removing impaired mitochondria
and preventing ROS production [65]. Melatonin exerts antioxidant properties at low doses in
liver cancerous cells, but at concentrations from 1 to 10 mM it has been reported to induce
ROS overproduction and glutathione oxidation [10], Therefore, ROS generation by
melatonin could be involved in mitophagy induction. Treatment with the indole increased
ROS levels as measured by DCF fluorescence, and its combination with sorafenib
strengthened the production of oxidative species. Mitochondrial depolarization is a sign for
mitophagy induction related to ROS levels. In this condition, Parkin stimulates the formation
of autophagosomes that engulfs damaged mitochondria and initiates Mfn-2 degradation. In
our study, sorafenib acted as an uncoupler, reducing membrane potential; however, there was
no effect on ROS production. Nevertheless, sorafenib has shown oxidative properties in
HepG2 cells [66], suggesting that the effect on ROS production depend on the cell type or
cellular context. Melatonin showed an opposite tendency, increasing ROS levels and having
no effect on mitochondrial membrane potential. When sorafenib and the indole were
combined, both effects were observed, and only in this case mitophagy was activated.
Therefore, it is conceivable that both ROS and depolarization are necessary conditions for
mitophagy induction in Hep3B cells.

Different pathways that modulate mitophagy have opposite influence on cancer progression
and prognosis. On one hand, cell cycle is deregulated when Parkin is mutated, and this
protein has been proposed to have a tumor suppressor role [37, 67]. In HCC, analysis of
several cell lines has demonstrated that Parkin protein expression is reduced, and more than
50% of primary liver tumors have low levels of Parkin [68]. On the other hand, BNIP3 and
NIX, proteins implicated in mitophagy under hypoxic conditions, correlate with
invasiveness, but downregulation of BNIP3 is correlated with bad prognosis [69]. To clarify
the involvement of Parkin and, thus, of mitophagy, we decided to knock down the expression
of Parkin. Our data support that mitophagy potentiates apoptotic cell death and enhances the
cytotoxic effect of the multikinase inhibitor, suggesting that in this context melatonin-
induced mitophagy is lethal to Hep3B, similar to the lethal mitophagy induced by ceramide
[70].

In summary, results from the present study indicate that co-administration of melatonin and
sorafenib induces in HCC cells an early mitophagic response, with ROS overproduction and
mitochondrial membrane depolarization that associate to an increase in apoptosis and a
reduction in cell viability (Fig. 5). Although further studies are necessary for a better
knowledge of the molecular mechanisms involved, our experiments suggest that melatonin
could represent an interesting adjuvant in HCC treatment with sorafenib.
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Fig. 1.

Dose-dependent viability response of different HCC cell lines to sorafenib and melatonin

treatment. (A) HepG2, HuH7 and Hep3B cells were treated with melatonin (0.1

2mM) and sorafenib (0.01, 0.05,

1 and

, 0.5,
0.1, 1, 2.5, 5, 10 and 50uM). Viability was analized by

MTT assay after 48 hours. (B) HepG2, HuH7 and Hep3B cells were treated with melatonin

percentage of mean values = S.E.M. of experiments performed in triplicate. *p < 0.05 versus

(1 and 2mM), sorafenib (2.5, 5 and 10 uM) and melatonin plus sorafenib for 48 hours and
control cells.

MTT assay was performed to evalute the effect on viability. Data are expressed as a
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Fig. 2.
Effect of sorafenib and melatonin on mitochondria and lysosome localization, mitophagy

and mitochondrial dynamics. Cells were treated with sorafenib (2.5uM), melatonin (1ImM)
and the combination of both compounds. (A) Confocal images show mitochondria and
lysosome localization in the cell. Antibodies for Tom20 (red) and LAMP2 (green) detection
were used for mitochondria and lysosomes analysis. Colocalization of both organelles are
observed when red and green fluorescences are overlaped. (B and C) Pink and Parkin
(mitophagic proteins), LC3 (autophagy protein) and Mfn-2, OPA1 and hFIS1 (fussion and
fission proteins) were measured by Western blot at different times. (D) Mitochondria
quantity was assessed by measurement of mtDNA content and Hsp60 protein levels. Images
are representative for experiments performed in triplicate. Data are expressed as a
percentage of mean values + S.E.M. of three independent experiments. *p < 0.05 versus
control cells .
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Fig. 3.
Analysis of membrane polarization status, oxidative stress and cell death in Hep3B under

sorafenib and melatonin treatment. ROS production by DCF quantification and
mitochondrial membrane potential by JC-1 determination were evaluated in Hep3B cells
incubated with sorafenib (2.5uM), melatonin (1 and 2 mM) and the combination of both
compounds at different times. (B) Flow cytometric assessment of cell viability was
performed using an Annexin V—propidium iodide kit after 48 hours of treatment. (C).
Representative immunoblots of PARP and BAX in Hep3B cells incubated with sorafenib
(2.5uM) alone and combined with melatonin (1mM) at different times. (D) Images of
immunoblots are representative for experiments performed in triplicate. Data are expressed
as a percentage of mean values + S.E.M. of three independent experiments. *p < 0.05 versus
control cells.
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Fig. 4.
Effect of Parking siliencing in Hep3B viability and cell death under sorafenib and melatonin

treatment. Cells were treated with sorafenib (2.5uM), melatonin (ImM) and the combination
of both compounds. (A) Viability was analyzed by MTT assays after 48hr. (B)
Representative immunoblots of PARP and BAX at different times. Images of immunoblots
are representative for experiments performed in triplicate. Data are expressed as a
percentage of mean values + S.E.M. of three independent experiments. *p < 0.05 significant
differences versus nonsilenced cells, #p < 0.05 significant differences between treated and
untreated silenced cells.
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Fig. 5.
Proposed model of action of melatonin and sorafenib combination on mitochondria stability.

Sorafenib administration to Hep3B cells causes a reduction in mitochondrial membrane
potential and its depolarization. Melatonin is responsible for the over-production of ROS in
the mitochondria. Both events promote the translocation of PINK1 to the outer
mitochondrial membrane and the recruitment of Parkin. Fusion proteins are regulated by the
ubiquin-ligase activity of Parkin, necessary for the interaction with LC3, located in the
phagosome membrane. Enhancement of mitochondria fission is required for mitophagy
induction since it alters mitochondrial membrane potential; contrary, fusion rescues
mitochondria from its degradation. Under these circumstances, melatonin diminishes the
expression of fusion proteins (OPA-1, Mfn-2) while increases transiently levels of hFIS1.
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