The curcumin analog DM -1 induces apoptotic cell death in melanoma

Fernanda Faido-Flore’ José Agustin Quincoces Sudreiilvya Maria Stuchi-Englér Vanessa Soto-Cerr4to

Ricardo Pérez-Tom§sDurvanei Augusto Marfa

& Laboratory of Biochemistry and Biophysics, Butantastitute, Sdo Paulo, Brazil

® Faculty of Medicine, University of S&o Paulo, $&ulo, Brazil

¢ Laboratory of Organic Synthesis, Bandeirante Usitg of Sdo Paulo, Sdo Paulo, Brazil

4 Department of Clinical Chemistry & Toxicology, Schmf Pharmaceutical Sciences, University of Saol®a
Sé&o Paulo, Brazil,

¢ Department of Pathology and Experimental Therapgu€Cancer Cell Biology Research Group, Univetsia

Barcelona, Barcelona, Spain

*Corresponding author: Durvanei Augusto Maria

E-mail address: durvanei@usp.br; fernandafaiao@yabm.br
Phone: +55 11 37267222 extension: 2364; Fax: +55/261505.
Adress: 1500 Vital Brasil Avenue

zip code: 05503-900

Laboratory of Biochemistry and Biophysics, Butantastitute
Sé&o Paulo, Brazil

Conflicts of interest: none

Summary

The main difficulty in the successful treatmentroétastatic melanoma is that this type of cancer is
known to be resistant to chemotherapy. Chemotheramgains the treatment of choice and dacarbaziiéQp
is the best standard treatment. The DM-1 composnd turcumin analog that possesses several curcumin
characteristics, such as antiproliferative, antiiuind antimetastatic properties. The objectivéhisf study was
to evaluate the signaling pathways involved in metaa cell death after treatment with DM-1 compauethe
standard agent for melanoma treatment, DTIC.

Cell death was evaluated by flow cytometry forexin V and iodide propide (Pl), cleaved caspase 8
and TNF-R1 expression. Hoechst 33342 staining watuated by fluorescent microscopy; lipid peroxidat
(LPO) and cell viability (MTT) were evaluated byleometric assays. The antiproliferative effectstloé drugs
were evaluated by flow cytometry for cyclin D1 a7 expression. Mice-bearing B16F10 melanoma were
treated with DTIC, DM-1 or both therapies.

DM-1 induced significant apoptosis as indicatgdte presence of cleaved caspase 8 and an increase
in TNF-R1 expression in melanoma cells. Furthermbid-1 had antiproliferative effects in this samedl dine.

DTIC caused cell death primarily by necrosis, ansh@ller melanoma cell population underwent apagtos

DTIC induced oxidative stress and several physioldghanges in normal melanocytes, whereas DMdIndt



significantly affect the normal cells. DM-1 antitomtherapyin vivo showed tumor burden decrease with DM-1
monotherapy or in combination with DTIC, besides/aial rate increase.
Altogether, these data confirm DM-1 as a chemofteutic agent with effective tumor control

properties and a lower incidence of side effectsammal cells compared to DTIC.
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Introduction

Metastatic melanoma is characterized by a hightatitr rate [1]. This type of skin cancer has
traditionally been difficult to treat because &f known universal resistance to standard chemaiiiged. Early
stage disease can often be cured by surgery; howawesectable cancer must be treated with systdmerapy.
Although a greater percentage of patients are dsaphwith early stage disease compared to preyears, the
death rate from unresectable melanoma continuese3].

Dacarbazine (DTIC) is still considered the staddast-line treatment despite the lack of any evide
of this drug improving overall survival [4]. This because no other single agent or combinatiomerita have
demonstrated superiority to DTIC in terms of suabigrolongation, even drugs associated with highsponse
rates [5]. Some oncoprotein-targeted drugs are igiogias future cancer treatments; however, comulical
responses to these drugs are rare [6].

In recent years, some pharmacological approaches led to new therapy options including immune
modulators like anti-CTLA4 or BRAF inhibitors likeemurafenib, which showed increased overall suhfita
8]. On the other hand, these new agents have somtations and for this reason, classical chematheutic
drugs still remain in the therapy, especially ambimations of different treatment options aiming/ddo be
focused on in order to find better responses inntleéanoma treatment. This unsatisfactory treatroetdome
encourages additional studies on novel therapendiecules, delivery systems and combination thesafor
melanoma [9].

Curcumin has long been known as a chemo-preveatidechemotherapeutic agent, andivo studies
with curcumin have demonstrated decreased tumagernn many organs [10], including antiprolifevati
effects in melanoma [11]. Because of its lack afdity, there has been increasing interest in frrttudies with
curcumin [12,13]. Unfortunately, its poor absorptilndermine its clinical potential [14].

DM-1 is a curcumin analog and has previously b&tedied in animal models, such as melanoma and
Ehrlich ascites tumor in mice. This compound is averful antitumor agent with both antimetastatid an
antiproliferative activities [15,16]. Its pharmaagical activity is restricted primarily to tumorssue, with
minimal side effects on the normal surroundinguss

The objective of this study is to compare the @ffeness of the chemotherapeutic compounds, DTIC

and DM-1 in melanoma cells, their effects on cekith pathways and their side effects on normas.cell

M aterials and methods

Cdll lines and culture conditions



The murine melanoma cell line, B16F10, and the drummelanoma cell line, A375, were purchased
from the American Type Culture Collection (Manass@8). These cells were grown in 75 Eiflasks with
DMEM (Cultilab, SP, Brazil) supplemented with 10%altinactivated fetal bovine serum (Cultilab), 2 rhM
glutamine (Sigma Chemical Company, USA) and 0.1Lgétneptomycin (FontouraWyeth AS, USA). Primary
cultures of skin cells (melanocytes) were obtaifem the foreskins of University Hospital (Hospital
Universitario — HU-USP) patients. This project heslergone review and approval by the Ethics Coremitf
HU (HU no. CEP Case 943/09). The melanocytes weaamtained in 254CF media (SKU # M-500-254CF;
Cascade Biologics, USA) supplemented with humaranwayte growth supplement (HMGS — SKU # S-002-5;
Cascade Biologics) as previously described [17¢ @élls were grown at 37 °C in a 5% £admosphere.

DM-1: Sodium 4-[5-(4-hydroxy-3-methoxyphenyl)-3-oxo-penta-1,4-dienyl]-2-methoxy-phenolate

Dried sodium ethanolate (0.01 mol) was mixed wittb-bis(4-hydroxy-3-methoxyphenyl)-1,4-
pentadien-3-one [18] (0.01 mol; 3.26 g) at a 1:lameatio and stirred at room temperature undetydrdus
reaction conditions followed by solvent rotoevapiora until solidification. The compound;gH;,0sNa, has a
molecular weight of 348 g. Results of the strudtefaracterization of the isolated compound wernesistent

with those described previously by our group [1],20

Cell treatment for MTT and L PO assays

B16F10 melanoma cells, A375 melanoma cells and noeldes were seeded in 96-well plates at a
density of 18 cells/mL and allowed to grow for 24 h. They werertttreated with different concentrations of
DTIC (Evolabis, Brazil) or DM-1 diluted in 0.9% N&@t concentrations ranging from 2560 tqull. As a

control, the cells were treated with the dilueniyon

Céll viability assay (MTT assay)

After 24 h of treatment with DTIC or DM-1, 1M MTT (Sigma Chemical Company, USA) [21] was
added to each well for an additional 4 h. The BMIET formazan precipitate was dissolved in 180 DMSO.
The absorbance at 540 nm was measured with a weiltiplate reader. The cell viability was expresssda
percentage of the control cells, and the data loevis as the mean value + s.d. (standard deviabbmhree

independent experiments.

Lipid Peroxidation (L PO)

The oxidative stress on unsaturated lipids in #lemembranes was evaluated by determining the amou
of malondialdehyde (MDA), which is the final produof fatty-acid peroxidation. MDA reactwith
thiobarbituric acid (TBA) to form a colored compléihe thiobarbituric acid reactive substances (TBARere
quantified by spectrophotometric determination (LR®thod) [22]. The supernatants from the sample® we

obtained after drug treatment under the same dondibf MTT assay.

Cell treatment for flow cytometry analysis



B16F10 cells and melanocytes were seeded in 24plats at a density of 16ells/mL and allowed to
grow for 24 h. Each cell line was treated with thkibitory Concentration 50% (Kg) for each compound for 6
h.

Mitochondrial membrane electric potential (Aym) assessment by flow cytometry

Rhodamine 123 is a fluorescent cationic dye thaid®ito polarized mitochondrial membranes and
accumulates as aggregates in the mitochondriarafalaells [23]. This agent binds only to metaballic active
mitochondria, resulting in fluorescence emission.

After treatment, cells in the supernatant and titleeeent cells were pelleted by centrifugation 22QL.8m
for 10 min and resuspended in 5 pL Rhodamine 128d#AnL) for 30 min at 37°C. The cells were then hexb
with phosphate-buffered saline (PBS) and resuspkimdEACS buffer (FACSCalibur-Becton Dickinson, USA
The samples were analyzed for fluorescence usiffi-a4H detector on a Becton Dickinson FACScan flow
cytometer using the CellQuest software. Flow cytimynkistograms were recorded, and the relativensitg of
fluorescence was calculated as the mean of actiteehondria (viable cells) or inactive mitochond(iaviable

cells) of the control and treated samples.

Apoptosis analysis by flow cytometry

Annexin V staining detects the translocation of gtwtidylserine from the inner to the outer cell
membrane during early apoptosis, and propidiumdedPl) can enter the cell during late-stage amiptand
also stains dead cells [23].

After treatment, the cells in the supernatant dredadherent cells were washed with PBS and binding
buffer (10 mM HEPES pH 7.5 containing 140 mM Na@#&.5 mM CaG) and stained with iig annexin V-
FITC (Santa Cruz Biotechnology, USA) and d@mL of propidium iodide (Sigma-Aldrich Corp.). Hasample
was analyzed by flow cytometry using the FL-1 and2Fchannels to distinguish the apoptotic, necradied
viable cell populations. The analysis was performmada FACSCalibur flow cytometer using the CellQues
software (FACSCalibur; Becton Dickinson).

Protein analysis by flow cytometry

After treatment, the cells in the supernatant dwedadherent cells were pelleted by centrifugatioct880
rpm for 10 min and incubated with 1 pg of spec#iti-cyclin D1 (Santa Cruz, USA), anti-Ki67 (DaKdSA),
anti-caspase 8 or anti-TNF-R1 recemotibodies (tumor necrosis facterreceptor) (Santa Cruz, USA) and 10
ML 0.1% Triton X-100 for 1 h at 4°C. Then, the séspreceived addition of gL anti rabbit IgG-Alexafluor-
488 (Invitrogen, USA) in untagged primary antibamhupled cells and incubated further in dark for Emin.
Excess fluorescence was then washed off with PBBs&juently, the cells were resuspended in FAC&buf
The samples were analyzed for fluorescence (FLahml) on a Becton Dickinson FACScan flow cytometer

using the Cell Quest software.

Hoechst staining
Cell nuclear morphology was evaluated by fluoreseemicroscopy following Hoechst 33342 DNA

staining (Sigma—Aldrich Corp). A375 human melanareis were seeded in 24-well plates at a densityof



cells/mL and were grown for 24 h. This cell linesataeated with the 1§ for either DTIC or DM-1 alone or a
combination of 5 uM DTIC + 5 uM DM-1 for 24 h. Thlesoncentrations were chosen in order to veritjéf
addition of DM-1 compound would allow the DTIC camtration decrease down to 10% ofd@ith the same
efficacy in this cell type. The cells were washeithwhosphate buffer saline (PBS), resuspended jig/éhL
Hoechst 33342 and incubated for 30 min at 37°Chendark. Then, cells were then washed with PBS and

examined under a Nikon fluorescent microscope.

Inoculation of B16 melanoma cellsin mice

The murine B16F10 was cultivated in RPMI-1640 medisupplemented with 10 % fetal bovine serum
(FBS), 2 mM-Lglutamine, 1 mM sodium pyruvate and 10/ml of penicillin and 10Qug/ml of streptomycin
(Invitrogen Inc, Carlsbad, USA). Cell suspensionsravdetached from plates with trypsin. After trypsi
inactivation with 10% FBS, viable cells were couhtey trypan blue dye exclusion. For tumor inocwalafi
5x10 cells were suspended in 1QDof PBS and injected subcutaneously into the fleedions of C57BL/6J

mice. Ten to fourteen days after inoculation thadts became macroscopically apparent.

In vivo antitumor activity

Mice were inoculated with B16F10 melanoma cellsiescribed above and were randomly allocated to
four groups of 5 animals. The DM-1 compound and ©Were administered by intraperitoneal way. The DM-
compound was administered daily and its conceotatvas 83uM in 100 pL of saline solution. This
concentration was calculated considering thg \@lue determined in the vitro assay.

On fourteen day counted from the initial inocudatday, four experimentation groups were used:
Control: five mice-bearing B16F10 melanoma werattd with 10QuL of saline solution 0.9%;
DTIC: five mice-bearing B16F10 melanoma were tréatéth 4.5 mg/kg/body mass of DTIC [24] diluted in
saline solution 0.9% every two days for a totad@fen doses;
DM-1: five mice-bearing B16F10 melanoma were tréataily with DM-1 compound diluted in saline sobiti
0.9%;
DTIC+DM-1: five mice-bearing B16F10 melanoma wereated daily with DM-1 compound diluted in saline
solution 0.9% plus 4.5 mg/kg/body mass of DTIC gwaro days for a total of seven doses;

Tumor sizes were measured daily using a calipkesihstrument. The size measurement was converted
to tumor volume by the equation: tumor areER? wherell was (length tumor + width tumor)/[25].
Necropsies were performed after 14 days of tumacutation. All animal experiments were carried out

according to the regulations of the Ethical Comeeittor Animal Research at the Butantan Institut/(d9).

Statistical analysis

The values are expressed as the mean + s.d. Thewdse analyzed using a one-way analysis of
variance (ANOVA). Significant differences in the ams were determined using multiple comparisons thi¢h
Tukey-Kramer test at a significance level of p<0.8By significant differences between the contnodl dreated
groups are indicated as ***p<0.001, **p<0.01, aqEk®.05.

Results



DM -1 decreases cell viability in melanoma cells

To evaluate the cytotoxic effects of DM-1 and DTEL6F10 murine melanoma cells, A375 human
melanoma cells and normal melanocytes were treattd different drug concentrations for 24 h andl cel
viability was determined by MTT assay.

Consistent with the results of Henmi and co-wosl@6], the chemotherapeutic agent DTIC, had high
ICs5p values in the A375 human melanoma cell line. RerB16F10 murine melanoma cells, this value was eve
higher. DM-1 had greater cytotoxic effects that evapproximately 46- and 8-fold higher in the murarel
human melanoma cell lines, respectively, companedTIC. Treatment of the normal melanocytes shoned
significant differences between thes§Cralues of the two compounds (Table 1). Altogethtbese results
indicate that DM-1 has a higher potency and seliggtfor cancer cells, whereas DTIC acts similarlyboth

cancer and normal cells.

Please insert Table 1 here.

DM-1 induces cell death by apoptosisin melanoma cells

As observed above, DTIC and DM-1 treatment of BlBEells induced a significant decrease in cell
viability. To discriminate the type of cell deatiggered by these drugs, annexin V flow cytometrglgsis was
performed. Four different populations of cells weesily identified: unlabeled viable cells, anneXimositive
cells (early apoptotic), Pl positive cells (nearptind annexin V and PI positive cells (late aptpro

In our experiments, DTIC treatment increased trercgntage of necrotic B16F10 cells by
approximately 75%. Conversely, DM-1 significanthcieased the percentage of cells undergoing latptagis,
to approximately 90% after 6 h of treatment (Figh-D). In normal melanocytes, these two types dif death
were not significantly changed with either treattn@ig. 1 E-H).

Please insert Figure 1 here.

Mitochondrial membrane potentiahym) changes are an additional indication of apoptdmcauseAym
contributes to the process that facilitates thé @ximany apoptogenic factors to the cytosol. Asvamin fig. 2
(A-C), the electric mitochondrial membrane potdntii B16F10 melanoma cells was decreased afterod h
treatment with DTIC and DM-1. Both treatments ingdica significant reduction ihym; however, DM-1
caused a 65% decrease in viable cells and/or atiicehondria, whereas DTIC induced only a 12% ease in
viable cells and/or active mitochondria comparethtountreated cells.

Melanocytes treated with DTIC showed a moderateredese in mitochondrial electric potential. In
addition, DM-1 treatment did not change this pdtnin normal cells (Fig. 2 D-F), demonstrating DM-

specificity for cancer cells.

Please insert Figure 2 here.



Finally, nuclear morphological changes were exagiibecause they are another classical feature of
apoptosis. The cells were examined under fluorescenicroscopy after Hoechst 33342 staining to confi
apoptotic cell death. The apoptotic nuclei werdintisively marginated and fragmented when obsenveder
the fluorescent microscope.

The control cells were highly confluent and digpld regular nuclear structure (Fig. 3 A). After [@TI
treatment (IG), a few of the A375 human melanoma cells showeshrbshaped’ nuclei (Fig. 3 B). DM-1
treatment (1Gy) induced the formation of apoptotic bodies andemrccondensation (Fig. 3 C).

The combination of DTIC and DM-1, each at lowenoentrations (5 uM), induced the formation of
apoptotic bodies, 'bean-shaped’ nuclei, highly emsgd chromatin and nuclei with irregular clumpsiefnse
chromatin (Fig. 3 D). These results suggest a gystar effect between DTIC and DM-1.

Please insert Figure 3 here.

Extrinsic apoptotic pathway activation

Apoptosis can be induced by the extrinsic and/erittrinsic (mitochondrial) pathway. Caspases repmea
family of cysteine proteases that are common dawast effectors of apoptosis. The cleavage of caspas
indicates cell death initiated by the extrinsic iotic pathway [27]. The expression levels of saelvararkers of
this pathway, such as cleaved caspase 8 and TN«#&,evaluated after 6 h of DTIC or DM-1 treatmdtth
treatments caused an increase of cleaved caspaseh@ B16F10 melanoma cells; however, only DM-1
increased TNF-RL1 levels (Fig 4 A and C). Notaligre was a moderate decrease in the level of dezagpase
8 in the melanocytes, but changes in the TNF-Rlewet observed. This indicates that the extrinpimpéotic

pathway is not activated in the normal melanoc{fts. 4 B and D).

Please insert Figure 4 here.

Freeradical production

Oxidative stress causes cellular damage, whichlezh to apoptosis. To evaluate whether DTIC and
DM-1 induce oxidative stress in melanoma cellse fradical production was assessed by the evaluafion
malondialdehyde production in the cytoplasmic meanbs of B16F10 melanoma cells and melanocytes after
drug treatment.

DTIC induced an approximately 10-fold increasethe amount of malondialdehyde in the B16F10
cells. Significant effects were observed until acentration of 16@M (Fig. 5 A). By contrast, DTIC caused a
doubling of malondialdehyde synthesis in normalanetytes and a significant damage was observedthgth
majority of concentrations tested, up to80 (Fig. 5 B).

DM-1 treatment increased the malondialdehyde aunaton by 130-fold in the B16F10 melanoma
cell line and induced damage at all the concentnatiested (Fig. 5 C). Furthermore, DM-1 causesl desnage
than DTIC at the same concentrations in normal nuelgtes. A moderate increase of malondialdehyde

production was observed only for the two highesicemtrations tested (Fig. 5 D).

Please insert Figure 5 here.



DM-1 and DTIC have antipr olifer ative effects on melanoma cells, but not normal cells

The antiproliferative effects of the drugs on thelamoma cells were evaluated by cyclin D1 and Ki67
protein expression. Type D cyclins, together whhbit CDK partners, form a key regulatory unit oé t61/S
transition that is frequently impaired in neoplagd8]. The Ki67 nuclear protein is expressed inlifgmating
cells and may be necessary to maintain cell pralifen. Ki67 has been used as a marker of celifpration in
solid tumors [29].

Cyclin D1 levels were significantly decreased mftdIC (p<0.01) and DM-1 (p<0.001) treatment in
B16F10 melanoma cells (Fig. 6 A). Conversely, tieiduction was not observed in the normal melanscyte
fact, these cells presented a slight increasegiexipression of cyclin D1 after treatment (Fig.)6 B

By contrast, Ki67 expression was significantly mesed after treatment of the melanoma cells with
DTIC or DM-1, (Fig. 6 C). DM-1 did not modify expmssion of Ki67 in normal melanocytes; however, a

moderate increase in expression of this markeralaserved after DTIC treatment (Fig. 6 D).

Please insert Figure 6 here.

In vivo DM-1 antitumor effect

The DM-1 compound also showadvivo antitumor activity. The cytotoxic effects were aiped with
DM-1 compound administration alone or in combinatiwith chemotherapeutic DTIC. The B16F10 melanoma-
bearing mice without treatment (control group) shdva significant tumor area increase. The groupivetw
DTIC chemotherapy alone showed a 43% tumor buréenedse in comparison to the control group. Themro
treated with DM-1 compound alone and the grouptécbavith both therapies showed 57% and 63% tumor
burden reduction, respectively, compared to congaup (Figure 7A). Both groups treated with DM-1
compound showed better antitumor effects than Dfitotherapy.

After 28 days of B16F10 melanoma cell inoculatithere were no live animals in the control group. |
this same period, there were 40% of live mice &@atith DTIC in monotherapy. The mice survival rafdboth
DM-1 groups (monotherapy or in combination with @)Iwas significantly increased in comparison to the
control group or DTIC monotherapy, because in the ef 14 treatment days with DM-1, all mice remaine

alive (Figure 7B).

Please insert Figure 7 here.

Discussion

The incidence of melanoma continues to rise, andstimated increase of 27% in new diagnoses was
made in 2012. This is significantly greater thaydh years ago [3]. This increase in incidenceus thoth to
improved awareness leading to additional diagnasésto life style changes that have resulted imarease in
sun exposure over the past decades. Moreover, amtaihas a known resistance to chemotherapy andsthis
related, in part, to defects in proapoptotic sigma[30].

The DM-1 compound showed 4gvalues considerably lower than the currently usesimotherapeutic,

DTIC. In addition, it induced injury to tumor cellg lower concentrations, and also caused oxidat&reage in



the B16F10 melanoma cell line at all concentratimsted (2560-nM). DTIC showed similar levels of damage
in only half the concentrations tested, and had tsdotoxic potential than DM-1. Furthermore, DT¢Gused
oxidative damage in the normal melanocytes at #mesconcentrations used for treating the melanagiia. ¢
DM-1 caused oxidative damage only in the melanacytteated with the two highest concentrations aigdr
Pretreatment with different concentrations of aeotturcumin analog caused a significant decreatieeifevels
of TBARS and DNA damage in normal hepatocytes [31].

Reactive oxygen species (ROS) interact with biiglalgmolecules to produce toxic free radicals
resulting in lipid peroxidation (LPO) and DNA daneag32]. Furthermore, LPO products, such as
malondialdehyde, form adducts with cellular DNA.@Ran be defined as a cascade of biochemical events
resulting from the action of free radicals on thmsaturated lipids of cell membranes. This genenatesarily
alkyl, peroxyl and alkoxyl radicals, leading to ttastion of their structure, the failure of mectams that
exchange metabolites and cell death. Therefore, ¢ahe used as an indicator of cellular oxidativess [33].

In non-apoptotic cells, most phosphatidylserindemales are localized to the inner layer of thespia
membrane. However, in the annexin V assay, theslvaation of phosphatidylserine residues from titernal
layer to the outer face of the plasma membraner gdothe loss of membrane integrity is an indicabdr
apoptotic induction [23]. After DM-1 treatment, theajority of the B16F10 melanoma cells showed delth
by apoptosis, whereas cells treated with DTIC priesknecrosis as the main type of cell death. Ilanoeytes,
these effects were not observed.

Disruption of theAym is an early event associated with apoptosis ascbeen suggested to be one of
several factors responsible for cytochrome c rel¢d4]. Melanoma cells showed a significant deaaasthe
Aym for both treatments. However, DTIC also causead #ffect in normal melanocytes, thereby inducing
changes in cell polarity and causing cell death.

Extrinsic and intrinsic apoptotic pathways havehbbeen described [35]. The extrinsic pathway is
initiated by binding of TNF-R1, CD95L/FasL or TRAHWo death receptors, the formation of death-indycin
signaling complexes (DISC) and activation of thiiator caspases 8 and 10 [36]. By contrast, thensic
pathway is initiated by cellular and DNA damage amitizes mitochondria particularly. Key events ttleecur
when the intrinsic apoptotic pathway is activataed ¢he depolarization ofAym and mitochondrial outer
membrane permeabilization (MOMP). This resultshia telease of mitochondrial factors, such as cytouk c,
AIF (apoptosis-inducing factor) and SMAC (secondociiondria derived activator of caspases) [37]. The
initiator caspases 8, 9 and 10 activate the dowastreffector caspases 3, 6 and 7, which cleaveya taumber
of death substrates to initiate apoptosis [38].

DM-1 treatment induced an increase in TNF-R1 esgiom, in addition to significant activation of
caspase 8. DTIC also induced moderate caspasea8agks however, there was no increase in TNF-R1
expression. Bill and coworkers also showed thatuecuomin analog induced apoptosis through caspase 8
cleavage after 24 h of treatment. This compounal @dsulted in the loss of mitochondrial membranepigal in
the melanoma cells [39].

Additionally, the morphological changes in the A3%uman melanoma cells treated with DM-1
included the formation of apoptotic bodies and @rs#d chromatin, whereas the cells treated withCDTI
presented with ‘bean-shaped’ nuclei when analyzetibechst 33342 staining. However, the combinatbn

both treatments, at appreciably lower concentratiomduced all of the above cited characteristic known
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that the effects of DTIC can be improved by combamawith other chemotherapeutic agents or new aamgs
[40]. Together with the annexin V data, it can lamauded that only a small population of cells teelawith
DTIC undergo apoptosis, whereas the majority dienkgrosis. However, the results obtained with DM-1
indicate that DM-1 induces apoptosis in melanoniis.ce

Cell cycle dysregulation is a fundamental proc@sstumor progression, and unregulated cell
proliferation is a feature of malignant tumors. I@ebliferation and the cell cycle are regulatecthy formation,
activation, and degradation of a series of cydind cyclin-dependent kinase complexes. Cyclin DG&lecell-
cycle protein, phosphorylates and inactivates thmor-suppressor protein, retinoblastoma, and presntie
progression from G1 to S phase [41]. Increasedifprative activity of tumor cells is also associhteith
malignancy and is an important prognostic markemamny human cancers. Markers that are widely used t
assess cell proliferation are the proliferating oeiclear antigen and the Ki67 protein. The latten nuclear
antigen synthesized throughout most of the celle;yexcept during the GO and early G1 phases [42].

Cyclin D1 expression in melanoma cells was redwfest treatment with both DTIC and DM-1. This
effect was the opposite of what was observed inrtbemal melanocytes. This could be explained as a
proliferative response to injury caused by the tiremts. These effects were partially observed f@87K
expression. The melanoma cells had reduced expres$iKi67, whereas the melanocytes treated with@®T
showed a moderate increase in Ki67 expression.eThare no significant changes in Ki67 expression in
melanocytes treated with DM-1. Curcumin and somet®fanalogs also induce a decrease in cyclin D1
expression [43]. This way, the analogs, including-D, can be effective in regulating the cell cyplegression
of tumor cells.

As action mechanism, the DM-1 compound inducebayelle arrest by cyclin D1 and Ki67 decrease
and apoptosis by free radicals production, TNF-R#l aleaved caspase-8 increase, as well mitochdndria
electrical potential decrease. Furthermore, ap@ptess also confirmed by apoptotic bodies in human
melanoma cell line. That is, the extrinsic andimgic apoptosis pathways were enabled by DM-1. DM-1
compound also induces Bcl-2 and Mcl-1 decreasadbgsaspase 3, 9 and Parp cleavage (data not shown
DM-1 antitumor therapyn vivo showed tumor burden decrease with DM-1 monotheoapy combination with
DTIC, besides survival rate increase. Aggarwal aadiorkers showed a decrease of approximately 30% in
tumor burden after treatment with curcumin analegsje our study found an approximately 60% of retthin
[44]. Tumor burden decrease and survival rate aszaevere also found in mice-bearing breast caritar@M-

1 treatment in combination with paclitaxel chemaogipeutic [15].

In conclusion, the molecular and cellular mechasiselated to tumor cell death after DM-1 treatment
compared to the currently used chemotherapeutiotaBd 1C, have been presented. Here, we confirmhibh
toxicity and nonspecificity of DTIC when used famtor treatment. Moreover, these results show thdt1D
induces tumor cell apoptosis through both the esitiand intrinsic pathways, and DM-1 treatment alguses
cell cycle arrestln vivo antitumor therapy showed high synergism betweenCDand DM-1 may help side
effects decrease during melanoma treatment. Thatseadnfirm DM-1 as a powerful chemotherapeuticnage

with effective tumor control properties and a lowaridence of side effects in normal cells compaeBTIC.
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Figure 1 — Representative histograms of B16F10 mostea cells (A) control, (B) DTIC, (C) DM-1 and
melanocytes (E) control, (F) DTIC, (G) DM-1 staineith annexin-V (FL-1H axis X) and propidium iodide
(FL-2H axis Y) for cell death quantification. Théstlibution (mean+s.d.) is the number of viablegnodic and
apoptotic (D) B16F10 melanoma cells and (G) melstesc

ns: not significant compared to the control.

*p<0.05 and ***p<0.001 compared to control.
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Figure 2 — Representative overlaps of fluorescantensity from melanoma cells and normal melanayte
stained with Rhodamine 123 and analyzed by flovommdtry. The overlaps represent the B16F10 melanoma
cells treated with (A) DTIC and (B) DM-1 and the lam@cytes treated with (D) DTIC and (E) DM-1. The
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distribution (meanzs.d.) is the number of (C) BlBFhelanoma cells and (F) melanocytes with active
mitochondria (viable cells) or inactive mitochorad(inviable cells).

ns: not significant compared to the control.

*p<0.05 and ***p<0.001 compared to the control.
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Figure 3 — Detection of apoptotic cells by Hoe@&342 staining. A375 human melanoma cells (A) edrand
treated for 24 h with (B) DTIC (I§& — 548 uM), (C) DM-1 (IG, — 65 uM) or (D) a combination of DTIC (5
uM) + DM-1 (5 uM) (400x magnification). The insefpresents the cell confluence (100x magnification).
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Figure 4 - Expression of apoptotic markers in metaa cells and normal melanocytes (normalized vabfi¢ise
mean = s.d.) by flow cytometry. Cleaved caspasgmession after DTIC and DM-1 treatment compareth&
control in (A) B16F10 melanoma cells and (B) meleyies. TNF-R1 expression after DTIC and DM-1
treatment compared to the control in (C) B16F10amema cells and (D) melanocytes.

ns: not significant compared to the control.

*p<0.05, *p<0.01, and ***p<0.001 compared to thentrol.
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Figure 5 - Malondialdehyde production after DTIC) @d DM-1 (B) treatment in BL6F10 melanoma celiy]
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ns: not significant compared to the control.

**p<0.01 and ***p<0.001 compared to the control.
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Figure 6 - Expression of cell cycle regulator maskim melanoma cells and normal melanocytes (ndzetl
values of the mean + s.d.) by flow cytometry. Qydlil expression after DTIC and DM-1 treatment coraga
to the control in (A) B16F10 melanoma cells and (Bglanocytes. Ki67 expression after DTIC and DM-1
treatment compared to the control in (C) B16F10amema cells and (D) melanocytes.

ns: not significant compared to the control.

**p<0.01, and ***p<0.001 compared to the control.
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Figure 7 - Tumor growth of mice bearing B16F10 melaa after DTIC, DM-1 or DTIC+DM-1 treatment in
comparison to control group. (A) Tumor area meavergs were obtained subsequent to the 14th daynadrt
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