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resumo

Osteossarcoma, MG-63, sulforafano, citotoxicidade, terapia do cancro, ciclo
celular, apoptose, expresséo génica

O osteossarcoma é o tipo mais comum de tumor maligno do o0sso. Esta
doenca apresenta uma elevada incidéncia em criangas e adolescentes.
Adicionalmente, metastases, ocorrendo principalmente nos pulmdes, afectam
uma percentagem consideravel dos pacientes com osteossarcoma. Os
tratamentos actuais incluem ressecc¢ao cirdrgica, quimioterapia e radioterapia,
mas 0s pacientes com osteossarcoma apresentam uma baixa capacidade de
resposta a estas opcdes de tratamento. Assim, € urgente desenvolver novas
abordagens de tratamento. O sulforafano é um fitocomposto que exibe
actividade quimiopreventiva e quimioterdpica. Numerosos estudos tém
demonstrado que o sulforafano modula muitos eventos associados ao cancro,
como susceptibilidade a agentes carcinogénicos, ciclo celular, apoptose,
angiogénese e metastizagdo. Apesar de bem caracterizados em diversos
tumores, os efeitos do sulforafano séo ainda insuficientemente conhecidos no
osteossarcoma, assim como o mecanismo de acc¢do subjacente. O objectivo
desta dissertacdo foi avaliar os potenciais efeitos citostatico e apoptético do
sulforafano e revelar o mecanismo de accao por tras destes efeitos. Para isso,
a linha celular de osteossarcoma humano MG-63 foi exposta a sulforafano (no
intervalo de 0 a 20 uM) durante 24 e 48 h. Parametros como confluéncia,
morfologia celular, viabilidade celular, ciclo celular, clastogenicidade, apoptose,
actividade especifica de caspases e expressao de genes associados ao ciclo
celular foram analisados apés o tratamento com sulforafano. As culturas
expostas ao sulforafano apresentaram uma diminuicdo da confluéncia,
acompanhada de alteracbes na morfologia celular. O sulforafano também
induziu uma diminuicdo da viabilidade celular dependente da dose e do tempo
de exposicdo que pode ser explicada pelo aumento de células apoptéticas e
por citostaticidade com bloqueio na fase G,/M. Este bloqueio do ciclo celular foi
mediado por Chk2, pela sub-expressdo de CDC25C e, provavelmente, pela
sub-expressdo de CCNB1, assim como de CDK2. Um efeito clastogénico foi
também detectado apés 48 h de tratamento com sulforafano. Estes dados
sugerem que o sulforafano deve ser considerado um candidato a agente
guimioterapico no tratamento de osteossarcoma, embora sejam necessarios
mais estudos para lancar luz sobre vias de sinalizagdo moduladas pelo
sulforafano, assim como sobre a possivel citotoxicidade deste fitocomposto em
osteoblastos normais.
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Osteosarcoma is the most common type of malignant bone tumor. This disease
shows high incidence in children and adolescents. Additionally, metastases
occurring mainly at the lungs affect a considerable percentage of osteosarcoma
patients. Current treatments include surgical resection, chemotherapy, and
radiotherapy, but osteosarcoma patients show poor responsiveness to these
treatment options. Thus, it is urgent to develop novel treatment approaches.
Sulforaphane is a phytochemical that displays chemopreventive and
chemotherapeutic activity. Many studies have been shown that sulforaphane
modulates many cancer-related events, as susceptibility to carcinogenic
agents, cell cycle, apoptosis, angiogenesis, and metastasis. Although well
characterized in several tumors, the effects of sulforaphane are still poorly
understood in osteosarcoma, as well as the underlying mechanism of action.
The aim of this dissertation was to evaluate the potential cytostatic and
apoptotic effects of sulforaphane and to unveil the mechanism of action behind
these effects. In order to do that, the human osteosarcoma cell line MG-63 was
exposed to sulforaphane (in the 0 to 20 uM range) for 24 and 48 h. Parameters
as confluence, cell morphology, cell viability, cell cycle, clastogenicity,
apoptosis, caspase specific activity, and expression of cell cycle-related genes
were analyzed after sulforaphane treatment. Cultures exposed to sulforaphane
showed a decrease in confluence, accompanied by alterations in cell
morphology. Sulforaphane also induced a dose- and time-dependent
impairment of cell viability, which can be explained by an increase of apoptotic
cells and cytostaticity with G,/M phase arrest. This cell cycle blockage was
mediated by Chk2 and CDC25C downregulation, and probably CCNB1 as well
as CDK2 downregulation. A clastogenic effect was also detected after 48 h of
sulforaphane treatment. These data suggest that sulforaphane should be
considered as a chemotherapeutic agent candidate in osteosarcoma treatment,
although more studies are needed to shed insight on signaling pathways
modulated by sulforaphane, as well as the possible cytotoxicity of this
phytochemical on normal osteoblasts.
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l. INTRODUCTION

1.1. Cancer

1.1.1 General considerations about cancer

Cancer is a major burden worldwide. Economicallyedeped countries present overall
cancer incidence rates twice as high as the onexdfn developing countries (Jenel
al., 2011), mainly due to the Western lifestyle. Aating to the American Cancer Society,
it is estimated that 1,638,910 men and women waldiagnosed with cancer and 577,190
men and women will die of cancer in the United &ah 2012, being these rates slightly
higher for men than for women and with lung, cobbaé breast, and prostate cancers
accounting for the largest numbers of new cases dwadhs (Siegeét al., 2012). In
Europe, cancer was listed as the second most conomwse of death after cardiovascular
diseases (OECD, 2012) with approximately 3.2 milliestimated new cases and 1.7
million estimated deaths in 2008 (Ferktyal., 2010). Recent data project 1,283,101 cancer
deaths to occur in Europe during the current yedth lung (262,250), colorectal
(163,106), breast (88,101), and prostate (69,960F&rs as the main causes (Malvexzi
al., 2012), similarly to the United States.

From a simplistic point of view, cancer can be wedfi as a group of diseases in which
abnormal cells proliferate in an uncontrolled marared spread to other tissues. However,
during the past few decades, an immense body oWletlge evidenced the inherent
complexities of cancer, but fortunately also ureeiits characteristics and the underlying
molecular mechanisms.

The etiological factors of cancer vary consideralobm case to case. Chemical agents,
lifestyle (e.g., diet, obesity, tobacco smoke, htdoconsumption), infections, radiation,
genetic problems, and hormones are some of therfaatready proved to correlate with
carcinogenesis (Langebeeyal., 2007; Khan and Shrivastava, 2010; Khearal., 2010;
Vahakangas, 2011). However, the general establisbedeption is that cancer results

from cumulative genomic alterations that lead ypatal RNA and protein profiles, which
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in the end originate the abnormal cancer phenot@oeh alterations are often found in
genes that in the cancer scenario behave as &imer suppressors or oncogenes (Hahn
and Weinberg, 2002). The range of cancer-induciagogic changes is vast, yielding
from intragenic mutations to aneuploidy events.d.o6 function of tumor suppressors is
usually directly or indirectly related with intrage mutations (Malkinet al., 1990) and
deletions or allelic loss (West al., 1999; Yoshimotcet al., 2007) of the corresponding
genes. In the case of oncogenes, mutations (Alagal., 2007), chromosomal
translocations (MacKenziet al., 1993), and genomic amplifications (Birkelasdal.,
2012) are the three major events explaining gaifunttion. In recent years, epigenetic
alterations, heritable alterations in gene exposssiithout changes in the primary DNA
sequence (Sadikoviet al., 2008a), were also found to be main contributarscancer
development. Variations in the DNA methylation pleofof genes or gene promoters are
common drivers of carcinogenesis (Futscleeral., 2004), but histone modifications
(Kondo et al., 2007) and changes in nucleosome positioning (Medind Sanchez-
Cespedes, 2008) are important players in that pspees well.

Based on these and other findings of the past @scadd on the assumption that the
molecular machinery owned by mammalian cells isabtg) Douglas Hanahan and Robert
A. Weinberg suggested that most — if not all — haroancers share the same functional
capabilities that allow cancer cells to survivepliferate, and disseminate (Hanahan and
Weinberg, 2000). The six hallmarks of cancer preddsy these authors in 2000 include:

1) Self-sufficiency in growth signals. In order to gra@and proliferate, normal cells
require the binding of growth signals to transmesmber receptors and the subsequent
activation of intracellular signal transduction cages that culminate in a pro-growth
cellular response. Tumor cells can reduce the dbpey on exogenous signals by
different means, such as producing their own grosighals (e.g., platelet-derived growth
factor (PDGF) (Furuhaslat al., 2004)) and overexpressing growth signal recefeis,
human epidermal growth factor receptor 2 (HERZ2)i (&bal., 2011)), thus breaching
homeostasis and achieving abnormal growth rates.

2) Insensitivity to antigrowth signals. Besides groveignals, a normal cell is also
exposed to antigrowth signals from the environmekd. the name suggests, these
molecules act as antiproliferative signals, indgcieither a quiescent state or cell

differentiation. Deregulation of proteins involvad signaling pathways transducing
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antigrowth signals is often found in cancers angallg such proteins are intimately related
with cell cycle progression. One example is retlastoma-associated protein (Rb), a
major transducer of antigrowth signals that inlsilitanscription factors, preventing cell
cycle progression (Jonssenal., 2012).

3) Evasion of apoptosis. Together with proliferatiates, the life span of a tumor cell
is an important determinant of the overall tumaoguession. Apoptosis is the cell death
pathway commonly activated to maintain tissue hastesis, but cancer cells seem to be
resistant to this mechanism. Alterations in apoptotediators are extremely abundant in
cancers. Amongst such mediators, p53, a tumor sgppr also known as “guardian of the
genome” due to its function when DNA damage occigsirequently found to suffer
different deregulations (Malkiret al., 1990; Pogribny and James, 2002), preventing
activation of the apoptotic cascade.

4) Limitless replicative potential. Within a normalssue, cells undergo a finite
number of replications, after which they becomeeseant. This event can be explained by
the existence of telomeres, thousands of shortentide sequence repeats protecting the
ends of chromosomes. During each replication cydieomosomes lose telomeric DNA,
resulting in a progressive telomere shorteningughout cell life that eventually leads to
death (Londono-Vallejo and Wellinger, 2012). Howeueamor cells appear to undergo
unlimited replications, thanks to the expression fafictional telomerase, the DNA
polymerase that adds DNA sequence repeats to tlend of chromosomal DNA for
telomere maintenance, which is almost absent imabcells (Chen and Chen, 2011).

5) Sustained angiogenesis. A critical step in tumagpession is the maintenance of
the expansion rate. As the tumor becomes larger,irther cells of the tumor mass
experience unfavorable conditions and often die wu¢he lack of blood supply that
enables delivery of nutrients and oxygen, as weleanoval of waste products and carbon
dioxide. In order to surpass short blood supply &maontinue to grow, tumors must
activate an “angiogenic switch” and induce angi@ges) the process of blood vessel
formation from quiescent blood vessels (Hanahan Roldman, 1996). Under hypoxic
conditions, hypoxia-inducible factor 1 (HIF-1), deterodimer possessing an oxygen
sensor subunit (HIF€), is responsible for prompting angiogenesis inesav human
cancers via transcription factor activity that fesuin overexpression of vascular

endothelial growth factor (VEGF); VEGF is a majopgth signal that binds to tyrosine
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kinase receptors of endothelial cells, stimulapngliferation and generation of new blood
vessels (Semenza, 2000). Both oxygen deprivatidnwéski et al., 1992) and genetic
alterations causing increased activity of HIF-1 @Wall et al., 1999; Raviet al., 2000)
seem to be two reasonable mechanisms behind amgisigen tumors.

6) Tissue invasion and metastasis. This pivotal stejuiinor development comprises
the escape of tumor cells from the initial tumorssjathe invasion of other tissues
(adjacent or distant), and the settlement of nelontes: metastatic or secondary tumors.
The fifth hallmark is intrinsically connected withe metastatic process providing the main
route for primary tumor cells evasion and displaeetm(Zetter, 1998). Cancer cells that
acquired this capability often present loss of rooles mediating cell-cell adhesion (e.g.,
cadherins (Yoshid&t al., 2001)). Other feature that enhances the invagotential of
tumor cells is the upregulation of matrix metalloiginases (MMPs) (Laflelet al., 2005;

Kryczkaet al., 2012), zinc-dependent extracellular matrix-degrggbroteases.

These functional capabilities are attained throagultistep tumorigenic process driven
by the accumulation of genomic alterations, but paeticular lesion may give rise to
several capabilities at the same time (HanahanNagidberg, 2000).

Four years later, Dunn, Old, and Schreiber propaseseventh hallmark of cancer:
avoidance of immunosurveillance (Dudral., 2004). In truth, highly immunogenic cancer
cells can be detected and destroyed by the immysters, but the remaining ones are
spared due to their weak immunogenic phenotype (nuediting) and ability to
dismantle components of both arms of the immuntesy¢Dunnet al., 2004).

In 2008, Guido Kroemeand Jacques Pouyssegur discussed the complexciidas
between these seven hallmarks and tumor cell miabdKroemer and Pouyssegur,
2008). Many tumor cells undergo a “metabolic switchwhich their energy production is
highly limited to glycolysis instead of mitochonalrioxidative phosphorylation even in
normoxic conditions, a concept brought up by OttarlMirg many decades ago (Warburg,
1956). Underlying this metabolic reprogramming aspong others, the upregulation of
glucose transporters and enzymes of the glycobgtbway (Jones and Thompson, 2009).
Last year, Hanahan and Weinberg (2011) revisiteelr tformer list of hallmarks,
highlighted the importance of tumor microenvironmen the carcinogenic process,

included the mechanisms that have been discusstw imeantime, and considered new
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hallmarks: genome instability and mutation, and dtipromoting inflammation. The first
refers to the acceleration in the accumulation atations by the cancer cell through a
variety of mechanisms, such as the collapse of Didfage sensors or DNA damage
repairing machinery (Jackson and Bartek, 2009). Sduond, explores the ability of tumor
cells to induce an inflammatory response in theawmicroenvironment, that promotes
several steps of the carcinogenic process; inmateune cells play here an important role
by releasing reactive oxygen species (ROS) andthréaetors in the vicinity of the tumor
(Qian and Pollard, 2010).

Figure 1 illustrates the establishment of cancdmaaks throughout the years as result of
the incessant research on this subject.

Sustaining Evading
proliferative growth
signaling SUppressors

Avoiding

immune
@mructign

Deregulating

Resisting Enabling
cell replicative
death immortality
Genome Tumo;-
instability & _ promohn_g
mutation inflammation
Inducing Activating
angiogenesis invasion &
metastasis

Figure 1. Cancer hallmarks established over the pasdecade. The 2011 up-to-date Hanahan and
Weinberg’s scheme enclosing: the six acquired faks of cancer cells (sustaining proliferative sigm,
evading growth suppressors, resisting cell deaihiblng replicative immortality, inducing angiogeis and
activating invasion and metastasis) initially prepd by these authors in 2000; a seventh hallmadidiag
immune destruction) recommended by Dunn and callesagn 2004; the deregulated cellular energetics
integrated by Kroemer and Pouyssegur in 2008; amdednabling characteristics (genome instability and
mutation, and tumor-promoting inflammation) added Hlanahan and Weinberg in 2011. Adapted from
Hanahan and Weinberg (2011).
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1.1.2. Target mechanisms in cancer therapy

The compelling body of research and knowledge aptished in the past decades lead to
a better understanding of carcinogenesis and thiecwmar mechanisms behind it, and
concomitantly to the progress in identifying novatgets for mechanism-based targeted
therapies in human cancers. These therapies tgpgeific key molecules that are involved
in aberrant signaling pathways, thus modulatindif@ration, differentiation, and death of
cancer cells (Cattley and Radinsky, 2004). Suchkifipy can bring advantages for cancer
treatment, as it is expected to show more effeatesilts in cancer cells than current
treatment approaches and less harmful effects amalaells. As is already apparent, the
mechanisms underlying cancer hallmarks offer aitracherapeutic targets and, in the
next sections, two of these mechanisms — cell cguobe apoptosis — will be described in
more detail and some targeted therapies explditiem will be enumerated.

1.1.2.1.Cdl cycle

Mammalian cell proliferation consists of repeatetl cycles that are divided in two main
stages: mitosis (M), the process of nuclear dinisend interphase, the period from the end
of one mitosis to the beginning of the next onetoSis is subdivided in prophase,
metaphase, anaphase, and telophase, whereas aserpbmprises {dgrowth phase), S
(DNA synthesis phase), and, Ggap phase) phases (Norbury and Nurse, 1992). Non-
proliferating cells, which accounts for the majprdf cells in the human body, enter a
quiescent state at;Ghat prevents further divisions — they Ghase. As many other
processes, cell cycle is strongly regulated bydewiumber of proteins.

Progression through the cell cycle is controlled dwtive protein kinase complexes,
composed of a catalytic cyclin-dependent kinase KCB family of serine/threonine
protein kinases) and a regulatory cyclin. Throudhitve cell cycle, CDK protein levels
remain steady, but cyclin protein levels oscilldtee to cyclic synthesis and degradation,
leading to a periodically activation of CDKs (Pinel995). Consequently, CDKs are
sequentially activated by specific cyclins durindgfedtent phases, inducing cell cycle
progression by phosphorylation of downstream pnstérigure 2).

CDK activity can also be counteracted by CDK intuks (CKIs) from two distinct
families: Cip/Kip (for CDK interacting protein/kisa inhibitor protein), which includes
p21°PL p27P1 p57P% and Ink4 (for inhibitor of cyclin-dependent kirad (Cdk4)), that
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Figure 2. General scheme of the main cell cycle pbas of mammalian cells and its key regulator§.he
specific CDK/cyclin associations required in eaeli cycle phase and the CKls that negatively reigulbe

main drivers of cell cycle progression. AdaptedrfrBusteret al. (2010).

comprises p1B“2 p18™* p18™ic p1d™d The Cip/Kip proteins interact with and
inhibit various CDKl/cyclin complexes (Harpet al., 1995), whereas Ink4 proteins
specifically bind to G CDKs, preventing their association with cyclin Dafnero and
Hannon, 1998) (Figure 2). In turn, CKis are regedaby different internal and external
signals. For instance, p2?% expression is transcriptionally activated by themor
suppressor p53 when DNA damage is detected (el@eial., 1993) and the expression
and activation of p15“* and p2#**, respectively, are influenced by transforming grow
factorp (TGF) (Reynisdottiret al., 1995).

In addition, CDK activity is regulated by phosphlatyon/dephosphorylation on conserved
threonine and tyrosine residues. For example, Wikelprotein kinase (Weel) and
membrane-associated tyrosine- and threonine-specific2-inhibitory kinase (Mytl)
inactivate cyclin-dependent kinase 1 (Cdkl) by dywe-15 and/or threonine-14
phosphorylation, and dephosphorylation of thesessg required for re-establishment of
Cdk1 activity, which is mediated by phosphataseshefcell division cycle 25 (Cdc25)

family (Medema and Macurek, 2012). Besides thesdecntes, others involved in
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different signaling pathways (e.g., PISBK/Akt/mTORLtipwvay) can interact and modulate
the cell cycle machinery.

Investigation of cell cycle deregulations in the@ar context resulted in the development
of some agents that target components of thesavagsh Alvocidib is a small molecule
that inhibits CDKs, inducing cell cycle arrest (Laed Sicinski, 2006). NVP-BEZ235, an
imidazo [4,5€] quinoline derivative, induces@rrest by targeting the ATP-binding cleft
of PI3K (for phosphatidylinositol 3-kinase) and mRO(for mammalian target of

rapamycin), whose activity is frequently alterechibman cancer cells (Maighal., 2008).

1.1.2.2 Apoptosis

Apoptosis, also known as programmed cell deatla, ¢®ntrolled type of cell death that
plays an important role in tissue homeostasis. Triscess occurs in physiological
conditions (e.g., embryonic development, normal wehover), but also as a response to
pathological conditions (e.g., immune reactions) eell injuries (e.g., radiation, hypoxia,
harmful chemical agents) (Norbury and Hickson, 200Apoptosis is generally
characterized by distinct morphological and bioctvaincharacteristics. These hallmarks
of apoptosis include expression of phosphatidytee(PS) in the outer layer of the cell
membrane, cell shrinkage, retraction of pseudopoalsiding up of the cell, membrane
blebbing, ultrastructural modification of cytoplasnorganelles, chromatin condensation,
DNA fragmentation, and loss of membrane integryogemeret al., 2005). At the end of
the apoptotic process, the cellular content iscm®d into apoptotic bodies (“budding”),
which are subsequently engulfed and degraded bgqgalytic cells. Due to the restriction
of the cellular constituents in apoptotic bodiég tapid phagocytosis of apoptotic remains
by surrounding cells and the absence of anti-infieory cytokines production by the
latter cells, apoptosis is in essence not assacwith inflammatory reactions (Kurosaka
al., 2003). Another feature of apoptosis is the attvaof a group of enzymes belonging
to the caspase (cysteine-aspartic acid proteaseilyfahat function as initiators and
executioners of the apoptotic process (Laetikl., 2005). The activation of caspases can
occur through two major pathways (Figure 3).

The extrinsic or death receptor pathway is trigdesden external signals bind to surface
cell death receptors (e.g., tumor necrosis faditiH), Fas ligand (FasL), and TNF-related
apoptosis-inducing ligand (TRAIL) bind to TNF reteqs, TNF receptor superfamily
member 6 (Fas), and TRAIL receptors, respectivéigngartner, 2001). Then, the
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Figure 3. The intrinsic and extrinsic pathways to aspase activation in apoptosisictivation of caspase 9
by apoptosome complex and caspase 8 by DISC conaglexresult of the triggering of mitochondrial and
death receptor apoptotic pathways, respectivelg. ifliiator caspases 8 and 9 cleave procaspasadinb

to the activation of an executioner caspase casttateends in apoptosis. Members of the Bcl-2 famil
modulate apoptosis through the control of mitochi@dCyt ¢ release. Extracted from MacFarlane and
Williams (2004).

intracellular domain of death receptors recruitaper proteins, such as TNF receptor-
associated death domain (TRADD) or Fas-associatathddomain (FADD), as well as
procaspase 8, forming a ligand-receptor-adapteiejpraomplex, named death-inducing
signaling complex (DISC), that activates the indracaspase 8 (Schneider and Tschopp,
2000).

On the other hand, the intrinsic or mitochondriathpvay integrates various intracellular
signals (e.g., irreparable DNA damage, hypoxia,esevoxidative stress) that cause
mitochondrial permeability and release of pro-aptptmolecules, such as cytochrome ¢
(Cyt c) into the cytoplasm. Once released, Cyt rdbito apoptotic protease-activating
factor 1 (Apaf-1), which in turn recruits procaspe® resulting in the formation of the
apoptosome complex and activation of the initi@@spase 9 (Kroemet al., 2007). The

release of Cyt ¢ from the mitochondria is partlguiated by B-cell lymphoma protein 2



INTRODUCTION

(Bcl-2) family members, with anti-apoptotic (e.dBcl-2, Bcl-2-related protein, long
isoform (Bcl-X)) and pro-apoptotic (e.g., Bcl-2-associated X @irot(Bax), Bcl-2-
antagonist/killer 1 (Bak), BH3-interacting domaieath agonist (Bid)) activity (Reed,
1997).

Each pathway culminates in the activation of agwhtic cascade involving the sequential
breakdown of procaspases 3, 6, and 7, and hengeattizzation, by the corresponding
initiator caspases. This execution phase leadhéocteavage of downstream cellular
substrates that in part explain the biochemical amorphological changes during
apoptosis.

Alternatively, a third less well-known apoptotictpaay can occur, in which it is believed
that caspase 12 is activated by the adapter prdibiR receptor-associated factor 2
(TRAF2) as a result of an injured endoplasmic i (O'Brien and Kirby, 2008). In
addition, DNA damage can lead to apoptotic deatbutih a p53-dependent pathway. The
pro-apoptotic proteins Bax, phorbol-12-myristateat@tate-induced protein 1 (Noxa), and
Bcl-2-binding component 3 (Puma) were describedtrasscriptional targets of p53.
Alternatively, p53 can also activate death receptmd repress anti-apoptotic proteins
(Amaralet al., 2010).

Some of the described constituents of the apopt@srades have been pivotal for the
design of new therapies. Anti-apoptotic membershete cascades are promising targets
for new therapeutic agents, as ABT-737, a smalkecwde capable of inhibiting the activity
of Bcl-X,. through binding to its BH3 groove (Stauffer, 200@nd Oblimersen, an
antisense oligonucleotide that inhibits the expogssf Bcl-2 by blocking the translation
of its mMRNA (Moreiraet al., 2006). Mapatumumab, a fully human agonistic mtmoad
antibody, is another therapeutic alternative thad$ and activates TRAIL-R1 (for TRAIL
receptor 1) to induce apoptosis (Carlo-Stetlal., 2007). The induction of p53-dependent
apoptosis can also be achieved with PRIMA-1 (foB pBactivation and induction of
massive apoptosis) and MIRA-1 (for mutant p53 fgatbn and induction of rapid
apoptosis), two compounds that reactivate the fomodbf mutant p53 (Selivanova and
Wiman, 2007), and with Nutlin-3 that binds to MdnjZuman homologue of murine
double minute 2, a negative regulator of p53) ambits the binding and ubiquitination of
p53 (Vassilev, 2007).

10
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1.2. Osteosarcoma

1.2.1. Bone physiology

Throughout life, bone tissue undergoes differentpsses. Longitudinal and radial growth
of bones occurs mainly during childhood and ad@ese, a rapid growth phase in an
individual's life. The process of bone modeling dolge of the general bone shape
influenced by physiological or mechanical forces)l done remodeling (bone renewal to
maintain mineral homeostasis and bone strengthalaeimportant for safeguarding the
health and performance of skeleton (Clarke, 2008pne way or another, these critical
processes are dependent on the action of two aetigpes: osteoclasts and osteoblasts.
Osteoclasts are cells capableresorbing bone, which is essential for the rema¥aild,
microdamaged bone tissue. These cells bind to oaix and secrete Hions and
acidified vesicles containing MMPs, cathepsin Kd ather enzymes (Teitelbauah al.,
1995). The resorption area is limited by osteoslasirough a rearrangement of its
cytoskeleton that forms a sealing zone wherein dbgradation of bone tissue occurs
(Vaananeret al., 2000).

In contrast, osteoblasts are responsible for faomadf new bone matrix on appropriate
surfaces. Osteoblasts are generated from osteaptogecells that descend from
mesenchymal stem cells, and amongst osteoblaststifins one can count: synthesis of
bone matrix components, such as collagen-relatedteips; regulation of the
mineralization process of bone matrix via releaseesicles that concentrate calcium and
phosphate; and destruction of mineralization irtbilsi, such as pyrophosphate or
proteoglycans (Anderson, 2003). After bone fornmati60-70% of osteoblasts undergo
apoptosis (Clarke, 2008).

Bone remodeling is particularly highly dependenttioa coupled action of osteoclasts and
osteoblasts that sequentially remove old bone aepthee it with newly synthesized and
mineralized bone matrix. Thus, any imbalance in dlséeoblast physiology may cause

severe damages in the bone structure.

11
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1.2.2. Osteosarcoma: epidemiology, clinical aspegctdiagnostic methods, histologic
features, and etiology

Osteosarcoma (OS) or osteogenic sarcoma is a primaalignant bone tumor
characterized by the formation of immature bonesteoid (the unmineralized, organic
component of bone matrix) by tumor cells.

This tumor is the most frequent primary bone samorepresenting around 20% of all
bone tumors, and the most common primary maligrorte tumor in children and
adolescents (Marinet al., 2004; Tanget al., 2008). Nevertheless, OS is considered a rare
disease, accounting for only 0.2% of all malignambors (Greenleet al., 2001). OS has a
bimodal age distribution, with a first and largerag incidence during the second decade of
life (the adolescent growth spurt) and a minor sdqoeak in elderly adults (Marireh al .,
2004). Children and adolescents represent approeiyn@d5% of OS patients (Picci, 2007)
and boys are more frequently affected than girlar{iva et al., 2004). A slightly higher
incidence of OS in African-American children thamGaucasian children is also reported
(Marinaet al., 2004). In 80-90% of cases, OS occurs in long laroones and is usually
originated in the metaphysis. Children, adolesceautsl young adults affected with this
malignant disease normally present high-grade tanmoriong bones of the extremities
(rapid bone growth areas), including femur, tiiiad humerus (Marinet al., 2004; Tang

et al., 2008; Gorlick and Khanna, 2010). In the secondp®&k incidence, corresponding
to individuals over the age 60, low-grade tumoestgpically found in axial sites (Gorlick
and Khanna, 2010). These differences may sugg#stetit underlying mechanisms for
the development of OS in younger and older patients

The most common and early symptom of OS (2-4 mooéifisre diagnosis) is pain, caused
either by the stretching of the periosteum or bdekerioration due to stress fractures, and
generally arises after vigorous physical exercistauma (Marinaet al., 2004; Taet al.,
2009). Some patients complain about swelling, eelab soft tissue extension, and rare
systemic symptoms as weight loss, pallor, feved, @morexia can also be reported (Picci,
2007). In 80% of cases, conventional OS is locdline one bone site, presenting
metastases in about 20% of patients €T al., 2009). Still, a great percentage of patients
with localized OS (80%) develop metastatic disesft®r surgical resection, which means
that almost all OS patients are affected by meiastésease (Marinat al., 2004). The
most frequent metastatic site is the lung, withoséary tumors occurring in this organ in

12
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approximately 90% of patients with metastatic O®ndhi et al., 2003; Gorlick and
Khanna, 2010). Besides lung, bone metastasessrea@mnmon, generally appearing after
pulmonary metastases are already establishedt @a 2009). However, the occurrence of
multiple bone metastases may actually reflect rmakdl primary tumors (Marinat al.,
2004). “Skip metastases” (outside the reactive zbaewithin the same bone or across the
neighboring joint) and lymph node metastases am (Baet al., 2009) and metastatic
disease at OS recurrence can affect the centrabuersystem (Marinat al., 1993), as
well. Death in OS patients is usually caused bygmssive pulmonary metastasis that
leads to respiratory failure (Marirtal., 2004).

The initial imaging diagnostic modality for OS i®mamonly radiography, showing
sclerotic, lytic or mixed lesions in the affectednle with periosteal elevation and often
production of soft tissue swelling (Picci, 2007)th€ important diagnostic methods
include computed tomography and magnetic resonameging, which are useful to
predict the tumor extension and determine surgieakection (Panicelet al., 1997).
Elevated levels of alkaline phosphatase and lactekgdrogenase have been reported to
have prognostic significance (Mariegal., 2004; Picci, 2007). Biopsy of the affected area
for confirmation is a mandatory step in diagnosis.

Conventional OS consists of primary intramedullaigh-grade sarcoma and presents a
wide spectrum of histologic appearances that sbam@mon characteristics: proliferation
of malignant mesenchymal stem cells and producaifdsone and/or osteoid (Marimhal.,
2004). Histologically, the World Health Organizaticlassifies conventional OS in three
major subtypes - osteoblastic, chondroblastic, difmloblastic - that reflect the
predominant type of matrix in the tumor, as well the mesenchymal origin of the
malignant cells and their ability to differentiatgo various cell types (Raymord al.,
2002). Osteoblastic OS is found in 70% of converdidS cases (Targ al., 2008) and

Is characterized by the production of osteoid anebas the main type of matrix and the
presence of malignant plasmacytoid to epitheliogleoblasts (Marinaet al., 2004).
Chondroblastic and fibroblastic OS tumors accownt 0% of conventional OS, each
(Tanget al., 2008). The first subtype shows mostly chondroatrm with malignant cells
within the lacunae, while the second subtype ismmsrd of malignant spindle cells with
scarce osteoid (Marinat al., 2004). In addition to the conventional OS subsype

anaplastic, telangiectatic, giant cell-rich, andalincell OS are recognized as rare OS
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subtypes (Tangt al., 2008). Despite the variety found between patsamhples and even
within a single tumor, the clinical behavior of @Besn't seem to be affected by this
divergence.

The current understanding of OS etiology is stilited. Because the major peak incidence
coincides with the adolescent growth spurt, it éidved that the occurrence of OS is
correlated with rapid bone growth. This is suppdbibg the fact that girls have an OS peak
incidence a little earlier than boys, correspondingthe earlier age of growth spurt
(Rytting et al., 2000). Exposure to radiation is the only wellabgdished environmental risk
factor already associated with OS (Weathestogl., 1981; Market al., 1994), but the long
period between radiation exposure and tumor appeard0 to 20 years) suggests that this
is not relevant for the development of most coneeral OS tumors. Yet, radiation can be
responsible for the appearance of rare OS casatuits and the development of secondary
OS in individuals that received radiation therapy treatment of certain primary tumors
(Tanget al., 2008). Orthopedic implant-related OS has alsmlveported in a few patients
(Keel et al., 2001). Furthermore, several human genetic dissrdaed familial cancer
syndromes are linked with higher incidence of OBEFlaumeni syndrome, an autosomal
dominant disorder characterized by a germline rartabf TP53, which encodes p53;
Rothmund-Thomson, RAPADILINO, and Bloom syndromestosomal recessive
disorders associated with mutationsRECQL4 (in the case of the first two syndromes)
and BLM (in the case of Bloom syndrome), genes encodingQR®NA helicases;
hereditary retinoblastoma, caused by a mutaticiménRb tumor suppressor gene; among
others (Calvertt al., 2012). OS tumors observed in older age indivisigah also relate to
Paget's disease (Picci, 2007).

1.2.3. Pathogenesis of osteosarcoma

The underlying molecular mechanisms of OS pathagierere characterized by a vastly
heterogeneous array of genomic abnormalities, whiaeimpers the identification of
consensus changes in the development of this naaligonmor.

High levels of genomic instability, particularlyr@dmosomal instability (CIN, elevated rate
of gain or loss of entire chromosomes or sectidrchmmosomes), are often found in OS
tumors (Selvarajalet al., 2006). Numerical CIN (caused by mitotic erroregmental
amplifications/deletions) usually leads to geneycopmber alterations, whereas structural

CIN (resultant from failure in DNA damage respomsechanisms or replication errors)
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promotes additional genomic rearrangements anchabsomal breakages. Such variety of
outcomes in CIN results in complex and diverse rabens among OS patients (Margh
al., 2012). Among the most commonly observed numeabalormalities in OS, one can
count gain of chromosome 1, loss of chromosomesl®, 13, and/or 17, and
partial/complete loss of the long arm of chromosdnevhilst structural abnormalities
include rearrangements of chromosomes 11, 19, &hdMarina et al., 2004). CIN-
dependent or -independent genetic alterations foindonventional OS consist of
amplifications, deletions, mutations, or loss otehezygosity affecting diverse tumor
suppressors (e.g., RecQ4, B1®8, p18™*) and oncogenes (e.g., Cdk4, Mdm2) (Masin
al., 2012). Variation in the DNA methylation profilé genes encoding these same proteins
is described in OS tumors, as well (Sadikaatial., 2008a).

Nevertheless, within this lack of consistency régdiin genetic alterations of different OS
tumors, the importance of the tumor suppressors g8 Rb in OS pathogenesis was
underlined by several studies. AlterationsT®63 by point mutations are present in 30%
of OS tumors (Papachristou and Papavassiliou, 20@Hile deletion or loss of
heterozygosity has a frequency of approximately 40Aartin et al., 2012). Functional
inactivation of p53 at the post-translational lewahnot be forgotten, since the oncoprotein
Mdm2, a p53 inhibitor that promotes its degradatiand downregulation of its
transcription, is frequently amplified in OS megtssis and at OS recurrences (Mideal .,
1996). RB1, the gene encoding Rb, presents mutations and débsketerozygosity
associated with inactivation of Rb in 50% of OS tum (Wadayamaet al., 1994).
Together with the amplification of Cdk4 gene found10% of OS cases (Martiet al.,
2012), Rb inactivation leads to an uncontrolled ogicle through &GS progression.
Additionally, inactivation of p53 and Rb causes Gi\vivo (van Harnet al., 2010). The
association of p53 and Rb with OS is further sumgubrby the high risk of OS in
individuals carrying a germline mutation ©®53 or RB1 (Calvertet al., 2012).

As for the potential cancer cell responsible for @S/elopment, our understanding is
rather restricted. OS arises from mesenchymal tledls have or acquire the capacity to
produce osteoid (Gorlickt al., 2003). OS tumors exhibit osteoblast-like featuleg the
presence of distinct histologic forms of OS andlih@ad range of differentiation status of
OS cells (highly differentiated, poorly differertga, undifferentiated) suggest that the cell

of origin is preosteoblast and retains the potéfarapluripotent differentiation (Gorliclet
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al., 2003; Haydonet al., 2007; Gorlick and Khanna, 2010). Actually, emeggidata
suggest that OS should be regarded as a diffetientidisease caused by genetic and
epigenetic alterations that disrupt differentiatimnmesenchymal stem cells (Tasial.,
2008). Several signaling pathways, such as windigss (Wnt), bone morphogenic
protein (BMP), and Hedgehog (Hh), play an importaoie in regulating osteogenic
differentiation (Yuasat al., 2002; Zhouet al., 2008). Transcription factors are also key
regulators of this process. Among them, runt-reldtanscription factor 2 (Runx2) is a
central player in osteogenic lineage commitment &rdhinal differentiation, and its
transcription regulation and activity are complexdjfected by numerous signaling
pathways (including the ones described above)raot®en with Rb, and epigenetic
modifiers (Lianet al., 2004; Tanget al., 2008; Martinet al., 2011). The disruption of
Runx2 signaling by these interactors may interiegitoblast differentiation arlRUNX2
overexpression resulting from gain and amplificatf chromosome 6pl2-p21, which
encompasses tHRUNX2 gene, is also probably involved in this pathogen@aionet al.,
2009; Martinet al., 2011).

1.2.4. Conventional treatment approaches in osteasama

Surgical resection of localized OS tumors is cruéia the treatment of this disease.
Currently, the surgical strategies to deal with @8lude amputation, limb salvage
(removal of tumor without amputation, with subsetjueeplacement of bones and joints
with allografts or prosthetic devices), and rotafilasty, being limb salvage the choice for
80-90% of patients (Picci, 2007). However, surgtcaatment alone frequently fails in the
eradication of OS because high-grade OS patientmllyspresent micro-metastases
(Marina et al., 2004). When surgery is not practicable, radi@pgrcan be used, but
presents limited effects (Picci, 2007). During thst three decades, the development of
chemotherapeutic agents, as well as the efficientbination of chemotherapy regimens,
improved the outcome for patients with OS. In fabgfore the use of effective
chemotherapy, surgical resection and/or radiotheceyy allowed 2-year overall survival
rates of 15-20% (Gorlicket al., 2003; Marinaet al., 2004). Nowadays, multimodal
treatment programs are frequent, in which chemathers not only applied after surgery,
but also as a pre-surgery tool (neoadjuvant cheanapty) (Gorlicket al., 2003). The most
common chemotherapeutic agents used in OS treatarentDoxorubicin, Cisplatin,

Ifosfamide, and Methotrexate, generally used in lwoation, and the mechanisms of
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action of these drugs are described in Table 1ethugs, such as taxanes, may be used to
sensitize cancer cells to conventional chemothettapagents.

When metastatic OS occurring in the lung is diagdpthe nodules should be resected and
pre- and post-operative chemotherapeutic treatstenild be the same as that for patients
with localized disease (Picci, 2007). In the calsmetastatic OS located in other sites, the
probability of tumor eradication is less than 5%acBi et al., 2003). Unfortunately,
treatment failure is rather common in metastatitepgs and recurrence of OS located in
the lung occurs in 90% of them (Gorliekal., 2003; Picci, 2007).

Although the integration of chemotherapeutic agentsOS treatment programs has
contributed to the achievement of better overatVisal rates, recurrence of OS is still a
major problem (Chou and Gorlick, 2006). The failwe current treatments suggests
acquired resistance to chemotherapy and/or abdftymetastatic cells to develop a

protective microenvironment in the lung (Gorlieikal ., 2003).

Table 1. Mechanisms of action of conventional chertiterapeutic agents used in osteosarcoma
treatment. Adapted from Taet al. (2009).

Agent Mechanism of action

Doxorubicin Intercalates at point of local uncogliaf the DNA double helix and
inhibits the synthesis of DNA and RNA

Cisplatin Binds directly to tumor DNA and inhibitse synthesis of DNA through

the formation of DNA cross-links

Ifosfamide Causes crosslinking of DNA strands, laiting the synthesis of DNA

and protein

Methotrexate Inhibits the synthesis of purine and thymidylicdaby binding
dihydrofolate reductase

1.2.5. MG-63: anin vitro model for osteosarcoma

The past few decades have been prolific in the Idpugent of cell isolation and culturing
techniques, conducting to the emergence of multigle culture models. The use of cell

lines allows the study of general cell biology, dnmpatibility testing, drug discovery,
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among others. In particular, cancer cell lines Hasen a useful instrument towards a better
comprehension of this malignancy, and the subsequdEntification of promising
therapeutic agents and novel targets for spedikcapies (Masters 2002; Sharetaal.,
2010). In general, OS cell lines derived from patisamples retain many markers of the
osteoblast phenotype (Pautkeal., 2004), but their altered molecular background and
their high proliferative rates explain the selectad these cell lines an vitro OS models.
The human OS MG-63 cell line is derived from a ®arg old Caucasian male and is
deposited in the American Type Culture Collecti&T CC) center. In culture, these cells
develop as an adherent monolayer, present a fdstbke morphology, and require 48 h
for one population doubling (Mohsemyal., 2011). MG-63 cells size is approximately 1/6
of the size of normal osteoblasts in culture amshtr@arily to normal osteoblasts, MG-63
cells do not vary their cell size dependent on delisity and do not show branching cell
processes (Pautletal., 2004).

A molecular characterization with immunohistocheahiand genetic data from MG-63
demonstrated that these cells present disturbdhataffect important signaling pathways.
A homozygous deletion @DKN2A, the gene coding for cyclin-dependent kinase iidrib
2A (also known as p1%*), was found in these cells (Ottaviamo al., 2010). The
complete deletion cEDKN2A may have serious effects on carcinogenesis, §ih6&“?is

no longer available to performiGell cycle control through the inhibition of Cdk4.
Moreover, MG-63 cells presented a wild-typ®53 and a normal chromosomal band
17p13.1 (harboring th&P53 gene); however, levels dP53 transcripts were found to be
extremely low and p53 protein was not detectableirhynunohistochemical staining
(Ottaviano et al., 2010). The downregulation of p53 can be explain®d post-
transcriptional regulation mechanisms of this protévogelstein et al., 2000), but
rearrangements a@iP53 can also lead to the absencelBb3 transcripts in th@P53 wild-
type cell line MG-63 (Chandaat al., 1992). The lack of p53 may lead to uncontrolled
proliferation of these OS cells, due to its crucaeé in cell cycle and apoptosis, as well as
in other relevant pathways. In addition, the imaottrole of Runx2 is not limited to
osteoblast lineage determination and differentigtlmut a cell cycle-dependent expression
of RUNX2 is required for the regulation of cell cycle preggion at @ in osteoblasts
(Galindoet al., 2005). In MG-63 cells, Runx2 protein levels aomstitutively expressed

throughout the cell cycle (Lucer al., 2012), suggesting the involvement of this protein
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in the disrupted proliferative mechanism of this @8del. Furthermore, Sadikovic and
colleagues reported that MG-63 present genomic lemnioa, different DNA methylation
profiles, and changes in gene expression when c@mudpao normal osteoblasts,
particularly showing hypomethylation and gain of -@fated genes accompanied by
overexpression of these genes (Sadikevat., 2008b).

Overall, the genetic scenario commonly found in @8ents and shared by MG-63 cells

makes this cell line a representatinevitro model of OS.

1.3. Sulforaphane

1.3.1. Cruciferous vegetables, glucosinolates, arsbthiocyanates

Research on the action of bioactive constituentplahts has shown, during the last
decades, their anti-carcinogenic properties andlespiologic studies confirm that
consumption of fruits and vegetables, particularlyciferous vegetables, may decrease the
frequency of certain cancer types (Beliveau andy@is, 2007; Hayet al., 2008).
Cruciferous vegetables belong to the Brassicacadyf (formerly known as Cruciferae),
and include economically important plants, as bobcccabbage, cauliflower, kale,
bokchoy, Brussels sprouts, radish, and mustardson§nthe phytochemicals that can be
found at high concentrations in cruciferous vedgetwbs the group of glucosinolates
(GLSs). This well-characterized group is respormsibk the bitter or hot taste intensively
present in mustard, radish, and horseradish (Hetyas 2008). GLSs arf-thioglucoside-
N-hydroxysulfates that when enzymatically hydrolyzsy the action of myrosinas@-(
thioglucoside glucohydrolase) originate differerampounds (Fimognari and Hrelia,
2007), as illustrated in Figure 4. One of the passproducts of GLSs hydrolysis is a
group of bioactive sulphur-containing compoundsned isothiocyanates (ITCs). GLSs
and myrosinase are stored in separate cell compatsnand their release is triggered by
cell damages, such as microbial attack, insect gpienl and food processing (e.g.,
chewing, cutting, boiling) (Fimognari and Hrelig)®7). However, recent data show that
GLSs hydrolysis can also be mediated by the migrafbf the mammalian gastrointestinal
tract (Laiet al., 2010). This means that besides the GLSs convesiourring before the
digestive process, further formation of ITCs maketeplace by myrosinase of the

gastrointestinal tract microflora.
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Figure 4. Bioconversion pathway of glucosinolatesThe hydrolysis of GLSs catalyzed by myrosinase
results in glucose release and formation of ambistintermediate compound (R-C(-SH)=N-03;30Qwhich,
dependent on the reaction conditions, can origilib@s, nitriles, or oxazolidine-2-thiones, amondpers.

Extracted from Fimognari and Hrelia (2007).

1.3.2. Sulforaphane and cancer

Considerable research interest has been givenernpéist years to one particular ITC
compound — sulforaphane (SFNjsbthiocyanated-(methylsulfiny)-butane) — due to the
variety of exerted anti-cancer effects (Claekal., 2008). SFN is the hydrolysis product of
the GLS precursor glucoraphanin(@ethylsulfiny)butyl glucosinolate) (Figure 5) and is
found at particular high levels in broccoli and d¢woli sprouts (Fahest al., 1997).

The great interest in SFN is related to its abitily simultaneously modulate multiple
cellular targets involved in different stages ohoar development that include: DNA
protection by modulation of carcinogen-metabolizimpzymes; inhibition of cell
proliferation and induction of apoptosis; and intidm of tumor angiogenesis and
metastases formation. Therefore, SFN is able tegptecancer initiation, as well as act on
cancer cells as a therapeutic agent (FimognarHaatia, 2007).

The basis for anti-cancer SFN effects rely on tigally electrophilic central carbon in the -

N=C=S group. This structural feature enables SFMinal to proteins and modify their
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Figure 5. Enzymatic conversion of glucoraphanin tosulforaphane and the respective chemical
structures. Extracted from Cwilet al. (2010).

function, controlling various physiological processincluding the ones directly involved
in the cancer phenotype (Fimognetral., 2012). Another interesting property of SFN that
makes this ITC a promising candidate in canceragneis the lack of systemic toxicity. A
phase | clinical study evaluated broccoli sproutpprations of GLSs (25 to 100 uM) and
ITCs (25 uM), mainly containing SFN, and no sigrafit cytotoxicity was observed with
any of the preparations (Shapaial., 2006). Moreover, than vitro andin vivo effects of
SFN lead to the acceptance of this ITC as a progpisinti-cancer agent and several
ongoing phase | and phase Il clinical trials areleating SFN potential in the treatment of
breast and prostate cancers (USNIH, 2012).

In the next sections, some of the pathways affechgd SFN activity in the

chemopreventive and chemotherapeutic perspectiVéevilescribed.
1.3.3. Chemopreventive and chemotherapeutic pathwayargeted by sulforaphane

1.3.3.1.Modulation of Phase| and Phase Il enzymes

The first step of cancer prevention is the blockafjearcinogens that may cause DNA
damage and, consequently, cancer initiation. Wheset compounds enter the body, they
are subjected to metabolic reactions by the cytwokrP450 enzymes (CYPs) or Phase |
enzymes, causing gain of hydrophilic properties. tAé same time, carcinogens are
converted to highly reactive intermediates that loiawd and damage macromolecules, such
as DNA, RNA, and proteins (Jugeal., 2007). Chemopreventive mechanisms of action of
SFN involve the detoxification of carcinogens bwibition of Phase | enzymes through
regulation of the expression and function of deferCYPs (Maheet al., 1997; Langouet

et al., 2000).
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On the other hand, Phase Il enzymes also play gortant role in carcinogenics
detoxification, contributing to their eliminatiomaé hence protecting cells against them
(Higdonet al., 2007). The effect of SFN at this level is basadfre induction of Phase I
enzymes and a large number of proteins involvethigicellular defense mechanism were
found to be significantly induced by this ITC: epmbx hydrolase (Thimmulappet al.,
2002), glutathione reductase (Wu and Juurlink, 20804 et al., 2006), glutathione
peroxidase (Cornblatet al., 2007), glutathione S-transferase (Zhaegal., 1992),
thioredoxin and thioredoxin reductase (&lal., 2006), among others.

The induction of Phase Il enzymes by SFN is in padomplished by the regulation of
their expression. SFN reacts with thiol groups cglcK-like ECH-associated protein 1
(Keapl), which promotes nuclear factor erythroidefated factor 2 (Nrf2) dissociation
from Keapl, allowing the activation of antioxidaesponse element (ARE)-driven gene

expression of Phase Il enzymes (Zhahg., 1992).

1.3.3.2.Induction of cell cyclearrest

The anti-proliferative effect of SFN on differenarnzer cells is the result of cell cycle
arrest at @Gy, G/M, or S phase through diverse mechanisms. Inrdgpect, SFN can
directly regulate the expression of cyclins and GDi#iat control progression through
specific cell cycle phases (Singh al., 2004b; Choet al., 2005; Kimet al., 2011). In
addition to the control of the main drivers of agjcle progression, SFN can modulate the
expression of other proteins that influence thevigtof the former. Levels of Cdc25
phosphatases were found to be downregulated ingpeosells upon SFEN exposure (Singh
et al., 2004b) and members of the Cip/Kip family (e.q1%", p27**) that act as CKI
usually suffer SFN-induced upregulation in canadlsqParnaudtt al., 2004; Sharet al.,
2006; Shenet al., 2006). The disruption of microtubules by inhibiti of tubulin
polymerization was also reported by Jackson angl&sry and associated with SFN-
induced cell cycle arrest (Jackson and SingletafQ4a). Microtubules formation is
essential for a correct mitotic process and théitbn of mitotic spindle formation during

this cell cycle phase prevents a normal outconeelindivision.

1.3.3.3.Induction of apoptosis

Resistance to apoptosis in cancer cells is a npaslem encountered in cancer therapy.
SFEN is a well-known apoptotic inducer and the madmas underlying this effect seem to
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be dependent on the cancer cell type. In non-tigeorc and tumorigenic malignant
glioblastoma cell lines (T98G and U-87MG, respeadiyty SFN induced apoptosis through
different ways; both caspase-dependent and caspdegendent pathways are suggested
to be involved in the SFN-induced apoptosis in ¢heslls (Karmakaret al., 2006).
Different upstream regulators of apoptosis, as (fBognariet al., 2002; Fimognaret
al., 2004), second mitochondria-derived activator aspase/direct |IAP-binding protein
with low pl (Smac/DIABLO) (Karmakaet al., 2006), and Bax (Sing# al., 2004a), are
proposed to mediate this programmed cell deatln Sf&l exposure.

Interestingly, SFN ability to surpass Doxorubiagsistance to the induction of apoptosis in
cells carrying different p53 mutations was suggeddgy Fimognari and collaborators
(2007); the induction of apoptosis in these cellsvachieved by mediation of selective
activation of certain executioner caspases aft@osxre to a combination of SFN and
Doxorubicin (Fimognaret al., 2007).

In recent years, SFN was identified as a historzeelglase (HDAC) inhibitor and its role
as a modulator of epigenetic processes that leagdptosis is described in the literature,
as well. SFN was reported to induce apoptosis xwanption of the expression of genes
encoding pro-apoptotic proteins, as P21(Myzak et al., 2006b). In thisin vitro study,
histone-induced p2¥* gene repression was reverted by the increaseetflated histones
H3 and H4In vivo experiments support this mechanism of apoptosigation by SFN, as
mice treated with SFN were reported to presentifsignt inhibition of HDAC activity in
the colonic mucosa with concomitant increase inydated histones H3 and H4 (Myzak
al., 2006a).

1.3.3.4.Inhibition of angiogenesis and metastasis

An important event that enables tumor progressiangiogenesis — can also be modulated
by SFN. Using human umbilical vein endothelial edHUVEC cell line) as aimn vitro
model for angiogenesis, Asakage and colleagues mignated that SFN inhibited the
proliferation of these cells in a dose-dependenhmag as well as tube formation on
matrigel; according to the authors the antiprodifere effect was dependent on cell
apoptosis (Asakage al., 2006). Moreover, am vitro study performed with HMEC-1, an
immortalized human microvascular endothelial cekt] showed that SFN interferes with
angiogenic signaling pathways, inhibiting mRNA eegsion of two angiogenesis-

associated transcription factors (HIEk-and Myc proto-oncogene protein (c-Myc)) in a
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concentration range of 0.8 to 25 uM and transaiptf VEGF receptor KDR/flk-1 (for
kinase insert domain receptor/fetal liver kinase apd affects basement membrane
integrity (Bertlet al., 2006).

Other crucial step of carcinogenesis is the foramatf metastases. Evidences show that
the use of SFN in combination with TRAIL is mordeetive in inhibiting metastatic
markers (Shankaet al., 2008). SFN also reduced the invasive potentiaB©6F-10
melanoma cells through inhibition of activationMMP-2 and MMP-9, accompanied by

95.5% inhibition of lung tumor nodule formation @hass and Kuttan, 2006).
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Il. OBJECTIVES

Despite the remarkable advances in OS therapytbeguast few decades, OS patients still
present high resistance rates to the current tezdgtapproaches (Chou and Gorlick, 2006),
demanding urgent action on the discovery/developmoémew therapeutic agents. The
cytotoxic effect of SFN has been described for pldtcancers, as well as other human
diseases. The ability of modulate apoptosis and cgtle progression are desired
properties to be found in chemotherapeutic agemisSFN has proven to exert them at
different stages of the carcinogenic process (Fmaagand Hrelia, 2007). However,
literature lacks information about the effects 8/\sSin OS and the mechanisms that lead to
these effects have not been fully understood yet.

Therefore, the main objectives of the present dissen were to evaluate the potential of
SFN as a cytostatic and pro-apoptotic agent forcéls and to provide insight about the
mechanisms of action of SFN underlying the modaotatf cell cycle progression and

apoptotic pathways. In this context, the work pnése in this dissertation purposes to:

1) assess the viability status of cells;

2) evaluate cell distribution throughout cell cycle;

3) elucidate the type of cell death behind cytotoyicit

4) measure the activity level of different caspase®nter to determine the activated
apoptotic pathway(s);

5) and quantify the expression of genes encoding ipoténvolved in cell cycle

regulation, after exposure of amvitro OS model to different concentrations of SFN.
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IIl. MATERIALS AND METHODS

3.1. Materials and reagents

a-Minimum Essential MediumefMEM), fetal bovine serum (FBS), fungizone, petici
streptomycin, Trypsin-ethylenediaminetetraacetiocd g&DTA), 1X phosphate-buffered
saline (PBS) pH 7.2, TRIzol reagent, and the kitaB&l | - Amplification grade were
purchased from Life Technologies (Carlsbad, CA, QSP,L-sulforaphane (SFN),
dimethyl sulfoxide (DMSO), 3-(4,5-dimethyl-thiaz®i®)-2,5-diphenyl tetrazolium
bromide (MTT), propidium iodide (PI), ribonucleagBNase), bovine serum albumin
(BSA), and Bradford reagent were purchased fronrm&id\drich (St. Louis, MO, USA).
Ethanol and chloroform were obtained from Merckliddre (Darmstadt, Germany). FITC
Annexin V Apoptosis Detection Kit | was purchaseohfi BD Biosciences (San Jose, CA,
USA) and APOPCYTO Caspase-3 Colorimetric Assay #am MBL International
Corporation (Woburn, MA, USA). Caspase-8 ColorintetActivity Assay Kit and
Caspase-9 Colorimetric Activity Assay Kit were puased from Chemicon-Millipore
(Temecula, CA, USA). RNeasy Mini Kit and OmniscriRil Kit were obtained from
Qiagen (Hilden, Germany). Kanamycin positive contRNA and iQ SYBR Green
Supermix were purchased from Promega (San Luis pObi€A, USA) and Bio-Rad
(Hercules, CA, USA), respectively.

3.2. Cell culture

The human OS cell line MG-63 (CRL-1427, ATCC, Vasass VA, USA) was used as an
in vitro OS model and was kindly provided by INEB (InsttUtlacional de Engenharia
Biomédica, Universidade do Porto, Portugal). MG@&8Is were cultured ire-MEM
supplemented with 10% FBS, 2.5 pg/mL fungizone, gedicillin-streptomycin (100
U/mL-100 pg/mL). Cells were cultured in 75 Toulture flasks with 10 mL supplemented
medium and maintained at 37 °C in a 5%,@0midified atmosphere. Cell cultures were
routinely observed under an inverted microscope vasify their confluence, the

morphology and viability of cells, and the abseateicroorganism contaminations.
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Subculture was performed every 3-4 days, when @dtueached approximately 70%
confluence. After removal of the culture mediumlscevere washed with 5 mL PBS and
incubated with 3 mL Trypsin-EDTA (0.25% trypsin,/iM EDTA) for 5 min, to cleave
proteins that enable cell adherence to the flasé eell-cell adhesion. After cell
detachment from the culture flask, trypsin was fivated by adding 6 mL supplemented
medium to the culture. Cells were harvested, calntsing a TC10 Automated Cell
Counter (Bio-Rad, Hercules, CA, USA), and seeded @ cells/mL) in a new culture

flask with a final volume of 10 mL of supplementeédium.

3.3. Sulforaphane preparation and cell exposure

D,L-sulforaphane was dissolved in DMSO in ordeptepare 10 mM SFN stock solutions,
which were stored at -20 °C. Before every treatim®RN stock solutions were thawed and
diluted in supplemented medium to a concentratibdA0® puM SFN. This solution was
transferred to a syringe (Terumo, Leuven, Belgiamd forced through a 0.2 pm syringe
filter (VWR International, Radnor, PA, USA) withcallulose acetate membrane to obtain
a sterile SFN solution. The desired SFN concewinati(5, 10, and 20 uM) were then
prepared by serial dilutions with supplemented mmedifrom the sterile 100 uM SFN
solution.

For each experiment, cells were seeded and alleavedhere for 24 h (37 °C, 5% @O
After this period, the medium was removed and galaby fresh medium containing SFN
at final concentrations of 5, 10, and 20 uM or liresedium without SFN (0 uM SFN) in
the case of control cells. SFN-treated cultureseveposed to <0.5% DMSO. The effect
of SFN was measured after exposure periods of 8448rh in the same temperature and

controlled atmosphere conditions.

3.4. Characterization of confluence and cell morpHogy

Cells were visualized under an inverted microsdop®der to characterize, in a qualitative
manner, general aspects of cells that can refleeir functional status and viability.
Confluence and cell morphology (e.g., shape, voluate&achment/detachment status) of

SFN-treated cultures were described and comparddcantrol cultures.
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3.5. Cell viability

The effect of SFN on cell viability was evaluateg the colorimetric MTT assay. This
assay depends on the ability of mitochondrial eresyto reduce MTT, a soluble, yellow
tetrazolium salt, into an insoluble, purple formazaoduct. The formazan crystals can be
dissolved in various organic solvents and measuggectrophotometrically. Because
reduction of MTT can only occur in metabolicallytige cells, the amount of formazan
produced is proportional to the number of viablésce

The MTT assay was performed according to TwentyarahLuscombe (1987) with slight
modifications. Cells were seeded in 96-well plate$x1G cells/mL and 0.7x10cells/mL

for 24 and 48 h exposure periods, respectively fimal volume of 100 pL supplemented
medium/well. The initial number of cells to use wesected with the view to obtain
control samples yielding an absorbance between Grvb 1.25. After each exposure
period, 50 uL MTT solution (1 mg/mL PBS) were addedeach well and cells were
incubated for 4 h at 37 °C, 5% &0n darkness. At this point, the medium and theTMT
solution were aspirated from the wells using argyei with a needle (Terumo, Leuven,
Belgium) in order to avoid the disturbance and reahof the produced formazan crystals.
Cells were incubated with DMSO (150 pL/well) forn2with gentle shaking, at room
temperature and protected from light, to dissoheeformazan crystals. The absorbance of
each well was measured at= 570 nm using a Synergy HT Multi-Mode Microplate
Reader controlled via Gen5 Data Analysis Softw&ieT ek Instruments, Winooski, VT,
USA). One hundred and fifty microliters DMSO/welere used as blank and the mean
absorbance of blank replicates was subtracted frentotal absorbance of each sample.

Relative cell viability was calculated using théddwing equation:

Relative viability (%) = (A7o of sample / mean £ of control) x 100

3.6. Cell cycle and clastogenicity analysis

The measurement of the DNA content of single calsone of the most universal
applications of flow cytometry. Analyzing the conteof DNA also provides information
about the cell cycle, allowing one to determine pleecentage of cells within a population
that are undergoing &y, S, and @M phases. This analysis relies on the use of dyes
(e.g., PI) that bind specifically and stoichiomeafly to nucleic acids and which
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fluorescence is enhanced on binding. The cell cgtdus of a population can then be
reflected on a histogram plotting the number ofsces. DNA content.

For this experiment, cells (1.5x1@ells/mL) were seeded in 6-well plates, each well
containing a final volume of 2 mL supplemented medi At the end of each exposure
period, control and treated cells were washed WwithL PBS/well, trypsinized using 360
puL Trypsin-EDTA/well and 720 pL supplemented mediell to inactivate the trypsin,
and harvested. Subsequently, cell suspensions eeetefuged at 300 g for 5 min, the
supernatant was carefully removed and discardedlffanpellet was resuspended in 1 mL
PBS. Another centrifugation was performed in thenesaonditions and cells were fixed
with 1 mL 85% ethanol at 4 °C, after discarding shpernatant. Samples were stored (-20
°C) until flow cytometric analysis.

At the time of analysis, fixed cells were centriéag(300 xg, 5 min), resuspended in 800
uL PBS, and filtered through a 35 um nylon mesh sgparate aggregated cells and
remove large debris) into a 5 mL tube. Afterwafs L RNase (50 pg/mL) and 50 pL Pl
(50 pg/mL) were added to each sample followed bynanbation period of 20 min at
room temperature, in darkness. This step ensures &ihination and DNA staining by
RNase and PI, respectively. Finally, the relativerfescence intensity of Pl-stained nuclei
was measured through a COULTER EPICS XL Flow Cytemé¢Coulter Electronics,
Hialeah, FL, USA) equipped with an air-cooled argmm laser turned at 15 mwW and
operating at 488 nm. The amplification was adjustedhat the peak corresponding to the
diploid peak was positioned at channel 200. Attl®B800 events were analyzed for each
sample. Acquisitions were made using SYSTEM Il ®afe version 3.0 (Coulter
Electronics, Hialeah, FL, USA). Doublets (clusteredlls), nuclei with associated
cytoplasm, partial nuclei, and other debris werelided from the analysis by gating a
region that encloses only single cells on the agwgof the fluorescence light intensity
pulse integral vs. the fluorescence light intenpiiyse height. The cell cycle analysis was
conducted based on the histogram outputs and pgegeswere estimated as number of
nuclei in each cell cycle phase / total number oflei x 100. In order to assess the
putative clastogenic effect of SFN on MG-63 cefid] peak coefficient of variation
(FPCV) of G/Gy nuclei was determined in each histogram as didgnf clastogenic

damage, as recommended by Misra and Easton (1999).
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3.7. Apoptosis assessment

Apoptosis consists of multiple biochemical evehe trigger characteristic morphological
and functional changes in the cell, culminatingsndeath. Amongst all, the loss of plasma
membrane asymmetry is one of the earliest morpolaigerations occurring during the
apoptotic process, in which the membrane phospldoR® is translocated from the inner
to the outer leaflet of the plasma membrane. Armé&kia 35-36 kDa calcium-dependent
phospholipid-binding protein, shows high affinityr fPS, binding to cells that present this
phospholipid on the surface of the plasma membiafieen conjugating Annexin V with a
fluorochrome, such as fluorescein isothiocyanat&Ql;, this conjugate can be used as a
sensitive probe for flow cytometric analysis ofls@indergoing apoptosis. Also, since non-
viable cells and cells undergoing late stages optgsis lose plasma membrane integrity
and are permeable to viability probes (e.g., P, gimultaneous use of FITC Annexin V
and PI allows to distinguish early and late apaptoglls. Therefore, using FITC Annexin
V and Pl in conjunction in a flow cytometric anat/svill enable the quantification of:
viable cells (both FITC Annexin V and Pl negativeglls in early apoptosis (FITC
Annexin V positive and Pl negative); cells in lajgoptosis (both FITC Annexin V and Pl
positive); and necrotic cells (FITC Annexin V ndgatand PI positive).

Apoptosis assessment was performed using the FIii@2X¥n V Apoptosis Detection Kit

. In this assay, 1xfocells/well in 2 mL supplemented medium were seeidef-well
plates. After SFN exposure, cells were washed WwithL PBS/well and trypsinized (360
pL  Trypsin-EDTA/well). After trypsin inactivation #h 720 pL supplemented
medium/well, cells were collected, briefly vortexexhd counted. Cell suspensions were
centrifuged for 5 min at 4 °C and 30Qyxthe supernatant was discarded, and 1 mL cold
PBS was added without resuspension of the pelleis Pprevious step was repeated
entirely, but cells were then resuspended in 1Xe&xmm V Binding Buffer (1 volume of
10X Annexin V Binding Buffer to 9 volumes of disétl H0) at 1x16 cells/mL. One
hundred microliters of each cell suspension wenesfierred to a 5 mL tube and 5 pL FITC
Annexin V and 5 pL Pl were added to each sampleéerAihcubation (15 min, room
temperature, in darkness), 400 pL 1X Annexin V BigdBuffer were added to each tube
and samples were analyzed by flow cytometry withih. The following controls were
used to set up compensation and quadrants: undtaieks; cells stained with FITC
Annexin V (no PI); and cells stained with Pl (nd €l Annexin V). At least 10,000 events

30



MATERIALS AND METHODS

were analyzed for each sample and percentagesesgnmeated as number of cells in each

guadrant / total number of cells x 100.

3.8. Protein quantification

The Bradford protein assay is a protein deternmmatnethod based on the binding of
Coomassie Brilliant Blue G-250 dye to proteins, ethieads to the conversion of the
protonated red cationic form in the unprotonateaekform of the dye (Bradford, 1976).
The latter shows fex = 595 nm, allowing the spectrophotometric quacsifion of protein-
dye complexes at this wavelength, and hence preoteitent determination. When needed,
total protein in samples was quantified by the Byediprotein assay. Briefly, 5 pL of cell
extract of unknown protein concentration were irated with 250 pL Bradford reagent in
a flat-bottom, clear polystyrene 96-well microplde 10 min, protected from light and
shaken. The buffer of each sample was used as.ldisbrbance of samples was read at
= 595 nm in the previously described microplatedeza A BSA standard curve was
generated by measuring the absorbance of sampllekmown concentrations of BSA (in
the 0 to 1.4 mg/mL ultrapure,B range) and protein concentration of the cellasty was
determined by comparison. Whenever needed, ceath@stwere diluted in the respective

buffers to fit in the BSA concentration range.

3.9. Caspase activity assessment

After activation by a variety of signals, caspasssognize and cleave a wide number of
different substrates, leading to the activationifferent apoptotic pathways. The detection
of caspase activity is recognized as a standardhadeto measure apoptosis. Active
caspases recognize 4-5 amino acid sequences insate molecule. For caspases 3, 8,
and 9 this sequence is DEVD, IETD, and LEHD, retipely. In the present work, the
assessment of the activity of these three caspabked on the use of a synthetic substrate
consisting of a peptide, enclosing the specificusege recognized by each caspase,
labeled with the chromophogenitroanilide (pNA) at the C-terminal sidgNA is released
from the labeled synthetic substrate on cleavagachiye caspase. Because the amount of
free pNA is proportional to the amount of caspase agtipitesent in a sample, caspase
activity can be determined by measuring spectraphetrically the absorbance of free
pNA atA = 405nm.
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3.9.1.Caspase 3 activity

Caspase 3 activity was measured using the APOPQFdspase-3 Colorimetric Assay Kit
according to manufacturer’s protocol, with few edtéons.For this assay, 2.5xi@ells
were seeded in 150 mm cell culture dishes usingm20supplemented medium and
subjected to control and SFN treatment (10 and I4) ¢onditions for 48 h. Ended this
period, cells were washed with 10 mL PBS and tryipsd with 8 mL Trypsin-EDTA,
which was inactivated with 16 mL supplemented medifter determining the cell
density, 1.5x10 cells were collected from each sample and cegeifuat 400 g for 5
min, at 4 °C. The supernatant was discarded at&lwele resuspended in 100 pL ice-cold
Cell Lysis Buffer and incubated on ice for 10 m@ell lysates were centrifuged at 10,000
x g for 5 min at 4 °C, to precipitate cellular debasd the supernatant (cell extract) was
transferred to new microtubes and placed on icéalTrotein concentration of the cell
extracts was measured by the Bradford protein assaglescribed above. Fifty microliters
of 2X Reaction Buffer containing 10 mM dithioth@i{DTT), 50 pL of cell extract, and 5
uL 10 mM Caspase-3 Substrate (Substrate DpMB) were added to each well of a
polystyrene 96-well microplate. To measure the blabsorbance, wells with 50 pL Cell
Lysis Buffer instead of cell extract were prepar@tso, to verify that the signal detected
by the kit was generated by protease activity, 1lumM Inhibitor DEVD-FMK was
added to wells already containing the cell extraictl the reaction buffer, adding the
Caspase-3 Substrate after 10 min. The microplatetinen covered with a plate sealer and
incubated at 37 °C, protected from light, for 1&hsorbance in the wells was measured at
A =405 nm in a microplate reader. For constructibapNA standard curve, 100 wtNA
standards (0 to 500 pBNA prepared by serial dilutions from a 100 ngMA Standard in
Cell Lysis Buffer) were added to empty wells and &éibsorbance was measured at405

nm.

3.9.2.Cagspase 8 and caspase 9 activity

The activity of caspase 8 and caspase 9 was melasaneg the Caspase-8 Colorimetric
Activity Assay Kit and Caspase-9 Colorimetric AdtywAssay Kit, respectively, following
the manufacture’s instructions with slight modifioas. For both assays, 150 mm cell
culture dishes with 20 mL supplemented medium wesed and cells were seeded at a
concentration of 2.5xf0cells/dish. After 48 h of SFN exposure, treated &hd 20 uM
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SFEN) and untreated cells (control) were washednlLGPBS), trypsinized (8 mL Trypsin-
EDTA and 16 mL supplemented medium for trypsin iivation), and counted. From each
sample, 1.5x10cells were harvested and centrifuged at 1,500fgertO min, at 4 °C. The
pellet was resuspended in 100 pL chilled 1X CeBigyBuffer (1 volume of 5X Cell Lysis
Buffer to 4 volumes of ultrapure ;@) and incubated on ice for 10 min, followed by
another centrifugation at 10,000gpfor 5 min, at 4 °C. The supernatant (cell extracip
transferred to new microtubes (placed on ice) &medtdtal protein concentration of each
cell extract was measured by the Bradford protesay An assay mixture containing 20
uL 5X Assay Buffer, 50 uL of cell extract, 20 pLtrabure HO, and 10 pL Caspase-8
Substrate (2.5 mg/mL Ac-IETPNA) or Caspase-9 Substrate (3 mg/mL Ac-LEHRNA)
was prepared in wells from a 96-well microplate fmach sample. Additional wells
containing the same volumes of 5X Assay Buffer egltlextract, but with 15 pL ultrapure
H.O, were pre-incubated with 5 pL Caspase-8 Inhib{t@0 uM Ac-IETD-CHO) or
Caspase-9 Inhibitor (100 uM Ac-LEHD-CHO), for 10mat room temperature, being the
corresponding substrate added subsequently. Irtdbe of blank samples, this mixture
consisted of 20 pL 5X Assay Buffer, 70 pL ultrapt#®, and 10 uL Caspase-8 Substrate
or Caspase-9 Substrate. The microplate was seakkdnaubated for 2 h at 37 °C, in
darkness. Wells’ absorbance was read. at 405 nm using a microplate reader. One
hundred microliterspNA standards (0 to 500 uM) were added to empty syedfter
diluting the provided 10 mMiNA Standard in 1X Assay Buffgl volume of 5X Assay
Buffer to 4 volumes of ultrapure B), and the absorbance was measur@d=405 nm. A

pPNA standard curve was constructed for extrapolatifocaspase activity in samples.

3.9.3.Determination of caspase specific activity

For all caspase activity assays, the specific igtof caspase was calculated as follows:
the mean of the replicate blank readings was sttietidrom the absorbance values of each
sample; the corresponding frelA concentration was determined using piNA standard
curve; caspase activity present in each samplecalaslated using the equation:

Caspase activity (CA) = (frge@NA concentration (UM) x 0.1 mL) / incubation hour

Finally, specific activity of caspase in each sanpas estimated by the formula:
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Specific Activity = CA / (total protein concentrati (mg/mL) x 0.1 mL)
3.10. Gene expression

3.10.1.Primers

For primer design, the consensus coding DNA seq@DDS) of the genes of interest was
acquired from the National Center for Biotechnolofpformation “Gene” database

(http://www.ncbi.nlm.nih.gov/geng{when multiple CDSs were found for one gene, the

largest overlap region from the different CDSs wasined from the multiple sequence
alignment tool Clustal Omegahtfp://www.ebi.ac.uk/Tools/msa/clustalp/ Specific

primers were selected using Primer3 version 0.4h@tp://frodo.wi.mit.edu/primer3y/

(Rozen and Skaletsky, 2000). Primer pairs weredefr specificity using the University
of California Santa Cruz In-Silico PCR databak#p(//genome.ucsc.edu/cgi-bin/hgpcr

Table 2 shows the oligonucleotide primer list fowagtitative reverse transcription
polymerase chain reaction (QRT-PCR) to analyze exjgression ofCHEK1, CHEK2,
CDK1, CDK2, CDC25C, andCCNB1. Amplification of the housekeeping geAPDH
was performed as an internal reference for relajantification. The following external
control primers (for kanamycin positive control) neeused as control foGAPDH
expression  stability relative to  total RNA  amounts:Kan-F:  5'-
AGCATTACGCTGACTTGACG-3’; Kan-R: 5-AGGTGGACCAGTTGGGBATT-3'.

3.10.2.RNA extraction

Cells were seeded (1x1@ells/well) in 6-well plates with 2 mL supplemeditenedium.
After 48 h of SFN exposure (10 uM), medium fromatezl and untreated cultures was
discarded and cells were washed twice with 1 mL /@B Cell lysis was performed
adding per well 333 pL TRIzol reagent. Cell lysafereplicates of the same condition
were transferred to a 2 mL RNase-free tube an@dtiwozen (-80 °C) until analysis. At the
time of analysis, 200 puL chloroform were added dohetube, shaken on vortex for 10 s,
and incubated at room temperature for 2 min. ThdzdlRchloroform mixtures were
poured into previously centrifuged (1 min at maximegpm) 2 mLPhase Lock Gel tubes
(5 Prime, Hamburg, Germany) and went through arifegation at 12,000 x for 15 min.
The aqueous top phase (containing the RNA) wasfeard to a 1.5 mL RNase-free tube
(@bout 600 pL) and an identical volume of RNase-fr§0% ethanol (in
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Table 2. Specific oligonucleotide primers used inRT-PCR for gene expression analysis.

Target gene Product Forward primer (5-3’) Reverse primer (5'-3’)

CHEK1 Checkpoint kinase 1 (Chk1) CCCGCACAGGTCTTTCCTT CALBATTCTTTTGACCAACC
CHEK2 Checkpoint kinase 2 (Chk2) CACAGCTCTACCCCAGGTTC CAMICACAGCAGCACACAC
CDK1 Cdk1 GGGTAGACACAAAACTACAGGTCAA GGAATCCTGCATAAGCACATC
CDK2 Cyclin-dependent kinase 2 (Cdk?2) ACCTCCCCTGGATGAAGA AGATGGGGTACTGGCTTGGT
CDC25C M-phase inducer phosphatase 3 (Cdc25C) CCTATGCATCAGGACCAC GGCTCATGTCCTTCACCAGA
CCNB1 Cyclin B1 GCTGAAAATAAGGCGAAGATCAA ACCAATGTCCCCAAGARTG
GAPDH Glyceraldehyde-3-phosphate dehydrogenas®CACCCACTCCTCCACCTTT TACTCCTTGGAGGCCATGTG
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diethylpyrocarbonate (DEPC)-treated®) was added to each tube to promote selective
binding of RNA to the RNeasyiembrane in the next step. The RNeasy Mini Kit wsed
from this point on with adaptations to its protocéfom each sample, 600 pL were
transferred to an RNeasy Mini Spin Column placed ihmLCollection Tube, centrifuged
for 15 s at 10,000 rpm, and the flow-through wascalided. The same column and tube
were reused to repeat the previous step with theaireng volume of sample. Seven
hundred microliters Buffer RW1 were added to thieiem, followed by a centrifugation at
10,000 rpm for 15 s and the discard of the flovstiygh. This step ensures the efficient
removal of biomolecules, such as carbohydrategprst fatty acids, etc., that are non-
specifically bound to the RNeasy membrane, allowirggbinding of large RNA molecules
(>200 bases) in the column. Then, 500 pL BuffeERfere added to the column and,
after a centrifugation at 10,000 rpm for 15 s, ftbe-through was discarded. This step was
performed with the view to remove traces of sdltse previous step was entirely repeated,
performing a centrifugation for 2 min to dry the &y membrane, ensuring that no
ethanol was carried over. The RNeasy Mini Spin @wmluvas then carefully transferred
from the Collection Tube to a 1.5 mL RNase-freeetufO UL RNase-Free Water were
added directly to the RNeasy membrane, and sames centrifuged at 10,000 rpm for 1
min to elute the RNA. A second elution was perfadmsing the eluted water and applying
it again onto the column, followed by a centrifugatat 10,000 rpm for 2 min. Samples

were stored at -80 °C until further analysis.

3.10.3.cDNA synthesis

Samples were thawed and RNA quality and quantity s waetermined
spectrophotometrically using NanoDrop (Thermo FisBeentific, Waltham, MA, USA).
Contaminant genomic DNA was degraded prior to cemgintary DNA (cDNA) synthesis
using the kit DNase | - Amplification grade withafealterations to the provided protocol.
Two micrograms of total RNA of each sample wereutéitl in DEPC-treated J@
(achieving a final volume of 6 pL) and mixed witm@ 1.2 kb kanamycin positive control
RNA. To the previous mixture, 1 pL DNase | (1 U/pdnd 1 pL 10X DNase | Reaction
Buffer were added. An incubation at 37 °C for 1% mwias performed to allow enzymatic
reaction. DNase | was then inactivated with 1 uLn#8 EDTA/tube during incubation at
65 °C for 10 min. After this, tubes were spun ddwrollect condensation and placed on

ice. The reverse transcription was accomplishesigushe Omniscript RT Kit, with
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modifications to the supplied protocol. Nine mideis Reverse Transcription mastermix
(2 pL 10X Buffer RT, 2 uL dNTP Mix (5 mM each deaiyonucleotide triphosphate), 4
puL Oligo dT18 (5 mM), and 1 uL Omniscript Revergsanscriptase (4 U/uL)) were added
to each DNase-treated tube and incubated at 3@r°CH. After enzymatic reaction, cDNA
samples were spun down and diluted in 380 pL uliepbO. cDNA samples were stored
at -20 °C until gRT-PCR reaction.

3.10.4.gRT-PCR

Amplification of target cDNA was performed by qRTGR using an iCycler iQ5 PCR
Thermal Cycler (Bio-Rad, Hercules, CA, USA). Indfriwells of a 96-well PCR plate
(Bio-Rad, Hercules, CA, USA) were filled with 7.5 2X iQ SYBR GreerSupermix (100
mM KCI, 40 mM Tris-HCI, pH 8.4, 0.4 mM each dNTH) B/mL iTag DNA polymerase,
6 mM MgChk, SYBR Green |, 20 nM fluorescein, stabilizersy3uL forward and reverse
primer mix (1.5 pM final concentration each primeand 3.75 puL cDNA sample.
Additionally, No Template Controls were used, iniethinstead of cDNA, 3.75 pL
ultrapure HO were added. The PCR plate was then carefullyedemhd gRT-PCR was
carried out. For all primer pairs, the conditionsr fPCR were as follows: initial
denaturation at 95 °C for 6 s, followed by 60 cgaemprising denaturation at 94 °C for 5
s, annealing at 58 °C for 15 s, and extension &C7for 15 s. In addition, the following
melting program was performed to confirm produacsficity: temperature increase from
68 °C to 95 °C, with 0.5 °C increments for 6 s edako independent PCR runs were
performed per cDNA sample from each biological si@mBRaw fluorescence unit (RFU)
data were obtained from the iQ5 Optical Systemvgk (Bio-Rad, Hercules, CA, USA)
and were used only when the corresponding PCRioeactvere validated by melting
curve analysis. Determination of gene expressioal¢ewas based on the Pfaffl method
(Pfaffl, 2001). RFU data from baseline-normalizedve fits were used to calculate the
cycle threshold (Ct) values and average efficiepayameters through Real-Time PCR

Miner (http://www.miner.ewindup.info/Version2(Zhao and Fernald, 2005). All genes

were normalized to the housekeeping géA¢DH. GAPDH was validated to total RNA
by comparingGAPDH Ct values with Ct values from the external kanamyRNA

transcript, which was directly proportional to idRNA present in the sample.
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3.11. Data and statistical analysis

For all assays, at least three independent expetéinweith replicates were performed. In

the case of gene expression, two independent expets were analyzed and two technical
replicates were performed per PCR run. All data expressed as mean + standard
deviation (SD). The statistical analysis was pened using SigmaPlot for Windows

version 11.0 (Systat Software Inc., San Jose, CBAJ The assessment of statistical
significance between control and SFN-treated groups performed using one-way or
two-way analysis of variance (ANOVA), followed Hyet Holm-Sidak’s test (p<0.05).
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IV. RESULTS

4.1. Characterization of confluence and cell morphogy

The visualization of control and SFN-treated celhgler an inverted microscope revealed
drastic changes in the overall appearance of @dtakposed to SFN (Figure 6). Adherent
control cells showed a typical MG-63 fibroblastdikorphology, reaching a confluence of
70% and 90% after 48 and 72 h, respectively. Withihcrease of SFN concentration in
the medium, the confluence of the cultures gragluditcreased and the number of
detached cells increased, for both times. In thei@medium of cells exposed to higher
doses of SFN (10 and 20 uM), the amount of cellridetwas also visibly higher.
Morphological changes in attached cells were oleskrwithin SFN-exposed cultures,
namely cell enlargement and a rounded shape.

4.2. Cell viability

The assessment of SFN-induced cytotoxicity was gotedl by the MTT assay and is
depicted in Figure 7. After 24 h exposure, celbility was not significantly reduced by
the concentrations of 5 and 10 uM SFN when compgwecbntrol. A decrease in cell
viability was only observed for the concentratidr26 uM SFN (p<0.05). However, after
48 h, cell viability was reduced by SFN in a dospehdent manner (p<0.05). The
percentage of relative viability decreased in celposed to SFN concentrations of 5, 10,
and 20 uM. Moreover, SFN showed a time-dependdatteWhen comparing the effect
of SFN between both exposure periods, cell vigbgdignificantly decreased after a longer
exposure time for all SFN concentrations.

4.3. Cell cycle and clastogenicity analysis

After 24 h exposure, SFN increased the percentdgeelts at G/M phase in a dose-
dependent manner (Figure 8A). This trend was $itally significant for cultures exposed
to 10 and 20 uM SFN. Simultaneously, after 24 hosype, all SFN doses decreased the

percentage of cells ati&, (p<0.05). The 48 h exposure’s results followedghme trend,
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Figure 6. Microscopic visualization of control andsulforaphane-treated MG-63 cells.Confluence and
cell morphology of cultures exposed to 0, 5, 1@ a6 pM SFN after 24 and 48 h (100x magnificati@gr

=100 pm.
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Figure 7. Cytotoxic effect of sulforaphane on MG-6%ells. Viability of cells exposed to 5, 10, and 20 uM
SFN for 24 and 48 h relatively to control (100%)significant differences between control and SFé&ted

cells within time (p<0.05). a, b, significant diféaces between times within a concentration (p<0.05

with all tested SFN concentrations exhibiting geeahagnitude of response (Figure 8B).
After 48 h and compared to control, SFN-treateducat presented significantly higher
percentages of cells at,f& for all tested SFN concentrations. Inversely; fioe same
exposure period, the percentage of cells gGgphase decreased with every SFN dose
(p<0.05). As for 24 h exposure, after 48 h expagstlime S phase was not affected by SFN
(p<0.05). Collectively, these data show a dose-depet effect of SFN on cell cycle
distribution.

Clastogenicity evaluation by the FPCV of thg @& peak showed that SFN didn’t induce
significant damage when administered for 24 h, &CW values from control and
treatments were similar (Figure 9A). Yet, for tlomder exposure period of 48 h, FPCV
values revealed that SFN exerted a clastogenictgfie0.05), given by increasing FPCV
values in 5, 10, and 20 uM SFN-treated cultureshasvn in Figure 9B.

4.4. Apoptosis assessment

When treated for 24 and 48 h with 5 uM SFEN, celid present significant differences in
the viability status comparing to control. Untrehtsnd 5 pM SFN-treated cultures induced
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Figure 8. Cytostatic effect of sulforaphane on MG-8 cells.Cell cycle dynamics of MG-63 cells exposed
to SFN for (A) 24 and (B) 48 h. * significant difnces between control and SFN-treated cells (%30.0

similar percentages of viable, early apoptoticg lapoptotic, and necrotic cells after 24 h
(Figure 10A). In the meantime, results of 5 uM StFdated and untreated cultures after 48
h showed a resembling trend with no significantedénces between their viability status
(Figure 10B).
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Figure 9. Sulforaphane-induced clastogenicityG,/G, peak FPCV percentage of MG-63 cells exposed to 0,
5, 10, and 20 uM SFN for (A) 24 and (B) 48h. * dipant differences between control and SFN-treated

cells (p<0.05).

Nevertheless, results show induction of apoptogithb highest SFN doses. As depicted in
Figure 10, for both 24 (Figure 10A) and 48 h (FeguOB) exposure times, cultures
exposed to 10 and 20 uM SFN presented a lower nuoifbeiable cells compared to

control (p<0.05) with a concurrent increase of <elhdergoing early and late apoptosis

(p<0.05).
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Figure 10. Activation of apoptosis in MG-63 cells@osed to sulforaphane Percentage of viable, early
apoptotic, late apoptotic, and necrotic cells ateb, 10, and 20 pM SFN treatment for (A) 24 aRji48 h.

* significant differences between control and Skékted cells (p<0.05).

Furthermore, the cytotoxicity of SFN does not apgeade associated with the induction
of necrosis. Necrotic cells were found at similargentages in every condition for 24 and

48 h experiments.
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4.5. Caspase activity assessment

As pointed earlier, 10 and 20 uM SFN doses were @binduce a significant increase of
apoptotic cells in treated cultures, and this ¢ffe@s more pronounced after 48 h. For this
reason, the enzyme activity of caspase 3, caspamedScaspase 9 was only measured in
cultures exposed to 10 and 20 uM SFN for 48 h.

Caspase 3 specific activity (Figure 11A) was enkdnowith increasing SFN
concentrations. Nevertheless, this trend was madisstally significant. The assessment of
caspase 8 showed a slight increase of the specitiinty of this enzyme in cultures treated
with 10 uM SFN and a slight decrease in cultureposgd to 20 uM SFN, when
comparing to control, but none of the differencesravsignificant (Figure 11B). As
represented in Figure 11C, caspase 9 specificigotas also enhanced in cultures treated
with both SFN concentrations. Again, these valuesewnot statistically different from

caspase 9 activity found in control.

4.6. Gene expression

Because of the more pronounced effects obtainexklincycle distribution after 48 h of
SFN treatment, expression of genes involved inaale regulation was only quantified in
cultures exposed to SFN for the described peridso,Acultures exposed to 5 and 20 uM
SEN were not used in this analysis due to the iletEnse effects shown in cell cycle
modulation and the insufficient total amount of RMNMtained after RNA extraction,
respectively. Consequently, gene expression wasumeé in control cells vs. 10 uM SFN-
treated cells (Figure 12).

Expression levels of the analyzed cell cycle gameie in general reduced by SFN, with
the exception of two genes. After 48 h, expresseb@DK2 andCCNB1 in 10 uM SFN-
treated cultures was lower than in control, buhwaitt statistical significance. In contrast,
the same SFN dose significantly downregulated #pFession ofCHEK1 and CDC25C.
On the other hand, 10 uM SFN was found to upregula¢ expression dHEK2 and
CDK1, the latter showing a significant increase ingRkpression level.
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Figure 11. Specific activity of two initiator casp@es and one executioner caspase after sulforaphane
treatment. MG-63 cells were treated with 0, 10, and 20 uM Sk the activity of (A) caspase 3, (B)

caspase 8, and (C) caspase 9 was measured after 48
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Figure 12. Relative expression of cell cycle-reladegenes after exposure to 10 uM sulforaphane for 48
h. Expression values a€HEK1, CHEK2, CDK1, CDK2, CDC25C, and CCNB1 were normalized to the
housekeeping gen8APDH. Data are presented as the expression of eachigendtures treated with 10
UM SFN relatively to the expression obtained irresited cultures. * significant differences betweentrol
and SFN-treated cells (p<0.05).
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V. DISCUSSION

Cancer is a complex disease, in part due to thdiphcity of genomic perturbations
governing the cellular network that allows the sua/of cancer cells. Such perturbations
vary widely between different types of cancer, aweén individuals presenting the same
type of cancer are often found to carry tumors #natdriven by their own sets of genomic
changes. As a result, the effectiveness of curmarcer treatment is frequently
undermined.

Bone sarcomas, in which OS is comprised, repre&sd of children and young adults’
malignancies (Skubitz and D'Adamo, 2007). Nevees$s| these sarcomas are somewhat
rare in an overall view of cancer, accounting farely 0.2% of all cancers (Greenlete
al., 2001). Because of the relative rarity of OS ieaick, research on this pathology is
sometimes hindered by the low number of availalledys subjects and the poor
understanding of the biology of this tumor. Adduadly, current treatment options for OS
seem to fail in achieving successful survival rated induce aggressive toxicity (Baeti
al., 2003; Patett al., 2004; Duffaucet al., 2012; Eblet al., 2012).

SFN, a naturally occurring ITC, has evidenced taulate several key signaling pathways
in different types of cancer, both vitro andin vivo. Induction of apoptosis and blockage
of cell cycle progression in cancer cells are twadl\@stablished SFN properties that make
this phytochemical a promising agent in cancerapgi(Fimognari and Hrelia, 2007).
Considering the above mentioned, this dissertagiomed to investigate the potential of
SEN as a chemotherapeutic agent for OS, evaludirgytotoxicity in anin vitro human
OS model and clarifying some of the molecular madms leading to it. MG-63 cells
were exposed to 5-20 uM SFN for 24 and 48 h, aftieich several parameters were
assessed. The range of SFN doses was selecteddretsedliterature.

Results show that SFN induced a cytotoxic effecki63 cells, promoting a decrease in
cell viability in a dose- and time-dependent mann8everal studies support a

magnification of SFN cytotoxicity with higher dosesd longer exposures in different
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human cancer cells, but this effect appears to igalyh dependent on the cell type
(Misiewicz et al., 2005; Yeh and Yen, 2005; Chaudhetral., 2007; Jiret al., 2007).

The cell cycle dynamics of MG-63 cells after SFHatment was also inquired through
DNA content analysis by flow cytometry. For botlpesure periods, the S phase presented
non-significant alterations; contrarily, SFN is shohere to diminish the number of cells
in Gi/Gy phase and concurrently raise thgNG phase cell population, again in a dose-
dependent manner. This accumulation of cells withADcontent = 4N shows that SFN
induces a @M phase arrest in this human OS model. As the ntgjof cancer cell lines
affected by SFN, the progression of MG-63 cell eyshs blocked at £8V1 phase and for
that some mechanisms have been unveiled.

The G/M arrest is commonly a consequence of DNA damage this arrest typically
enables the cell machinery to repair the DNA lesjahereby maintaining the genome
integrity and preventing the propagation of defextDNA to daughter cells. This is
generally achieved by the activation of thg/M6 DNA damage checkpoint through the
recognition of DNA damage by molecular sensors #uiitvate a cascade of kinases; the
most downstream ones, in turn, directly target cgtile key controllers, blocking the
transition to mitosis (Medema and Macurek, 2012)acM and colleagues reported
induction of a reversible £V arrest by sublethal doses of ROS via Chkl phospétion
(Macip et al., 2006) and, actually, production of ROS has beemetated with SFN-
induced cell cycle arrest atb{&. Mitochondrial DNA deficient Rho-0 variants oNCap
and PC-3, two human prostate cancer cell linese wlBown to be more resistant to several
SFEN effects, including &M cell cycle arrest, than the corresponding witget cells, with
mitochondria-derived ROS playing a key role in itnéation of SFN cytotoxicity (Xiacet

al., 2009); another study supports ROS-mediated bigekd G/M transition in prostate
cancer cells exposed to SFN (Gétal., 2005). Interestingly, data generated by our group
also showed that the increase in ROS productiaonslated with GM cell cycle arrest

in MG-63 after SFN treatment (Costhal., 2012). Remarkably, the generation of ROS
induced by SFN appears to be tumor cell specifitt¢diewiczet al., 2008).

Matsui and collaborators found an upregulation 2" in MG-63 after SFN treatment
that contributed to &M blockage (Matsuet al., 2007) and the same was observed in U2-
OS, another OS cell line (Kimt al., 2011). These results reinforce the potential el &s

a chemotherapeutic agent for OS, since they rethaalthe expression of p2%*, a CKI
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whose expression is tightly regulated by the trapson factor p53, is modulated by SFN
even when p53 is inactivated (a common alteratic®$).

If the DNA damage is reparable, the/kd checkpoint is deactivated and cells can progress
to mitosis after restoring the DNA integrity. Netreless, it has also been proposed that
SFEN may induce ROS-independent/\& arrest by disruption of tubulin polymerization
and spindle assembly. A correct segregation of mbemmes during mitosis requires
formation of the mitotic spindle, which includes lyuerization of a- and B-tubulin
heterodimers into microtubules (Walczak and He&008). Mi and collaborators
demonstrated that in A549, a carcinomic human &weoasal epithelial cell line, SFN
directly targetsa- and B-tubulin inducing conformational changes (proballye to
covalent bonding to cysteine residues), which tesii microtubules disruption and
tubulin polymerization inhibition (Mét al., 2008). Perturbations in microtubules dynamics
were also presented in other SFN reports (JackadnSangletary, 2004a; Jackson and
Singletary, 2004b; Jacks@hal., 2007; Azarenket al., 2008) and were always associated
with G,/M arrest. This effect was confirmed by recent daban our group showing that
SFN triggers microtubules disruption in MG-63 célispublished observations).

The variation in DNA content measured by the FPG\the G/Gy peak can be used as
diagnosis for clastogenic damage within a cell pagan. The dispersion of nuclear DNA
content measured by this flow cytometric parametlects chromosomal perturbations
(e.g., chromosome breakage and reattachment, fadg@mosome fragments) that result
in unequal distribution of DNA in the daughter sednd magnification of the genomic
destabilization by further divisions (Misra and s 1999). The significant increase of
the FPCV values for all SFN doses, after 48 h eatinent, suggests that SFN leads to
clastogenic damage in MG-63 cells exposed for lonmgriods to this ITC. Different
genotoxic effects of SFN have already been dematestr DNA single (Sestiét al., 2010)
and double (Singlet al., 2004b; Sekine-Suzulat al., 2008; Sestiliet al., 2010) strand
breaks were found in different transformed and transformed cell lines after treatment
with SFN. In fact, DNA breaks were previously détecin SFN-treated MG-63 cells in a
dose-dependent manner after 48 h exposure, butyfiee of breaks (single or double)
remains unclear (Pinto, 2011). Moreover, micronueled nucleoplasmic bridges may
arise during nuclear division from lagging wholeranosomes/acentric chromosome

fragments and from dicentric chromosomes causedhigyepair of double strand DNA
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breaks/telomere end fusions, respectively (Fen2@@y). Exposure to SFN increases the
frequency of such nuclear alterations in MG-63sc@Remeédio®t al., 2012). Yet, and as
for other SFN effects, the induction of micronuchgipears to depend on the cell type,
dose, and culture conditions, since SFN is alse ablprevent micronuclei formation
induced by selected mutagens (Fimogehal., 2005). Taking into account the previously
discussed and the results from the flow cytomednalysis, the @M arrest in this OS
model was probably activated by SFN-induced DNA age

Apoptosis plays a vital role in the maintenancdisgsue homeostasis. Depending on the
extent of the DNA damage that triggers cell cydleest, cells can re-enter cell cycle
progression (as stated before) or, in case DNA dansnot reparable, cells can activate
the apoptotic machinery and die through programoeiddeath (Medema and Macurek,
2012). To examine whether apoptosis could be irasbivn the loss of cell viability driven
by SFN, the FITC Annexin V assay was performedaDladicate that the lowest SFN dose
(5 uM) was not able to induce apoptosis in MG-G#ee for 24 or 48 h treatments.
Nevertheless, for the same exposure periods, 12@mpoM SFN significantly reduced the
viability within the cell populations and, at thanse time, increased cell death through
apoptosis, as shown by the higher number of MG-@& avith early and late apoptotic
characteristics. Kim and colleagues used the samgerof SFN doses and found apoptotic
cell death in another OS cell line, evidenced by FHTC Annexin V assay and the
apoptotic characteristic ladder pattern of DNA freetation, which was confirmed by the
proteolytic cleavage of the caspase 3 substralggADP-ribose) polymerase (PARP) and
inhibitor of caspase-activated DNase (ICAD) (Ketnal., 2011), supporting the results of
this dissertation. Although the molecular basisapbptosis in MG-63 cells was not
identified, severaln vitro andin vivo studies report SFN-induced apoptosis through a
multitude of mechanisms: upregulation of gene angrotein expression of pro-apoptotic
factors, as Bax (Gamet-Payrasttaal., 2000; Fimognaret al., 2002; Singhet al., 2004a;
Choi and Singh, 2005; Yeh and Yen, 2005; Devi ahdnfam, 2012), Bak (Choi and
Singh, 2005), and p53 (Fimognaat al., 2002; Parket al., 2007; Devi and Thangam,
2012); downregulation of protein expression of -apiptotic factors, as X-linked inhibitor
of apoptosis protein (XIAP) (Choi and Singh, 200%0i et al., 2007), Bcl-2 (Jackson and
Singletary, 2004b; Singkt al., 2004a; Yeh and Yen, 2005; Paskal., 2007; Pledgie-
Tracy et al., 2007; Hamsat al., 2011; Sharmat al., 2011; Devi and Thangam, 2012;
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Wanget al., 2012), and Bcl-X (Yeh and Yen, 2005; Pag al., 2007); and upregulation
of protein expression of intrinsic apoptotic patgwaediators, as Apaf-1 (Choi and Singh,
2005; Choiet al., 2007). Noteworthy, the cytotoxicity exerted byNsih MG-63 was not
associated with necrosis, other type of cell deattsidered less controlled than apoptosis
and characterized by cellular swelling, releaseindfacellular components into the
microenvironment, and induction of inflammatorypesse (de Bruin and Medema, 2008).
Taken together, these results support the aspeewrided in the qualitative
characterization of MG-63 cells after SFN treatmd¢garding the loss of confluence,
control cells proliferated normally, whereas SFdated cells suffered a blockage in cell
cycle, preventing a regular growth rate. Apopt@$s® contributed to this outcome, as well
as to the increased amount of detached cells ahdietaris in the medium of cultures
exposed to 10 and 20 uM SFN, the same doses tbaeeul in the activation of the
apoptotic program in these cells. Microscopic vigasion also revealed morphological
changes (enlargement and rounded shape) in attaefiedof treated cultures. Chauduri
and collaborators reported the same cell shapaaothar monolayer cancer cell line upon
SFN treatment (Chaudhusi al., 2007). Targeting ofi- andp-tubulin by SFN can justify
the changes in the cell aspect. These proteinscaneponents of the microtubule
cytoskeleton and, as referred before, SFN diredilyds to them and induces
conformational changes that lead to the disruppbbrmicrotubules and impairment of
tubulin polymerization (Jacksa al., 2007); collapse of the microtubule cytoskelet@asw
associated with acquisition of a rounded shapeharaells upon SFN exposure (Mial.,
2008). In addition, a proteomic analysis of A549sceeated with SFN revealed that actin,
other tubulin chains, vimentin, tropomyosin, andsrden (constituents of different
cytoskeletal structures) are potential proteindtsgf this ITC (Miet al., 2011). Thus, a
cytoskeleton rearrangement of MG-63 cells due tdl-Bficrotubule proteins interaction
may be the foundation for the observed morpholdgilktarations of these OS model.

The effect of SFN on apoptosis induction promptesiriext series of experiments wherein
an attempt to determine the triggered apoptotihpay(s) was made. Caspase 8 and
caspase 9 were chosen as representatives fromxtheasie and intrinsic apoptotic
pathways, respectively, as they initiate the c@wasing apoptotic pathways, and their
activity was measured. The activity of caspaseh, first executioner of the caspase

cascade that leads to apoptosis and substratespases 8 and 9, was also explored. Our
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data do not clearly demonstrate the activated apioppathway. Although results are
indicative of an increment of caspase 9 activityhwiO and 20 uM SFN and the same
effect for caspase 8 activity after 10 uM SFN wloempared to control, the lack of
statistical significance in the obtained differemcestrain any assumptions on the subject.
Data from caspase 3 assessment also points tost ioods activity by the tested SFN
doses, but once more not statistically signifiddotvever, these negative results must be
interpreted cautiously, because a substantial méitiain the caspase activity of samples
from the same condition was observed in every caspasessed (as shown by the high SD
values), which can cover a difference in the atiof these enzymes between untreated
and treated cultures when one actually exists. bMae the profile of caspase 3 activity,
even though not showing statistical magnitudeustasned by the results from the FITC
Annexin V assay that demonstrate undoubtedly apicptell death. As for other human
cancer cell lines, SFN-induced apoptosis seemscturothrough different pathways.
Activation of caspase 8 is reported in pancreasincer cells (Phanet al., 2004) and
Barrett’'s adenocarcinoma (Qaeti al., 2010), while procaspase 9 cleavage or caspase 9
activation occur in different colon cancer cell éin (Pappaet al., 2006) and
medulloblastoma (Gingrast al., 2004) upon SFN administration. Also, the apoptoti
pathway induced by SFN can vary within a canceetys Pledgie-Tracy and team found
in different breast cancer cell lines (Pledgie-Vreical., 2007). On the other hand, intrinsic
and extrinsic pathways are not exclusively actidateapoptosis caused by SFN. Studies
suggest that SFN is able to activate both mitochandand death receptor-mediated
pathways in the same cell line (Singtt al., 2004a; Nishikawaet al., 2009;
Balasubramaniagt al., 2011). Alternatively, a caspase 12-dependenttagpis possible

to occur as well, as determined by Karmakar antbagues in SFN-treated glioblastoma
cells (Karmakakt al., 2006). In the case of MG-63 cells, more experitmane required to
better understand the cause of the variability ébacross this work and to clarify whether
SFN-induced apoptotic death is driven by caspasea8pase 9, both, or even other
alternative caspases.

Next, to elucidate if a different expression ofl @gicle-related genes could be involved in
the cell cycle arrest induced by SFN in the usedht8el, qRT-PCR analysis ohbM1 key
regulators was performed. The completion of ghase and progression through mitosis

requires activation of Cdkl1/cyclin B1 complex, alsmwn as maturation-promoting factor
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(MPF), in which the kinase activity that triggefsetaccess to mitosis relies on Cdkl
(Lindgvist et al., 2007). Cyclin B1 is the regulatory element of M&kd without it the
complex lacks activity. After SFN treatme@DK1 (coding for Cdk1l) expression levels
significantly increased. In contrast, levels @ENB1 (coding for cyclin B1) suffered a
slight reduction that was not considered statijicaignificant. Nevertheless, a
considerable variability was found in the expressob this gene and the possibility that
SFN plays an inhibitory role in it shouldn’t be &xaed. Considering this, mitotic entry
could have been hindered through the direct dowra¢ign of cyclin B1 by SFN, which is
supported by other studies (Singlal., 2004b; Balasubramaniahal., 2011), including in
OS cells (Kimet al., 2011).

Furthermore, the activity of Cdkl is negatively ukeged by phosphorylation (e.g., Weel
and Mytl kinases), which can be reversed by thespimtase Cdc25C (Medema and
Macurek, 2012). Expression levels @DC25C in SFN-treated cells showed a significant
decrease relatively to untreated ones, in this waskin others (Singlet al., 2004b;
Herman-Antosiewiczt al., 2007), suggesting an important role for Cdc25@leteon, and
hence Cdkl/cyclin B1 inactivation, in SFN-inducegNE cell cycle arrest. Therefore, the
potential higher expression of Cdkl at the protewel can be overcome through the
downregulation of Cdc25C that leads to an accunmabf phosphorylated (inactive)
Cdk1.

The G/M checkpoint-mediated cell cycle arrest in resgotts DNA damage is at least in
part established through inhibition of Cdc25C adttiwby the serine/threonine protein
kinases Chkl and Chk2 (Boutresal., 2007); these kinases integrate signals from the
DNA damage sensors Ataxia telangiectasia mutatddvij)Aand ATM- and Rad3-related
protein (ATR). For this reason, expression levél€HEK1 and CHEK2 encoding Chkl
and Chk2, respectively, were quantified. SFN hatkgative effect on the expression of
CHEK1. Contrarily, CHEK2 presented a slightly higher level of mRNA upon SFN
treatment, but not significant. These results sagti@t inhibition of Cdc25C (already less
expressed in SFN-treated MG-63 cells) was promptachly by Chk2, as it presented at
least a constant level of expression. The rolet20n SFN-induced &M blockage was
noticed in human prostate cancer cells and wadrowed by an increase in the resistance
to this effect in the same cells transfected withkZspecific small interfering RNA
duplexes (Singlet al., 2004b).

54



DISCUSSION

In addition, the role of p53-independent/I@ arrest in MG-63 was investigated. The MG-
63 cell line carries rearrangement of the p53 gand low levels of transcripts are
produced, which results in virtually no expressioinwild-type p53 in this cell line
(Chandaret al., 1992; Ottaviancet al., 2010). Since null mutations @DK2 have been
found associated with defective,/@ arrest (Chung and Bunz, 2010), ti®K2 gene
expression was also investigated. As for the casgalin B1 gene, MG-63 cells exposed
to SFN presented lower, although not significafdlyer, levels of Cdk2. However, given
the high variability in gene expression observéds not conclusive whether this gene is
downregulated upon exposure to SFN.

Figure 13 shows the alterations in gene expredsiomd across the present work that may
be involved in the @M cell cycle arrest obtained after exposure of B&eells to 10 uM
SFN. These last results concerning gene expreskioud be cautiously interpreted due to
different reasons: a) data were obtained from twdependent experiments; b) some gene
profiles show high SD values that may be hidingng differences between treated and
untreated cells; and c) the level of gene exprassgaes not always relate with the level of

protein expression or protein activity.
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Figure 13. Sulforaphane-induced changes in gene ewssion of MG-63 that may contribute to
activation of G/M DNA damage checkpoint. Adapted from Cell Signaling Technology Inc. (2010)
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VI. CONCLUSION AND FUTURE
PERSPECTIVES

The present study supports the cytotoxic effectSEN already described for several
tumors and provides evidences that SFN should heidered a promising candidate for
OS treatment. SFN caused visible cell morphologateinges, cell cycle arrest a/Ka
phase, and apoptosis in the human OS model MGHg8Jast two events most likely
triggered by SFN-induced DNA damage. Beyond thedlimpinary results show that cell
cycle arrest was mainly mediated by ChKZDC25C downregulation, and probably
CCNBL1 as well asCDK2 downregulation.

Nevertheless, the effect of SFN on OS should b#hdurinvestigated in order to expand
our knowledge about the molecular mechanisms uyidgrthese effects. The analysis of
expression profiles of other genes, such as apoptlated genes, would be important to
fully characterize cellular events reported in theesent dissertation. Also, protein
quantification (e.g., Western blot) would be venyeresting to perform, with particular
attention to the different protein forms (activdtedctivated,
phosphorylated/dephosphorylated, etc.), enablimgraparison with the gene expression
profile and a better understanding of the signajpaghways that lead to certain events
induced by SFN. New chemotherapeutic agents foaD8 other cancers) should display
a sufficiently large therapeutic window and at tbeme time spare normal cells. A
comparative study with different human OS cell $irfe.g., Saos-2, U2-0OS, HOS, NOS-1,
etc.) and a normal osteoblast cell line is advisdabldetermine whether SFN effects are
tumor selective and whether it exerts a similaotmgicity in a broad variety of tumor
phenotypes. Lastly, a great deal of attention rbesgiven to the fact that SFN is able to
induce clastogenicity. Such effect should be cédiseftonsidered in an already inherently

unstablegenomic context as cancer cells.
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