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ABSTRACT
NICOLLE V ALERTE FERNANDES
IMPACT OF DELTA-TOCOTRIENOL ON HUMAN MELANOMA CELL
PROLIFERATION
MAY 2010
The rate-limiting enzyme of the mevalonate pathway, 3-hydroxy-3methylglutaryl coenzyme A (HMO CoA) reductase, provides essential
intermediates for the prenylation or dolichylation of growth-related proteins
including nuclear Ras, nuclear lamins, and growth factor receptors. d-8tocotrienol , a post-transcriptional down-regulator of HMO CoA reductase,
suppresses the proliferation of murine B 16 melanoma cells and human blood ,
breast, cervix, colon, liver, lung, lymph gland , nerve, pancreas, and prostate tumor
cells.
Dietary d-8-tocotrienol suppresses the growth of implanted B 16
melanomas without toxicity to host mice. We evaluated the impact of d-8tocotrienol on the proliferation of human A2058 and A375 melanoma cells. d-8tocotrienol induced dose-dependent suppression of the cell proliferation following
72 h incubation in 96-well plates with 50% inhibitory concentrations (IC50) of
37.5 ± 1.4 (A2058) and 22.3 ± 1.8 (A375) ~tmol/L, respectively. d-8-tocotrienolmediated cell cycle arrest at the O 1 phase was accompanied by decreased
Vll

expression of cyclin-dependent kinase 4. Concomitantly, procaspase-3 cleavage
and morphological changes detected by fluorescence microscopy following
acridine orange and ethidium bromide dual staining showed d-8-tocotrienolinduced apoptosis in melanoma cells. Consequent to mevalonate deprivation and
the putatively reduced prenylation and biological half-life of Ras protein, d-8tocotrienol induced concentration- and time dependent decrease in the expression
of Ras. The impact of d-8-tocotrienol on A2058 cell proliferation was potentiated
by lovastatin (IC50 = 3.1 ± 0.5 ~unol/L) , a competitive inhibitor of HMG CoA
reductase. d-8-tocotrienol may have potential application in melanoma
chemoprevention and/or therapy.
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CHAPTER I
INTRODUCTION
Melanoma is a malignant neoplasm of melanocytes, the melanin producing cells
in the body. It is one of the most aggressive forms of cancer with a high tendency for
metastasis. In 2009, it has been projected that within the United States alone, 68 ,720 new
cases of melanoma will emerge claiming an estimated 8,650 lives, making "melanoma of
the skin" the fifth and sixth most common invasive cancers detected in men and women
respectively (Jemal et al., 2009).

Despite public health initiatives advocating sun protection in the United States,
there has been a 15-fold increase in incidence in the last four decades, a rate more rapid
than most other malignancies (Lao et al., 2006). This may be because the metastatic stage
melanoma is highly aggressive and complex to treat due to the heterogeneity in cells. The
prognosis is low with few patients surviving less than two years (Hoek et al., 2008).

The mainstay of treatment in melanoma is surgical excision, curative for patients
with early disease or regional lymph node metastases, but less effective in distant
metastases. Other treatments such as chemotherapy, radiation therapy, immunotherapy,
and adjuvant therapy for resected regional disease, provide only a modest improvement
in the condition. In the last two decades, early detection has been a responsible factor for

the progress of melanoma treatment. Early detection activities include the ABCD method
(A for asymmetry, B for irregular border, C for multiple colors, and D for diameter
greater than six millimeters), the Basic Skin Cancer Triage, and the Check-It-Out Project
that can be conducted by both clinicians and patients and aid in short-term and mediumterm progress (Atkins et al., 2006).

Another approach to combat some cancers has been through the ingestion of
fruits, vegetables, and grains, with their anti-carcinogenic activity being well established.
Mevalonate-derived isoprenoids are phytochemicals that can suppress the growth of
tumors (Mo & Elson, 2004). Mevalonate is formed by the action of 3-hydroxy-3methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme of the
mevalonate pathway. This pathway, also called the cholesterol biosynthetic pathway, has
numerous effects on cellular metabolism. Besides producing cholesterol, mevalonate
metabolism also supplies a number of non-sterol lipids required for protein
isoprenylation. It produces farnesyl diphosphate (FPP), geranylgeranyl diphosphate
(GGPP) and dolichyl phosphate which modify the carboxy terminal of many signaling
molecules post-translationally, such as the Ras superfamily (Laufs & Liao, 2000; Mo &
Elson, 2004). Farnesylation of Ras proteins facilitates their appropriate localization to
cellular membranes, where interaction with other signaling molecules allows these
GTPases to participate in mitogenic signal transduction that control cell proliferation,
differentiation, and survival (Bar-Sagi & Hall, 2000; Mo & Elson, 2004).
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In normal cells, the mevalonate pathway (Figure 1) is subject to multivalent
feedback regulation at the transcriptional and post-transcriptional levels by both sterol
and non-sterol products derived from the mevalonate pathway. Sterol-mediated
regulation is achieved through transcriptional regulation of HMG-CoA reductase, HMGCoA synthase, and the low density lipoprotein (LDL) receptor. Post-transcriptional
control of HMG-CoA reductase via synthesis of messenger ribonucleic acid (mRNA) and
degradation of the enzyme is mediated by farnesol (Correll et al., 1994 ).

Mevalonate Pathway
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Figure 1. Regulation of the mevalonate pathway by isoprenoids and statins.
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Malignant cells depend highly on the sustained availability of the end products of
the mevalonate pathway. Feedback regulation of sterol to the HMG-CoA reductase
activity at the transcriptional level is lost in cancer cells. Deregulated or elevated HMGCoA reductase has been demonstrated in many cancer cell lines including leukemia and
lung cancer. However, tumor cells retain their high sensitivity to post-transcriptional
regulation mediated by non-sterol isoprenoids that affect translational efficiency and
reductase degradation. Therefore, the mevalonate pathway, specifically HMG-CoA
reductase activity, is a potential target for developing isoprenoid-based chemo preventive
and chemotherapeutic approaches (Mo & Elson, 2004).

Many isoprenoid-derived products present in plants have both chemopreventive
and chemotherapeutic properties. One group of isoprenoids with known anti-tumor
activity is the tocotrienols, vitamin E molecules with a famesol side chain. Vitamin E
exists in eight different isomeric forms , broadly classified as tocopherols and
tocotrienols. Within the isomers of vitamin E (a-, ~-, y- and 8-tocopherols and a- , ~-, yand 8-tocotrienols), tocotrienols are more effective tumor suppressive agents than
tocopherols (Nesaretnam , 2008). The antioxidant activity of vitamin E compounds bears
no direct link with the proapoptotic potential (Constantinou et al. , 2008). 8-Tocotrienol is
found to be more potent than the other isomers (He etal. , 1997). Tocotrienols were found
to be tumor suppressive in murine B-16 melanoma cells (He et al. , 1997) and human
prostate (McAnally et al. , 2007; Mo & Elson, 1999), lung (McAnally et al. , 2007), colon
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(Eitsuka et al., 2006) and, liver (Wada et al., 2005) tumor cells. Inhibition of tumor cell
growth by tocotrienols is attributed to both the suppression of cell division as shown in
cell cycle arrest at the G 1 phase, and the initiation of apoptosis, actions consequent to
tocotrienol-mediated down regulation of HMG CoA reductase activity (Mo & Elson,
2004).

Lovastatin, a cholesterol-lowering drug, is a competitive inhibitor of the HMG
Co A reductase enzyme and the mevalonate pathway. Because mevalonate is a precursor
of isprenoids essential for cell growth, the suppression of the mevalonate pathway by
lovastatin is accompanied by tumor suppression (Elson et al. , 1999; Mo & Elson, 1999;
Mo & Elson, 2004).

The increasing incidence of melanoma and its poor prognosis in advanced stages
necessitates the development of chemopreventive approaches. The effects of 8tocotrienol on human melanoma cells have not been previously studied although 8tocotrienol has been shown to be active in growth-suppression of other tumor cells (Wada

et al. , 2005; Yu et al. , 1999).
Purpose of Study
The purpose of the study is to evaluate the effect of d-8-tocotrienol on the
proliferation of A2058 human epithelial metastatic melanoma cells and A3 75 human
epithelial malignant melanoma cells. Cell differentiation, cell cycle distribution, initiation
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of apoptosis and cell signaling pathways, events that have been implicated in cell
prolife ration, will be evaluated.
Hypothesis
d-8-Tocotrienol will suppress the proliferation of human A2058 and A375
melanoma cells by inducing differentiation, cell cycle arrest, apoptosis, and modulating
cell signaling pathways regulating these events.
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CHAPTER II
REVIEW OF LITERATURE

Melanoma is defined as "a form of cancer that begins in melanocytes (cells that
make the pigment melanin). It may begin in a mole (skin melanoma), but can also begin
in other pigmented tissues, such as in the eye or intestines." Melanoma, when initiated in
the skin, is called cutaneous melanoma, whereas it is called acral when located on the
palms and soles of hands and feet , and ocular or intraocular melanoma when located in
the eye. Melanocytes are also found in the mucosa, meninges, digestive tract, and lymph
nodes ; these melanocytes also have the potential to develop into melanomas (Hurt, 2008).
Melanoma is considered one of the most aggressive forms of cancer and is
responsible for most skin cancer-related deaths due to its ability to metastasize (Roomi et
al. , 2006). An estimated 74,610 new cases of skin cancer are expected to emerge in the
United States alone, claiming approximately 11 ,590 lives. Of these, 8,650 deaths will be
from melanoma and 2,940 from other non-epithelial skin cancer, making "melanoma of
the skin" the fifth and sixth most common invasive cancers detected in men and women
respectively (Jemal et al. , 2009).
Melanoma can occur on any skin surface but is commonly found on the trunk (the
area between the shoulders and the hips), head, or neck in men. In women, melanoma is
frequently found on the lower legs and upper back. Melanoma, although rarely found in
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dark skinned persons, may be found under the fingernails or toenails, or on the palms or
soles of hands and feet (Miller & Mihm, 2006). The lower trunk, thigh, lower leg, foot,
lower arms, hands, and face have been identified as lower risk sites for melanoma,
whereas the back, breast (thorax), upper arm, neck, and scalp have been designated the
high risk sites (Garbe et al. , 1995; Gillgren et al. , 2005).
The metastatic stage melanoma is highly aggressive and complex to treat because
of the heterogeneity of cells. Prognosis is poor; few patients survive more than two years
(Hoek et al. , 2008). The gastrointestinal tract is the most common site for metastasis of
malignant melanoma (Lyle et al. , 2008) with the incidence of approximately 68 , 20, and
58% in the liver, stomach, and small bowel respectively. Within the small and large
intestines, incidence is approximately 12% for the duodenum and 22, 5 and 1% in the
colon, rectum and anus respectively. Metastatic melanoma has also been found to spread
to the lung and brain (Adam & Efron, 1983). Despite public health initiatives advocating
sun protection in the United States, there has been a 15-fold increase in incidence, a rate
of increase more rapid than most other malignancies (Lao et al. , 2006).
Risk factors for melanoma include fair skin which makes skin more prone to sun
damage, family or past history of melanoma, presence of increased numbers or size of
nevi (moles) including clinically atypical nevi considered benign tumors (Y. M. Chang et
al. , 2008), age (male gender after the age of 40) (Beddingfield, 2003), suppressed or
weakened immune systems (post transplantations or HIV), Xeroderma pigmentosum
(XP), a genetic condition that impairs repair mechanisms on exposure to sunlight
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(Jacobelli et al., 2008; Le Marchand et al., 2006; Rodenas et al., 1996), The most
common contributing factor is exposure to solar ultraviolet radiation (UVR) (Marks,
2000). The average age for melanoma development is 55 years. However, melanoma has
also been observed in children. In the 25- to 29-year-old female population, melanoma is
currently the most common malignancy, surpassed only by breast cancer in the 30- to 35year-old range (Jensen et al. , 2007).
Melanoma risk with exposure to UVR, contrary to popular belief, increases with
increasing events of sunburns during all life-periods instead of childhood alone (Dennis
et al. , 2008). The extent of sun exposure also plays a role in melanoma development. In
fact, chronic UV exposure may prove to be protective, as noted in intermittently exposed
sun areas of indoor workers being more commonly afflicted with melanoma than
chronically exposed areas in outdoor workers (Beral & Robinson, 1981; Beral & Million
Women Study Collaborators, 2003). UVR comprise long, medium, and short waves
designated UVA, UVB , and UVC respectively; 98.7% of UVR reaching the earth ' s
surface is UV A. UVR has a tanning effect on skin. However, both UV A and UVB
radiation (UV A, 315-400 nm and UVB, 290-315 nm) have been shown to induce
mutations as well as mutagenic photoproducts such as cyclobutane pyrimidine dimers in
human skin (Bennett, 2008). UV A has also been implicated in producing oxygen and
nitrogen reactive species that damage DNA, proteins and lipids. The mechanism for UVR
carcinogenesis has been traced to the tumor suppressor gene p53 (Molho-Pessach &
Lotem , 2007). A more important function of solar UVR is its role in the cutaneous
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production of nearly 90% of vitamin D (Reichrath, 2006). Hence it is imperative that
accurate recommendations be made to ensure adequate Vitamin D status while safely
evading the risk of developing sun induced skin cancer (Reichrath, 2006; Tran et al. ,
2008) . Artificial sources of UV radiation such as sunlamps and tanning booths have also
been implicated in melanoma development (Autier et al., 1991 ; Bataille et al. , 2004;
Wingert, 2008) where sunlamps show a greater risk with increased frequency and
duration of use (Clough-Gorr et al. , 2008).
The mainstay of treatment in melanoma is surgical excision (Clark et al. , 2008)
which is curative for patients with early disease or regional lymph node metastases but is
less effective in distant metastases. Other forms of treatment include chemotherapy
(Schwartz et al. , 2008), radiation therapy (Atkins et al., 2008), immunotherapy (Alexeev
et al. , 2008), and adjuvant therapy for resected regional disease, but provide only a
modest improvement in condition. In the last two decades, early detection has been a
responsible factor in the progress of melanoma treatment. Early detection activities
include the ABCD rule of dermatoscopy that is based on the criteria A for asymmetry, B
for irregular border, C for multiple colors, and D for diameter >6 mm (Nachbar et al. ,
1994; She et al. , 2007). Various modifications of the ABCD rule have been proposed,
including Cs for change, contour, and color; Es for elevation, enlargement, and evolution ;
and other letters (Weinstock, 2006). The Check-It-Out Project, an intervention aimed at
increasing "thorough skin self-examination" (TSSE) was also promising in facilitating
early detection of melanoma (Lee et al. , 2008; Weinstock et al. , 2007). The ABCD and
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TSSE methods can be conducted by both clinicians and patients as they are easily learned
and rapidly calculated; providing a reliable, objective, and reproducible diagnosis (Atkins
et al., 2006). Another effective approach targeting the primary care physicians (PCPs) is
the Basic Skin Cancer Triage, a 2-hour, multi-component educational intervention
developed by collaborating experts representing fields of education, psychiatry, and
dermatology to increase the skill and ability of PCPs to accurately and confidently detect
melanoma lesions (Mikkilineni et al., 2001; Mikkilineni et al. , 2002; Weinstock et al. ,
1996). A study reported that melanoma screening of siblings of melanoma patients every
two years coupled with a one-time screening of the general population older than 50
years would be extremely cost-effective compared with other cancer screening programs
in the United States (Losina et al. , 2007).

Dietary Factors and Melanoma
The effect of diet on melanoma has been conflicting for fish , fish rich in n-3 fatty
acids, meat, vegetables, fruit, dairy products, wholemeal bread, alcohol , and coffee
intake. Tea consistently correlated with being protective against cutaneous malignant
melanoma (Fortes et al. , 2008 ; Le Marchand et al. , 2006; Naldi et al. , 2004 ; Roomi et al. ,
2006). Surprisingly, fat intake correlated with a reduced risk of developing melanoma or
non-melanoma skin cancers in Caucasians (Granger et al. , 2006). Data on retinol,
carotenoids, tocopherols, lycopene, and zinc have been inconclusive (Kirkpatrick et al. ,
1994; Stryker et al., 1990; White. , 1994), except one study that found a trend towards a
reduced melanoma risk from frequent consumption of baked goods, such as cake. This
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study speculated iron content for the reduced risk (Stryker et al., 1990). Risk of
melanoma was not lowered with vitamins A, C, E status; however, higher intake of
vitamin C from food (not juice) was associated with increased risk (Feskanich et al. ,
2003). In animal models, nutrient supplements such as vitamin C, lysine, proline, and
green tea extract strongly suppressed tumor growth in nude mice implanted human
melanoma (A2058) cells that lead to the inhibition of proliferative proteins MMP-9 and
VEGF secretion (Roomi et al. , 2006). A recent study found polyphenols in red wine to be
protective against metastatic melanoma (Moehrle et al. , 2008). A report on residential
pesticide exposure being an independent risk factor for cutaneous melanoma has been
made (Fortes et al., 2007).

Cell Cycle and Signaling Mechanisms in Human Melanoma
Cancer is the uncontrolled growth of a group of cells that can invade adjacent
tissues or further metastasize to other locations in the body via the blood or lymph.
Cellular activities that promote cell growth and survival are controlled by a complex
system of communication, inter and intracellularly, called cell signaling. Understanding
the natural cell-division cycle that governs growth and development will help to
understand the slew of molecular pathways that govern melanoma development and
progression. This in turn can aid in identifying better targeted therapy for human
melanoma.
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The cell cycle, also called cell-division cycle, is the series of events that a
eukaryotic cell undergoes to replicate. The two broad periods include the Synthesis (S)
phase and the Mitotic (M) phase. The S phase causes doubling of the genome while the
M phase conducts splitting of the genome resulting in formation of two distinct cells. The
period between M and S is called 0 1 phase and that between S and M is the 0 2 phase.
Interphase comprises of G 1, S, and 02 phase. Cells that have reversibly stopped dividing
are in the GO phase of quiescence. G 1 phase (G indicating gap or growth) is marked by
synthesis of various enzymes that are required in S phase, mainly those needed for DNA
replication. S phase starts with DNA synthesis and is complete with all chromosomes
replicated. The 02 phase supports synthesis of microtubules needed for M phase and lasts
until the cell enters mitosis. The cell cycle progression is governed by two key classes of
regulatory molecules, cyclins and cyclin-dependent kinases (CDKs). The levels of cyclins
rise and fall with the varying stages of cell cycle whereas the levels of cyclin-dependent
kinases (CDKs) remain stable. However, CDKs require cyclins for their activation. The
G 1 phase is controlled by cyclin D and Cdk4. The S-phase is controlled by Cyclins E, A,
and Cdk2. The M phase requires cyclins B, A, and Cdk 1 for its action. Cell cycle
inhibitors include two families of genes, the cip/kip family and the Inhibitor of Kinase
4/ Alternative Reading Frame (INK4a/ ARF). These genes prevent the progression of the
cell cycle and are therefore called tumor suppressor genes. The cip/kip family comprises
p21 , p27 , and p57 and halts cell cycle by binding to and inactivating cyclin-CDK
complexes at the 0 1 phase. DNA damage activates p53 which in turn activates p21. The
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p27 protein is activated by a growth inhibitor Transforming Growth Factor ~ (TGF ~).
The INK4a/ARF family includes pl6INK 4a and pl4ARF_ The pl6 1NK 4abinds to CDK4 and
arrests the cell cycle in G 1 phase, whereas p 14 ARF protects p53 from degradation. The
tumor suppressor protein retinoblastoma (Rb) is a critical part of the cell cycle process
and can arrest the cell cycle progression at the G 1 phase in its hypophosphorylated form
(the functionally active form) and relieves this inhibition in its phosphorylated form
(Georgieva et al., 2001; Hinds & Weinberg, 1994).
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Figure 2. Regulation of cell cycle by signaling proteins.
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In melanoma, the most common alteration is found in two genes: the cyclindependent kinase inhibitor 2A (CDKN2A) and the NRAS gene that is an initiating
member of the RAS-RAF-MEK-ERK pathway (Curtin et al. , 2005). CDKN2A exhibit
60% homozygous deletions with an additional 15-20% point mutations (Haluska & Hodi,
1998). Occurrence of both CDKN2A and RAS alterations coincide in melanoma and the
RAS/Cdkn2a model has illustrated the importance of these pathways (Chin et al. , 1999).

CDKN2A is a tumor suppressor gene that encodes: two proteins p 16 1NK 4a and
p 14 ARF (alternate open reading frame). Both the proteins are important in regulating cell
cycle, particularly G 1 progression and check point control. Protein pl 6 1N K4 a is a cyclindependent kinase inhibitor. It binds to and inhibits cyclin D/CDK4 which further blocks
pRB phosphorylation, leading to Gl cell-cycle arrest (Wu et al. , 2003). The p14ARF
protein functions as a stabilizer of the tumor suppressor protein p53 by sequestering
MDM2 (mouse double minute-2). MDM2 is a protein responsible for the degradation of
p53 and is positively regulated by E2F genes (Pecorino, 2005). The p53 protein is known
to block cell proliferation by inducing cell-cycle arrest or apoptosis. Hence mutation or
deletion in CDKN2A results in loss of p53 and pRB control, crippling the cell ' s ability to
arrest atypical growth. An analysis on 19 melanoma cell lines revealed that nearly all cell
lines exhibited alterations in pRB via CDKN2A or CDK4 with two cell lines presenting
mutations in both. Mutations in both would be redundant asp 16 1NK 4a ( encoded by
CDKN2A) and CDK4 sequentially act to control RB 1 phosphorylation. Low p53
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mutation levels in melanoma is contrary to other cancers but is explained by the fact that
deletion of CDKN2A renders expression of both pl 6 1NK 4a and p 14 ARF redundant as p53 is
no longer protected by pl4ARF from MDM2 degradation. Thus in retrospection, p53
mutations, should be expected in tumors lacking CDNK2A mutations but in actuality,
melanoma cell lines with normal CDKN2A and mutated CDK4 (Tsao et al., 1998) were
fo und to have detectable p53 mutations (Haluska et al., 2006).

The second gene commonly altered in melanoma is the RAS gene. Activation of
the Ras/Raf/MEK/ERK pathway occurs through either RAS or RAF mutations where
mutations in both are mutually exclusive (Curtin et al., 2005). RAS is mutated to an
oncogenic form in 30% of all human cancers with highest frequency in lung, colon,
thyroid , and pancreatic cancers (Clark et al., 1993). In human melanomas, RAS mutation
occurs in approximately 15-20% (Haluska et al., 2006; Omholt et al. , 2003). Of the three
RAS forms , Neuroblastoma RAS (NRAS) is most frequently mutated as compared to
Harvey RAS (HRAS) or Kirsten RAS (KRAS). Approximately 90% of these RAS
mutations are found localized on codon 61 and less frequently at codon 12 and 13 (Carr
& Mackie, 1994; Tsao et al. , 2000). Mutations on codon 61 were noted to be amino acid
substitutions of Q61K, Q61L, or Q61R (Pavey et al. , 2004). The major pathway
involving RAS is the MAPK (mitogen activated protein kinase) pathway that includes BRaf, MEK, and ERK as downstream activators. Together, they promote gene expression
(Lopez-Bergami et al. , 2008; Dahl & Guldberg, 2007; Vojtek & Der, 1998). Melanomas
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express cell surface receptors for growth factors such as platelet-derived growth factor
receptor (PDGFR), epidermal growth factor receptor 1 (EGFRl or ErbB 1) and c-kit via
receptor tyrosine kinase. Different GFRs are expressed at various stages of melanoma
progression ( Udart et al., 2001; Montone et al., 1997). Chemokines (CXCL 1 and
CXCL8) have also been known to function as growth factors for Ras activation in
melanoma (Hayashi et al. , 1997).
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Figure 3. Ras-Raf-mitogen-activated protein kinase (MAPK)/extracellular signalregulated kinase (ERK) signaling pathway and PTEN/ AKT pathway.
The identification of BRAF mutation in melanoma (Davies et al. , 2002) in 2002
prompted the idea that constitutive activation of the MAPK pathway facilitates melanoma
progression. Mutated BRAF was reported in up to 82% of cutaneous melanocytic nevi
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(Pollock et al., 2003), 66% of malignant melanomas, and 40% to 68% of metastatic
melanoma. BRAF mutations in malignant melanoma were a single amino acid
substitution of valine to glutamic acid (V 599E on exon 15) similar to mutations found in
metastatic melanoma (Gorden et al., 2003; Kumar et al., 2003). However, 80% of benign
nevi also harbor the V599E BRAF mutation indicating that other factors might be
necessary to transform the nevi to a tumor.

Both NRAS and BRAF mutations have been identified early during melanoma
pathogenesis and are harbored throughout tumor advancement (Omholt et al., 2003).
However, this claim has been contradicted by Shinozaki et al., whose study on 59
primary and 68 metastatic melanomas using direct sequencing PCR products concluded
that BRAF mutations could be acquired during metastasis and were therefore not a
significant factor for primary tumor development (Shinozaki et al. , 2004). Also, the
constitutive activation of the Ras/Raf signaling pathway demonstrated impaired
prognosis in metastatic melanoma but did not negatively impact overall survival in the
primary tumor (Houben et al., 2004). Although BRAF/ NRAS mutations are predominant
in melanomas, their clinical significance is questionable. No correlation exists between
presence of either mutation versus tumor cell proliferation, tumor thickness, microvessel
density, vascular invasion, or patient survival (Akslen et al. , 2005; Curtin et al., 2005).
Melanomas harboring BRAF mutations had a greater likelihood of metastasizing to the
liver and multiple organs. No correlation was found between age, gender, location of
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primary melanoma, stage at diagnosis, depth of primary tumor between patients with and
without BRAF mutations, time for progression to stage IV or overall survival, and BRAF
mutations (Chang et al. , 2004). This led to the conclusion that NRAS and BRAF
mutations alone may not be enough to initiate progression of melanoma or its
advancement towards metatasis. Co-operation between mutated BRAF and p 16ARF loss,
combined with mutations in p53 and tumor suppressor gene; phosphatase and tensin
homolog (PTEN) has been suggested (Daniotti et al. , 2004; Tsao et al. , 2000).
Analysis of cyclins and CDKs expression on 49 primary cutaneous malignant
melanomas, 18 metastatic melanomas, and 12 histologically confirmed nevi was
conducted. Results indicate that among the cyclins (A, Bl , Dl , D2, D3 , and E) and cyclin
dependent kinases (CDKl , CDK2, and CDK4), Cyclin E and CDK2 exhibited the highest
expression among both malignant and metastatic melanomas. Cyclins B 1, D2, and D3
had si gnificantly increased expression in metastatic melanoma but not primary
melanomas (Georgieva et al. , 2001 ). Increased genetic activity for CDK4 and cyclin D 1,
promoters of cell cycle progression at G 1 phase, has been observed in melanomas with

BRAF or NRAS mutations (Curtin et al. , 2005).
Active ERK, a downstream effector of the MAPK pathway, is also found in most
melanoma cell lines and late stage tumor tissue (Satyamoorthy et al. , 2003 ). ERK
activation promotes cell proliferation by upregulating cyclin D 1 and c-Myc activity while
consequently down regulating p27Kip

1

(

cyclin dependent kinase inhibitor). This prompts

the transition of cells from the G 1 phase to the S phase. The p27Kip I protein is regulated

19

at the levels of transcription, translation, and ubiquitin-related proteasomal degradation
involving S-phase kinase-associated protein (Skp2) and its co-factor Cdc kinase subunit 1
(Cks 1) (Carrano et al., 1999). In melanoma, BRAF is able to regulate p27KipI expression
at the mRNA level, where both BRAF and cyclin Dl control Cksl/Skp2-mediated
ubiquitin proteolysis (Bhatt et al. , 2007).
PTEN (phosphatase and tensin homolog) mutations have been observed in 3050% of melanoma cell lines, of which 70% showed homozygous deletion of the gene
(Tsao et al., 1998). PTEN is a tumor suppressor gene that negatively regulates the
PI3K/ AKT pathway. The PI3K/ AKT pathway is activated by initiating signals from the
receptor tyrosine kinase that activates Ras which subsequently promotes proliferation
through MAP kinases and survival through the PI3K/ AKT pathway (Curtin et al. , 2005).
Survival is sustained by phosphorylation of AKT which prevents initation of apoptosis.
PTEN encodes a protein and lipid phosphatase that has specific functions. The protein
phosphatase aids in inhibition of focal adhesion formation , cell spreading, migration, and
inhibition of growth factor-stimulated MAPK signaling. The lipid phosphatase functions
to dephosphorylate phoshatidylinositol 3, 4, 5 triphosphate causing degradation in the
products of the PI3K pathway, thus removing the block on apoptosis (Wu et al., 2003).
The absence of apoptosis due to lack of PTEN (Stambolic et al., 1998) was restored with
forced expression of PTEN (Sun et al., 1999). Loss of PTEN function , though more
frequent in late stage melanoma, has also been implicated in early progression (Wu et al. ,
2003). Metastatic melanoma exhibits a much lower PTEN mutation potential of 5-20%
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(Celebi et al., 2000; Reifenberger et al., 2000). PTEN mediated apoptosis is proposed to
occur via downregulation of Bcl2 and other antiapoptotic proteins and simultaneous
upregulation of proapoptotic caspases and Bid proteins. Datta and group have suggested
that PBK/AKT pathway is able to block apoptosis and promote cell survival by
phosphorylating and inactivating the pro-apoptotic protein BAD (a BCL-2 family
member) (Datta et al., 1997). Thus, loss of the dual phosphatase PTEN function may
result in aberrant cell growth, diversion from apoptosis, and abnormal cell spreading and
migration (Wu et al., 2003). In melanoma cells, PBK/AKT regulates Gl cell cycle
progression by positively regulating cyclin D3 expression and promoting tumorigenesis
(Spofford et al., 2006). Similarly, cells with active Ras or AKT exhibited faulty
proteolytic processing of pro-caspase-9 from cytochrome c. Mutant pro-Caspase 9,
however, was able to escape inactivation and induce apoptosis (Cardone et al. , 1998).
The relation between NRAS, BRAF, and PTEN in human melanoma was
suggested by Haluska et al. , as there being a possibility of three melanoma groups: two
groups carrying a mutually exclusive NRAS or BRAF mutation and a third group
exhibiting a coexisting BRAF/PTEN mutation (Haluska et al. , 2006). The latter group is
proposed to be an independent somatic target. NRAS mutations have not been identified
to co-exist with mutated or deleted PTEN because NRAS activates both PI3K and the
MAPK pathway, whereas BRAF only activates MAPK (Curtin et al. , 2005). The loss of
PTEN and oncogenic activation of RAS seem to occur in a reciprocal fashion, both of
which could cooperate with CDKN2A loss in contribution to melanoma tumorigenesis
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(Tsao et al. , 2000). Mouse melanoma models have illustrated a possible co-operation
between RAS and CDKN2A mutations for melanoma development (Chin et al., 1997). A
partnership between mutated CDKN2A and PTEN in melanoma development has also
been suggested, although it is not clear whether/which one confers greater susceptibility
(You et al. , 2002). Curtin et al, explored the difference in anatomical location of
melanoma and extent of sun exposure. The study concluded that melanomas of the skin
not subjected to chronic sun-induced damage (most common type) harbored an 81 % of
BRAF or NRAS mutations (Curtin et al., 2005). They proposed that non-sun induced
cutaneous melanoma exhibiting NRAS, BRAF, or BRAF in conjunction with PTEN
mutation are susceptible to therapy targeting the RAS-RAF-MEK-ERK and the PI3K
pathways.
Another pathway of interest in melanoma cell signaling is the NF-kB pathway.
NF-kB mediates antiapoptotic, proliferative, metastatic, and pro-angiogenic effects via
gene expression, and it is found to be elevated in tumors including melanomas (Karin et
al. , 2002). Inactive NF-KB, located in the cytosol , is complexed with the inhibitory
protein IkB-a. Surface receptors for chemokines and lymphotoxins on activation, results
in IkB kinase (IKK) activation, that phosphorylates IkB-a leading it to ubiquination and
breakdown by the protesome. Released active NF-kB translocates to the nucleus where it
binds to response elements (RE) inducing gene expression. Proteosome inhibitors target
this pathway inhibiting the proteosome-ubiquitination process preserving NF-kB in its
inactivated state reversing malignancy (Adams, 2002; Fernandez et al. , 2005). NF-kB
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controls cell proliferation, by activating target genes such as interleukin-2 and
granulocyte-macrophage colony-stimulating factor (GM-CSF), that encode growth
factors that stimulate proliferation. NF-kB also indirectly stimulates the transcription of
genes that encode G 1 cyclins (Hinz et al., 1999). NF-kB inhibits apoptosis by blocking
the effects of TNF-a and other pro-apoptotic proteins. The anti-apoptotic factors induced
by NF-kB include caspase-8/ FADD (FAS associated death domain), (FLICE) inhibitory
protein (c- FLIP), and members of the BCL2 family (Karin & Lin A. , 2002).

Ap optosis
The MEK/ERK induction of apoptosis is another important aspect of tumor
suppression. Apoptosis is a form of programmed cell death in multi-cellular organisms
involving a series of biochemical events leading to characteristic cell morphology
including cell shrinkage, chromatin condensation, bubble-like blebs formation on cell
surface, and exposure of phosphatidylserine (a phospholipid usually present on the inner
plasma membrane). Other events related to apoptosis include DNA or whole cell
fragmentation , mitochondrial rupture accompanied by cyctochrome c release, the
presence of phagocytic cells that respond to the "eat me" signal, and cytokine secretion
(TGF- ~) by phagocytic cells that inhibits inflammation and death. Apoptosis can occur
in cells via 3 different mechanisms. The intrinsic or mitochondrial pathway involves
release of pro-apoptotic proteins Bad and Bax, in response to internal damage, causing it
to migrate to the surface of the mitochondria. This is followed by binding of proapoptotic proteins to anti-apoptotic protein Bcl-2 present on the mitochondria surface
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blocking its protective effect. The association forms channels allowing cytochrome c to
leak out. Cytochrome c then binds to apoptotic protease activating factor- I (Apaf-1)
forming apoptosomes. These apoptosomes bind and activate initiator caspase-9 that in
turn activates executioner caspases-3 and -7 cascading proteolytic activity leading to cell
disruption and phagocytosis as a possible end. The second mechanism is the extrinsic or
death receptor pathway. Here, Fas ligand or Tissue Necrosis Factor (TNF) bind to their
receptors on cell surface transmitting signals via the cytoplasm activating caspase-8
which in turn leads to cascades of caspase activation ending in phagocytosis of the cell.
The third mechanism involves a protein, Apoptosis Inducing Factor (AIF), that is usually
located in the intermembrane space of the mitochondria. When activated, AIF is released
and migrates to the nucleus and binds to DNA causing cell death (Wang et al., 2007). In
human melanoma, the MEK/ERK induction of apoptosis is associated with mitochondrial
integrity but independent of caspase interaction. The factors involved include activation
of pro-apoptotic proteins PUMA and Bim which are the BH3-only proteins belonging to
the Bcl-2 family and down regulation of anti-apoptotic protein Mel- I that belongs to the
Bcl-2 family (Wang et al., 2007).

Cellular Differentiation
Cellular differentiation is the process by which a less specialized cell becomes a
more specialized cell type. Cancer cells tend to divide so rapidly that often times, cells
remain undifferentiated. A viable therapy for cancer treatment would therefore be
induction of differentiation. Since increased melanin synthesis is a characteristic of B 16
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cellular differentiation, it becomes even more pertinent to apply it to the study of
melanoma.
Melanogenesis can be induced by ultraviolet A and B radiation and by other
effectors such as elevated a-Melanocyte-stimulating hormone (MSH), cAMP levels
(Busca et al., 1998), and other pharmacological agents such as forskolin, cholera toxin,
and isobutylmethylxanthine (Hearing & Tsukamoto, 1991). Although MAP kinases are
activated during cAMP-induced melanogenesis, MAP kinase pathway activation is not
required for cAMP-induced melanogenesis. B 16 melanoma cell differentiation can be
induced by inhibition of the MAP kinase pathway whereas sustained activation impairs
the melanogenic effect of cAMP-elevating agents (Englaro et al., 1998).

Besides melanin production, cellular differentiation is also accompanied by
dendrite development that has been linked to Rho. Rho is the downstream effector of Ras
that controls actin organization within cells. Busca et al showed that inhibition of Rho is
required for cAMP induced melanoma cell differentiation and results in stimulation of the
tyrosinase gene transcription and protein expression (Busca et al. , 1998). A method to
detect cellular differentiation, alkaline phosphatase, has been frequently used as a marker
of cell differentiation in colon cancer cells (Matsumoto et al. , 1990). This method was
confirmed in differentiation of HL-60 promyelocytic cells induced by retinoic acid (RA)
that was accompanied by a quantitative similar increase in alkaline phosphatase (ALP)
activity (Wei et al., 1992).
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The Mevalonate Pathway
The mevalonate pathway, also called the cholesterol biosynthesis pathway, was
delineated by Nobel Prize winners (1964) Konrad Bloch and Feodor Lynen. It is the vital
pathway that produces sterol and non-sterol (isoprenoid) products that have specific
functions in the human body (See Figure 1). Cholesterol constitutes the sterol product and
is an important component of the cell membrane. It is also the precursor of lipoproteins,
vitamin D, steroid hormones, and bile acids. The isoprenoid products of the pathway
include haem A and ubiquinone (components of the electron transport chain that
participate in cellular respiration), dolichol (posttranslationally added to proteins and
helps anchor sugar molecules on cellular membranes in the glycoprotein assembly),
farnesyl pyrophosphate (FPP), geranylgeranyl pyrophosphate (GGPP), dolichyl
phosphate (post-translationally modify the carboxy terminal of many signaling molecules
such as the Ras superfamily and Rho of small GTPases ), isopentyladenine ( a component
of certain transfer RNA that aid in protein synthesis), and intercellular messengers like
plant cytokines and fungal farnesylated mating factors (Goldstein & Brown, 1990; Laufs

& Liao, 2000; Mo & Elson, 2004).
For growth to occur, the cell must ensure a constant supply of mevalonate
products without over production of cholesterol. Surplus cholesterol is lethal as it initiates
atherosclerosis in blood vessels and forms crystals within the cell (Small & Shipley,
197 4 ). The balance between mevalonate and cholesterol production is achieved by
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feedback regulation of two sequential enzymes of the mevalonate pathway, 3-hydroxy-3methylglutaryl Co-enzyme A (HMG-CoA) synthase and HMG-CoA reductase.
Modulation oflow density lipoprotein (LDL) receptors located on cell surface also
regulates this pathway (Goldstein & Brown, 1990) (See Figure 1). HMG-CoA reductase
is a 97 kDa glycoprotein and is the rate-limiting enzyme of the mevalonate pathway and
is subjected to multivalent feedback regulation by sterol (cholesterol) at the
transcriptional level and non-sterol metabolites (farnesol) at the post transcriptional
levels, i.e. blocking of translation and accelerating degradation (Goldstein & Brown,
1990).

Prenylation of Cellular Proteins
Prenylation, isoprenylation, or lipidation implies a post-translational lipid
modification of proteins by covalent addition of hydrophobic isoprenoid molecules.
Isoprenoids added to specific proteins include either farnesyl (15 carbons) or
geranylgeranyl (20 carbons) derived from mevalonate. The isoprenoid groups are
attached to cysteine residues at or near the carboxyl-terminal of proteins ending in
CAAX, where C is cysteine, and A is an aliphatic amino acid. Depending on what amino
acid (aa) X is, the protein will either be farnesylated i.e. in case of methionine, serine,
cysteine and glutamine or geranylgernylated in case of leucine or isoleucine.
The linkage between the isoprenoid molecule and the protein is a highly stable
thioether bond. The bond is formed preceeding the proteolysis of the last three amino
acids by RCE 1 protease, an integral membrane protein of the ER (Boyartchuk et al. ,
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1997). The subsequent isoprenylcysteine is methylated at the C-terminus by an ER
membrane-bound enzyme called isoprenylcysteine carboxylmethyltransferase (ICMT)
(Dai et al., 1998). Prenylation uses diphosphate derivatives of isoprenoids as donors and
is catalyzed by one of three proteinprenyl transferases: protein farnesyltransferase
(FTase ), protein geranylgeranyltransferase type I (GGTase I), and geranylgeranyl
transferase type II (GGTase II). FTase transfers a farnesyl group from FPP whereas
GGTase I transfer a geranylgeranyl group from GGPP to the cysteine residue of the target
protein (CAAX) (Adjei, 2001; Goldstein & Brown, 1990; Magee & Seabra, 2003;
McTaggart, 2006). The third enzyme, Geranylgeranyl transferase II, also called Rab
geranylgeranyltransferase, usually transfers two geranylgeranyl groups to the cysteine(s)
at the C-terminus of Rab proteins. Rab proteins, on account of their varying length, do
not have a consensus sequence such as a CAAX box, hence they are bound to the Rab
escort protein (REP) that guide it to the Rab geranylgeranyltransferase (Benito-Moreno et
al. , 1994).
Prenylation aids in protein attachment to the lipid bilayer of biological membrane.
The prenyl group that acts as the fatty acyl group has been dubbed the "sticky finger"
(Magee & Seabra, 2003 ). This linkage is further reinforced via electrostatic interactions,
between positively charged lysine residues of the protein and negatively charged lipids
(Pechlivanis & Kuhlmann, 2006). N- and S-acylation also serves as specific recognition
elements facilitating cellular protein-protein interactions assisting membrane-associated
protein trafficking (Gelb et al. , 2006; McTaggart, 2006). Farnesylation is found in all
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RAS proteins and facilitates their appropriate localization to cellular membranes.
Interaction with other signaling molecules allows these farnesylated GTPases to
participate in mitogenic signal transduction that control cell proliferation, differentiation,
and survival (Bar-Sagi & Hall, 2000; Goldstein & Brown, 1990; Hancock et al., 1990;
Mo & Elson, 2004). However, Ras and other farnesylated proteins also undergo
additional membrane associations ensuring steady anchoring within the plasma
membrane. Two of the three Ras isoforms, Harvey H-Ras and Neuroblastoma N-Ras,
undergo palmitoylation at cysteine residues of their carboxy terminus following maiden
prenylation and carboxymethylation (Adjei, 2001; Mc Taggart, 2006). HRas is
palmitoylated on C 181 and C 184, while NRas is palmitoylated on C 181. The key enzyme
responsible for palmitoylation of H- and NRas is the Ras palmitoyl transferase (RPT).
The third isoform, Kirsten or K-Ras, is processed differently. It contains a stretch of
lysine called a poly basic region that interacts with negatively charged head groups of the
plasma membrane aiding attachment. Palmitoylated H- and N-Ras reach the plasma
membrane via the Golgi, while KRas bypasses this route (Rajalingam et al. , 2007).
Presence of farnesyl or palmitoyl side chains has also been linked to area preference on
cellular membranes such as lipid rafts or caveolae (Pechlivanis & Kuhlmann, 2006).
Weak binding of non-palmitoylated Ras has been detected in the ER that can be
dislodged by hypotonic lysis of cells (Hancock et al. , 1989). Ubiquitination of H- and NRas proteins led to these proteins being diverted to endosomes severing their ability to
activate signal cascades (Jura et al., 2006). Farnesylated proteins include Ras, Rho B, and
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type A and type B lamins, while geranylgeranylated proteins include Rab, Rho A, and
Rae- I (Adjei, 2001; Goldstein & Brown, 1990).
The Ras superfamily is comprised of small G proteins (also called guano sine 5'
triphosphatases (GTPases)) and includes five major subfamilies: Ras, Rho/Rae, Sarl /Arf,
Rab, and Ran (Rajalingam et al., 2007; Takai et al., 2001). Ras, located on the inner
portion of the plasma membrane, connects cell surface receptors to intracellular effectors,
thus controlling the cellular signal transduction pathways that affect growth, migration,
adhesion, cytoskeletal integrity, cell survival, and cell cycle progression, differentiation
and senescence (Rajalingam et al. , 2007).
In resting cells, membrane bound GTPases are in an inactive, GDP bound form
and are interconverted to an active GTP bound form following stimulation from an
upstream signal. Thus, GTPases act as molecular switches that transduce an upstream
signal to a downstream effector(s). The GDP/GTP cycling reaction is managed by
GTPase activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs).
GAPs enhance hydrolysis rate of GTP while GEFs regulate GDP/GTP cycling by
releasing bound GDP, thus forming a small G protein-GEF binary complex. GTP then
replaces GEF in the complex to form the GTP bound form (Magee & Seabra, 2003;
Pechlivanis & Kuhlmann, 2006; Rajalingam et al. , 2007; Takai et al. , 2001 ).
Ras activation is elicited when epidermal growth factor (EGF) binds to an
epidermal growth factor receptor (EGFR) which is a receptor-linked tyrosine kinase,
causing its activation on the cytoplasmic domain. The phosphorylated tyrosine allows
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docking proteins such as growth factor receptor-bound protein 2 (GRB2) to bind to it via
its SH2 domain. GRB2 then binds to a GEF called Son of Sevenless (SOS) through its
SH3 domain. SOS activation occurs when GRB2-SOS complex docks to phosphorylated
EGFR that subsequently promotes GDP removal from Ras causing its activation. SOS,
Cdc25, and Ras ORF are all examples of GEFs, most of which are specific for each
member of G-proteins (Adjei, 2001; Takai et al., 2001 ).
Ras is a common upstream molecule of several signaling pathways including
Ras/Raf/Mitogen-activated protein kinase/ERK kinase (MEK)/extracellular-signalregulated kinase (ERK) cascade, phosphatidylinositol 3-kinase PI3K/AKT and
RalEGF/Ral pathway that couples signals from cell surface receptors to transcription
factors that regulate gene expression. The Ras/Raf/MEK/ERK cascade can further
activate downstream transcription factors including nuclear factor-kappa B (NF-kB),
cAMP response element-binding (CREB), Ets-1 , activator protein 1 (AP- I) and c-Myc.
ERK activates Ets-1, AP-I , and c-Myc directly via phosphorylation or indirectly by
phosphorylating a positive regulator, IKB kinase (IKK), in case of NF-kB. These
transcription factors induce the expression of genes important for cell cycle progression
(cyclin dependent kinases, cyclins, and growth factors) and apoptosis prevention
(antiapoptotic Bcl-2 and cytokines) (Chang et al. , 2003). Activation of the PI3K pathway
has been linked to several cellular functions, including mitogenic signaling, inhibition of
apoptosis and control of the actin cytoskeleton (Rodriguez-Viciana et al. , 1994).

Transcriptional (Sterol Feedback) Regulation of the Mevalonate Pathway
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Dietary cholesterol is an exogenous source of cholesterol for cells and is taken up
by cells from low density lipoproteins (LDL) via receptor mediated endocytosis. Cells are
also able to endogenously synthesize cholesterol via the mevalonate pathway. The
absence of exogenous cholesterol initiates high activity of the mevalonate pathway;
however, addition of cholesterol reduces mevalonate pathway activity to 10%. To
completely shut down the mevalonate pathway, cells will need to be satisfied with both
their sterol and non-sterol requirements. Cultured cells, when treated with HMG-CoA
reductase inhibitors, exhibited a 200-fold increase in reductase protein within a few hours
as a multiplicative effect. The three levels at which changes occur are an eightfold
increase in transcription, a fivefold increase in mRNA translation, and a subsequent
fivefold decline in enzyme degradation (Goldstein & Brown, 1990).
HMG-CoA reductase, anchored in the endoplasmic reticulum (ER), has a Cterminal catalytic domain that resides in the cytosol and an N-terminal trans-membrane
domain that spans the membrane eight times and contains the sterol-sensing domain
necessary for sterol-accelerated degradation (Hampton, 2002; Xu & Simoni, 2003). The
sterol feedback regulation of the HMG-CoA reductase is mediated through sterol
regulatory element binding proteins (SREBPs ). SREBPs are transcription factors that
belong to the basic-helix-loop-helix leucine zipper (bHLH-ZIP) family. They are
intrinsically attached to membranes of the endoplasmic reticulum and the nuclear
envelope, and have a hairpin orientation in the membrane such that both the aminoterminal transcription factor domain and the COOH-terminal regulatory domain face the
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cytoplasm (Hua et al., 1995; Hua et al., 1996; Wang et al., 1994). Two distinct genes
encode SREBP-1 and SREBP-2. The SREBP-1 gene further transcribes SREBP-1 a and
SREBP- lc through alternate exon utilization (Hua et al., 1995; Yang et al., 2002;
Yokoyama et al., 1993). SREBP-la is the most potent activator of all SREBP responsive
genes, while SREBP-1 c is the weakest on account of its shortened acidic domain (Horton
et al. , 2002; Shimano et al. , 1997). SREBP-1 a and SREBP-2 are known to preferentially
upregulate cholesterol synthesis genes while SREBP-1 c predominates in the liver and
regulates genes that synthesize fatty acids. Although the transcription factors have
functional differences, they are regulated proteolytically by sterols (Hampton, 2002).
SREBPs are also attached to a second protein called sterol regulatory element binding
protein cleavage-activating protein (SCAP). SCAP has multiple membrane-spanning
regions, of which five resemble the sterol-sensing domain of HMG CoA reductase (Hua
et al. , 1996).
Low sterol levels in cells prompt the cholesterol sensor SCAP to escort SREBPs
to the Golgi apparatus where it undergoes a two-step proteolytic process. The first
cleavage is regulated by sterols and occurs in the lumenal loop, breaking the covalent
bond between the two trans-membrane domains of SREBP-2. The second is not regulated
by sterols, occurs within the first transmembrane domain, and releases the mature water
soluble NH2-terminal fragment (Sakai et al., 1996). The active SREBP translocates to the
nucleus and binds to the sterol regulatory element (SRE-1) in the 5'-flanking region/
promoter region of the reductase gene, activating transcription (Sato et al. , 1994). In a
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similar fashion, genes encoding other enzymes of cholesterol synthesis such as HMG
CoA synthase, farnesyl diphosphate synthase, and LDL receptor are activated (Brown &
Goldstein, 1997; Goldstein & Brown, 1990; Horton et al., 2002; Hua et al. , 1993; Wang
et al., 1994). On the other hand, an abundance of cellular sterols initiates conformational
changes in SCAP promoting its binding to a protein called Insigs (Xu & Simoni, 2003;
Yang et al., 2002). This binding seizes SREBP preventing its entry into the nucleus
halting transcription of specific genes involved in cholesterol synthesis, low-density
lipoprotein endocytosis, fatty acid and phospholipid synthesis (Brown & Goldstein, 1997;
Hampton, 2002; Xu & Simoni, 2003). Thus, release of Insigs by its ubiquitization and
subsequent degradation in a cholesterol-depleted environment is a critical step in
transcription of HMG Co-A reductase (Gong et al. , 2006). HMG Co-A reductase mRNA
has been reported to be down-regulated by 25-hydroxycholesterol (Choi , Lundquist, &
Peffley, 1993).

Post-Transcriptional Regulation of the Mevalonate Pathway
HMG CoA reductase is also regulated at the level of mRNA translation by
mevalonate derived non-sterols or oxysterols and via enzyme degradation by sterol and
non-sterol products from the mevalonate pathway (Goldstein & Brown, 1990). The
translation of mRNA occurs at a rate that satisfies the cell ' s need for non-sterol
isoprenoids. This was illustrated by blocking mevalonate production by a reductase
inhibitor that resulted in an accelerated translation of mRNA even in the presence of
sterol. This increase in mRNA translation is reduced fivefold when non-sterol needs are
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met (Goldstein & Brown, 1990). Chinese hamster ovary (CHO) cells when supplemented
with mevalonate, at concentrations inhibitory to reductase activity, show an 80%
inhibition in reductase activity by non-sterol products. Also, in the absence of exogenous
sterol or mevalonate supplements, endogenously synthesized non-sterol isoprenoids
produces a 70% inhibition of the enzyme activity (Panini et al., 1989) . Geraniol, an
acycl ic monoterpene, is reported to suppress HMG CoA reductase synthesis by 98% and
reduce mRNA levels by 66% (Peffley & Gayen, 2003).
Degradation of reductase is accelerated depending on the abundance of sterols
(25-hydroxycholesterol) and non sterol (isoprenoid) products (Straka & Panini, 1995).
This is demonstrated by the decline in HMG CoA reductase degradation on addition of a
reductase inhibitor. Thus, the half-life of mammalian HMO CoA reductase can vary from
less than an hour up to ten hours with variation depending on cell or tissue types
(Hampton, 2002). Farnesol, a farnesyl pyrophosphate (FPP) derivative of the mevalonate
pathway has also been shown to induce reductase degradation (Correll et al. , 1994;
Meigs, Roseman, & Simoni, 1996). Farnesol derivatives such as farnesyl acetate and
ethyl farnesyl ether, farnesol homologs such as tocotrienols and geranylated tocol
analogues accelerate HMO CoA reductase degradation by a nonlysosomal cysteine
protease (Mo & Elson, 2004 ). Another mode for the degradation of mammalian reductase
is the sterol mediated ubiquitin-proteasome system (Doolman et al. , 2004 ; Ravid et al. ,
2000) where lanosterol, the cholesterol precursor, triggers binding of insig to reductase
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causing it to be ubiquitinated. Following which it is transported to the proteosome for
degradation (Song, Sever, & DeBose-Boyd, 2005).

Dysregulation of HMG Co-A Reductase in Tumor Cells
In some tumor cells, feedback regulation of the HMG-CoA reductase enzyme by
sterol at the transcriptional level is lost. There is also an exaggerated demand for nonsterol isoprenoids to sustain tumor proliferation and growth. However, the increased
activity of HMG-CoA reductase enzyme renders tumor reductase several fold more
sensitive to isoprenoid-mediated growth suppression, than normal cells (Mo & Elson,
2004 ). Animal studies have shown only a modest reduction in serum cholesterol levels at
isoprenoid levels capable of suppressing tumor growth (Elson, 1995). Dysregulated or
elevated HMG-CoA reductase has been demonstrated in many cancer cell lines including
leukemia, gastic, colorectal, and lung cancer cells (Caruso et al. , 1999; Caruso et al. ,
2002 ; El-Sohemy & Archer, 2000; Gueddari et al. , 1993). It is proposed to result from
differential binding of transcription factor( s) on the reductase promoter prompting a
several-fold higher transcription of reductase mRNA. This multiple binding of
transcription factor(s) result in the attenuation of the normal sterol-mediated regulation of
reductase (feedback inhibition by LDL cholesterol) (Hentosh et al. , 2001 ; Rao , 1995).
Overexpression of the transcription factor SREBP-1 a, has been documented in rapidly
proliferating cells (Hannah et al. , 2001 ; Hentosh et al. , 2001 ). Transgenic mice
expressing truncated version of human SREBP-1 a, had markedl y elevated mRNAs
encoding HMG CoA synthase, HMG CoA reductase, and LDL receptor (LDLR). Sterol
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resistance has also been traced to a mutation in SCAP, a G ➔A transition at codon 443,
substituting aspartic acid with asparagine. This mutation increases the cleavage
stimulating activity of SCAP (Hua et al., 1996; Mo & Elson, 2004) and decreases LDL
· cholesterol binding due to lowered LDLR expression in certain tumors (Caruso et al. ,
2002). Addition of exogenous cholesterol down-regulated SREBP2, LDLR, LDLR
mRNA expression, and LDL uptake in normal prostate cells but not prostate cancer cells,
indicating the important role of SRE, SREBP2 and LDL in the loss of sterol feedback
regulation in cancer cells (Chen & Hughes-Fulford, 2001 ). Enzyme activation state
(Feingold et al. , 1983) and methylation pattern of the reductase gene, once suggested to
be contributors to the sterol-resistance in tumor cells, are not significantly different
between normal and tumor cells (Hentosh et al., 2001; Mo & Elson, 2004). Tumor cell
proliferation and survival thrive on the crippling of the sterol mediated feedback
regulation ensuring adequate supply of mevalonate derived non-sterol isoprenoids
(Hentosh et al., 2001; Mo & Elson, 2004).

Effect of lsoprenoids on Tumor growth
Isoprenoids, also called terpenoids, are plant products that are derived from the
mevalonate pathway. Characterization of over 23,000 individual isoprenoids has been
accomplished with hundreds of new structures being reported each year (Sacchettini &
Poulter, 1997). They are classified as pure if they have 5-carbon isoprene units (X) or
multiples of it. This includes monocyclic monoterpenes (2X, e.g. d-limonine, perillyl
alcohol , perillaldehyde, carvacrol, and thymol), acyclic monoterpenes (2X, e.g. geraniol),
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sesquiterpenes (3X, e.g. farnesol), diterpenes (4X), triterpenes (6X e.g. lupeol) and
tetraterpenes (8X, e.g. lycopene ). Isoprenoids are called polyterpenes (nX) when they
contain a large number of isoprene units (Bach, 1995; Mo & Elson, 1999). Mixed
isoprenoids contain only a part of the mevalonate pathway derivative and include
tocotrienols, prenylated coumarins, flavones, flavanols, isoflavones, chalcones, quinones,
chromanols, and menaquinoine-3 (Elson et al. , 1999; Mo & Elson, 1999). All isoprenoids
are synthesized from the universal compound isopentenyl diphosphate (IPP) derieved
from the mevalonate pathway. IPP's downstream product, geranylgeranyl
pyrophosphate, is the precursor of tocotrienols (Chemler, Yan, & Koffas, 2006).
Isoprenoids suppressed the growth of many cancer cell lines including murine
B16 melanoma cells (McAnally et al., 2007; Mo & Elson, 1999; Mo et al. , 2000; Mo &
Elson, 2004), human HL-60 leukemia cells (Mo & Elson, 1999; Tatman & Mo, 2002),
CaCo-2 colon cells (McAnally, Jung, & Mo, 2003 ; Mo & Elson, 1999), and human PC-3
prostate adenocarcinoma cells (Conte et al., 2004; McAnally et al. , 2003). CaCo-2 colon
adenocarcinoma cells have a three- to four- fold higher sensitivity to isoprenoids than
normal colon fibroblasts (Mo & Elson, 1999).
The cyclic monoterpene perillyl alcohol and its precursor limonene, a de-hydroxy
analog, are found in essential oils of citrus fruits , cherry, and other edible plants. Both
have been shown to exhibit chemotherapeutic activity in pancreatic, mammary, and
prostate cancer (Crowell et al., 1996; Crowell, 1999). They arrest tumor growth by
attenuating the efficiency of reductase mRNA translation but not mRNA synthesis (Mo &
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Elson, 2004; Parker et al., 1993; Peffley & Gayen, 2003). Another mechanism is the
inhibition of farnesyl protein transferase (FPT) activity noted in pancreatic cancer (Mo &
Elson, 2004). In vivo studies that adopted a 10% d-limonene diet (735 mmol/kg)
(Elegbede et al., 1986) and a 2% perillyl alcohol diet (130 mmol/kg) (Haag & Gould,
1994) show a regression of chemically induced mammary carcinoma, confirmed by
Crowell et al, with an 80% regression in established rat mammary carcinoma (Crowell et
al. , 1996). Monoterpenes, in addition to inhibiting prenylation of fundamental cell growth
proteins, also induced apoptosis without affecting the rate of DNA synthesis in both liver
and pancreatic tumor cells. Treated mammary tumors undergoing regression also exhibit
a higher expression of TGF-~ supporting tumor transformation to a more benign
phenotype (Crowell et al., 1996). Another cyclic monoterpene, cineole (also called
menthol), is reported to suppress mevalonate synthesis in chemically induced
carcinogenesis (Clegg et al., 1982). Geraniol, an acyclic monoterpene, is reported to
suppress HMG CoA reductase synthesis by 98% and reduce mRNA levels by 66%
(Peffley & Gayen, 2003).
~- Ionone, a pure isoprenoid, is found to suppress the growth of breast cancer
(MDA-MB-231 and MCF-7) cells (Elson 1995), murine melanoma (B 16), leukemia (HL60) and human colon adenocarcinoma (Caco-2) cells independent of effects on ras and

p53 expression (Mo & Elson, 1999). The aforementioned cell lines possess differing ras
and p53 status. For example, Caco-2 and MCF-7 cells express wild type Ras (Delage et
al. , 1993; Sukumar, Carney, & Barbacid, 1988), B-16 and MCF-7 cells express wild type
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p53 (David-Pfeuty et al., 1996; Mo & Elson, 1999), while Caco-2 expresses mutated p53
(Gartel et al. , 1996). P-ionone and y-tocotrienol (a mixed isoprenoid), both initiate
apoptosis in B-16 and M CF-7 cells confirming that apoptosis occurs independent of the
p53 mutation status (Mo & Elson, 1999). P-ionone induces apoptosis by interfering with
posttranslational lamin B processing and direct DNA synthesized for replication to
endonucleases. P-ionone also initiates cell cycle arrest at the G 1 phase. In vivo studies on
P-ionone and y-tocotrienol, at 2 mmol/kg individually or in combination, show improved
survival in mice bearing implanted melanomas (He et al. , 1997).
Famesol, a sesquiterpene alcohol, is an established promoter of HMG Co-A
reductase enzyme degradation that consequently starves cells of vital isoprenoids (FPP
and GGPP) needed to keep up with the elevated tumor demand (Correll et al. , 1994;
Meigs et al. , 1996; Sever et al. , 2003). At 30 µM concentration, famesol selectively
induces apoptosis in leukaemic cells from acute myeloid leukemia (AML) patients, but
not primary monocytes (Rioja et al. , 2000). Famesol, when used as an aerosol nebulizer
at 120 µM concentration induces a 100% cell death in lung cancer (A549) and (H460)
cells (Wang et al. , 2003) including apoptosis in H460 cells (Joo et al. , 2007). In vivo,
dietary famesol inhibited the growth of pancreatic tumors in hamsters, effective at 2% of
diet with no significant toxicity to animals (Burke et al. , 1997). In another study
conducted on a hepatocarcinogenesis rat model , both famesol and geranylgeraniol (25
mg/1 00g body wt) inhibit cell proliferation and induce DNA damage ; however, apoptosis
is indicated in the geranylgeraniol group only (Ong et al. , 2006). Similar findings on the
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effects of famesol and geranylgeraniol in human lung adenocarcinoma A549 cells show
their ability as inducers of actin cytoskeleton disorganization, growth inhibition,
apoptosis, and the induction of a G 0/G1block in cell cycle progression. They propose the
Go/G1 block to be linked to the inhibition of biosynthesis of phosphtidylcholine,
independent of protein prenylation and mitogen-activated protein kinase (MAPK) activity
(Miquel et al. , 1998).
The famesol analogs farnesylamine induces apoptosis in human pancreatic cancer
cells via activation of JNK pathway (Mizukami et al. , 2001). Another famesol analog,
farne syl anthranilate inhibits tumor growth by the suppression of the HMG CoA
reductase activity in both B 16 cells and mice studies (Mo et al. , 2000). In murine
melanoma B 16 cells, famesyl-O-acetylhydroquinone mediates growth suppression at GI
and O2/M phases (McAnally et al. , 2003) and biphenylpropyl-O-acetylhydroquinone
showed a GI cell cycle arrest at lower doses as compared to its parent compounds
(Fernandes et al. , 2008). Farnesyl-O-acetylhydroquinone also suppresses the
proliferations of human cancer cells HL-60, DU145 , PC-3 , LNCaP, Caco-2, and A549
(McAnally et al. , 2003). Lupeol , a triterpene found in olives, figs , and mangoes, induces
a dose dependent growth inhibition and apoptosis in pancreatic cancer (AsPC-1 ) cells
with a reduction in Ras oncoprotein expression and NFkB signaling while also
modulating protein expression of PKCalpha/ODC, PI3K/AKT, and MAPK pathways
(Saleem et al., 2005).
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Vitam in E: Role of Tocotrienol in Tumor Suppression
Vitamin E, an important lipid soluble antioxidant, exists in eight different
isomeric forms in nature. They are broadly classified as tocopherols and tocotrienols
based on the saturation of the side chains. Tocopherols have a phytyl side chain attached
to their chromanol nucleus, whereas tocotrienols contain an unsaturated isoprenoid chain.
Iso forms of a , ~, y, and 8 are dictated by the methyl substitution on the chromanol ring
(Lodge, 2005; Packer, Weber, & Rimbach, 2001).
Tocotrienols have higher antioxidant potency (Serbinova & Packer, 1994)
attributed to their better distribution in the fatty layers of the cell membrane (Suzuki et
al. , 1993). They are also more effective pro-apoptotic agents than tocopherols. However,
alpha-tocopherol has higher bioavailability after oral ingestion, higher retention, and is
the predominant form in the body, comprising over 90% of vitamin E (Burton & Traber,
1990). It is also the form that corrects deficiency on supplementation (Clarke, Burnett, &
Croft, 2008). Additional functions of tocotrienols, not supported by tocopherols, include
their cholesterol-lowering properties (Qureshi et al. , 2002), protection from neurodegeneration at nanomolar concentrations (Khanna et al. , 2003), extension of mean life
span with decreased oxidative protein damage in C. elegans (Adachi & Ishii , 2000), and
antiproliferative effects (McAnally et al. , 2007; Mo & Elson, 2004). A study comparing
effects of tocopherols and tocotrienols demonstrated that tocotrienols, not tocopherols,
inhibited cell proliferation in rat hepatoma (dRLh-84) cells, inducing activation of
caspase-3 , caspase-8 , and DNA fragmentation. Differences in tocol effect were linked to
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the rate of incorporation of tocols into dRLh-84 cells, tocotrienols being faster than
tocopherols (Sakai et al., 2004). A recent report has suggested that chemical
modifications could further intensify effects of tocotrienols (Nesaretnam, 2008). All this
has drawn considerable attention to the contribution of tocotrienol isomers in recent
years. Although antioxidant effects from long-term tocotrienol-rich fraction (TRF) intake
(6 months) protected from lipid peroxidation and protein oxidation damage in chemical
induced hepatocarcinogenesis in Sprague-Dawley rats (Iqbal, Minhajuddin, & Beg,
2004 ), the mechanism of anti proliferative and neuroprotective effects of tocotrienols are
proposed to be independent of their antioxidant activity.
The antiproliferative effects are found to target caspase-dependent and caspaseindependent pathways of apoptosis (Constantinou et al. , 2008; Packer et al., 2001) and
gene expression (Nesaretnam et al., 2004). Tocotrienols are mixed isoprenoids because
only the lipophilic side chain is derived via the mevalonate pathway. Geranylgeranyl
pyrophosphate is the precursor of tocotrienols (Chemler et al., 2006). The farnesyl side
chain is believed to endow tocotrienols with their tumor suppressive property.
Tocotrienols rich sources include palm oil and rice bran (Sun, Yan, & Dong,
2004; Theriault et al., 1999). Other natural sources include coconut oil , cocoa butter,
soybeans, barley, and wheat germ. Sunflower, peanut, walnut, sesame, and olive oils
contain tocopherols only (Heinonen & Piironen, 1991 ).
In vitro , tumor suppressive effects of tocotrienols have been noted in murine B-16
melanoma cells (He et al., 1997), prostate (McAnally et al. , 2007; Mo & Elson, 1999),
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lung (McAnally et al., 2007), and colon cancer cells (Eitsuka et al., 2006). Inhibition of
tumor cell growth by tocotrienols has been attributed to both a suppression of cell
division at the G 1 phase, cell cycle arrest, and the initiation of apoptosis (Mo & Elson,
2004). In vivo studies on tocotrienol rich fractions (TRF) from rice bran oil exerted antitumor and anti-cholesterol effects on chemically induced mammary carcinogenesis and
hypercholesterolaemia in rats (Iqbal, Minhajuddin, & Beg, 2003).

Mechanism ofAction: Cell Cycle Arrest and Apoptosis
Several studies have delineated the mechanism of action of tocotrienols in various
cell lines or tumors. TRF of palm oil induced a dose dependent decrease in cell viability,
colony formation, apoptosis, and cell cycle arrest at the G0/G 1 phase with sub G 1
accumulation in prostate cancer (LNCaP, DU145, and PC-3) cell lines, effects not
observed in normal human prostate epithelial (PrEC) and virally transformed normal
human prostate epithelial (PZ-HPV-7) cells (Srivastava & Gupta, 2006). In pancreatic
stellate cells (PSCs), a comparison on individual effects of alpha-tocopherol, the four
isomers of tocotrienol and TRF from palm oil displayed reduced PSC viability by TRF
but not alpha-tocopherol; the former caused an intense depolarization of the
mitochondrial membrane with extensive cytochrome c release tantamount to apoptosis.
Apoptosis was also evident through DNA fragmentation, caspase activation, and
autophagy. These effects, however, did not extend to quiescent PSCs or acinar cells.
Similar results were obtained with ~-, y- , and 8-tocotrienol but not a-tocotrienol or atocopherol (Rickmann et al. , 2007; Vaquero, Rickmann, & Molero, 2007). TRF inhibits
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the growth of human colon carcinoma (RKO) cells expressing wild type p53 in dose and
time dependent fashion with induction of wild type p53 activated factor- I (W AF I), also
known as p2 I. This inhibition was found to be independent of cell cycle regulation.
Apoptosis was linked to alteration in Bax/Bcl2 ratio triggering activation of initiator
caspase-9 and subsequently effector caspase-3 exhibiting chromatin condensation, DNA
fragmentation and membrane shrinkage, cytochrome c release, and apoptotic proteaseactivating factor-I induction, confirming p53 mediated apoptosis mechanism (Agarwal et
al. , 2004)
Murine liver cancer (BNL I ME A. 7R. I) cell viability was selectively decreased
by tocotrienols in a time and dose dependent manner evading normal (BNL CL.2) cells.
Apoptosis was illustrated by elevated caspase 3 activity and DNA laddering (Har &
Keong, 2005). Apoptosis induced by gamma-tocotrienol in human breast cancer (MDAMB-23 I) cells exhibited translocation of membrane phospholipid in early apoptosis
followed by membrane blebbing, chromatin condensation, fragmentation , and presence of
apoptotic bodies in later stages. Release of cytochrome c from mitochondrial disruption
was also noted with no change in Bax and Bcl-2 mRNA and protein expression. Absence
of expression of poly-(ADP-ribose )-polymerase cleavage protein was found to liberate
caspase involvement in apoptosis (Takahashi & Loo, 2004 ). In another study, ytocotrienol-induced apoptosis in neoplastic +SA mouse mammary epithelial cells
exhibited an increase in initiator caspase-8 and effector caspase-3 activity in a timedependent manner, confirmed by absence of caspase activity on administration of caspase
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inhibitors. Caspase-8 activation is thought to result from suppression of the
PI3K/PDK/AKT mitogenic signaling pathway, and subsequent reduction in intracellular
apoptosis-inhibitory proteins FLICE-inhibitory protein (FLIP) expression with no
influence from death receptor activation (Shah et al., 2003; Shah & Sylvester, 2004;
Sylvester & Shah, 2005). NFkB transcriptional activity is indirectly decreased in breast
cancer due to the y-tocotrienol-mediated suppression of the IkappaB-kinase-alpha/beta,
an enzyme associated with inducing NFkappaB activation (Ahn et al., 2007; Shah &
Sylvester, 2005).
Apoptosis in human gastric adenocarcinoma (SGC-7901) cell line was proposed
to occur through decreased expressions of Raf-1 and p-ERKl/2 proteins subsequently
decreasing c-Myc and down regulating the Raf-ERK signaling pathway. Disruption in the
Bax/Bcl2 ratio, caspase-3 activation and subsequent poly (ADP-ribose) polymerase
cleavage with y-tocotrienol treatment has also been recently reported (Anh et al. , 2007;
Shah & Sylvester,2005).
Among the tocotrienol isomers, 8-tocotrienol exhibited a higher anti proliferative
effect than a-, ~-, and y-tocotrienols in HepG2 liver cancer cells (Wada et al. , 2005). This
was in accordance with a previous study conducted on sarcoma 180, Ehrlich carcinoma,
and IMC carcinoma, where y-tocotrienols proved to be more potent than a-tocotrienols
(Komiyama et al., 1989). Two studies on breast cancer cells showed that 8-tocotrienol
has the highest growth suppression potency among the vitamin E isomers in MCF-7
(estrogen non-responsive breast tumor cells), MDA-MB-435 (estrogen responsive breast
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tumor cells) (Mo & Elson, 2004; Yu et al., 1999) and in preneoplastic (CL-S 1),
neoplastic (-SA), and highly malignant (+SA) mammary epithelial cells (McIntyre et al.,
2000).
A newer cancer prevention strategy involving inhibition of telomerase activity,
noted to be high in most cancers is gaining importance. 8-tocotrienol emerged the most
potent inhibitor of telomerase activitiy among the tocotrienols with tocopherols
exhibiting no effect. The mechanism proposed for this effect is the tocotrienol induced
protein kinase C inhibition that leads to down-regulation of c-myc and human telomerase
reverse transcriptase (hTERT) expression (Eitsuka et al., 2006).
Thus, tocotrienols post-transcriptionally down-regulate HMO CoA reductase by
increasing reductase degradation and decreasing efficiency of reductase mRNA
translation as illustrated in HepG2 cells (Parker et al., 1993; Pearce et al. , 1992). This is
also accompanied by a significantly reduction in plasma lipid levels, noted in chemically
induced mammary carcinogenesis and hypercholesterolaemia in rats (Iqbal et al. , 2004).
Tocotrienol-mediated suppression of reductase enzyme translation was 57% accompanied
by a 2.4-fold increase in reductase degradation compared with controls (Parker et al. ,
1993). This blocks prenylation that is important for growth associated proteins such as
Ras and lamin B proteins causing G 1 arrest in cell cycle and cellular apoptosis.

Role of Lovastatin in Tumor Suppression
Lovastatin, known for its hypolipidemic function , is prescribed for lowering
cholesterol in patients having cardiovascular disease. This is possible because statins are
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molecular mimics of the intermediates formed in the conversion of HMG-CoA to
mevalonate and bind to the active site of HMG-CoA reductase with up to a 1,000 times
higher affinity than its natural substrate. This binding inhibits the activity of HMG-CoA
reductase that catalyzes the conversion of HMG-CoA to mevalonate. Mevalonate is the
precursor of cholesterol. Thus cholesterol production is curtailed. This function of
reductase inhibiton also confers on lovastatin its anti-carcinogenic effect.
Several in vitro studies have shown statin potency on prostate cancer (Park, Lee,
& Kang, 2001 ; Elson et al. , 1999; Mo & Elson, 1999; Mo & Elson, 2004), acute myeloid

leukemias (Dimitroulakos et al. , 1999), and human medulloblastoma (Macaulay et al. ,
1999). More in vitro studies on lung (Khanzada et al. , 2006), pancreatic (Kusama et al. ,
2006), and colon cells (Mehta et al. , 1998) were further confirmed by case-control studies
in human populations in the same cancer type, respectively (Khurana et al. , 2007),
exhibiting a correlation between the magnitude of reduction in cancer risk and the
duration of statin use. However, four randomized trials concluded no chemo protection
from statins (Freeman et al. , 2006; Bonovas et al. , 2006; Khanzada et al. , 2006; Mehta et
al. , 1998). Claims have been made on imprecise study designs in evaluating statins as
chemopreventive agents based on age, duration, and type of statin use (Farwell et al. ,
2008). When segregated based on dissolving properties, lipophilic statins such as
lovastatin and simvastatin showed reduction in cancer incidence (Graaf et al. , 2004; Mo
& Elson, 2004) versus ineffectiveness of hydrophilic statins like pravastatin (Campbell et

al. , 2006; Sivaprasad, Abbas, & Dutta, 2006). A recent study on a veteran population
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correlated lipophilic statin use at doses of 40 mg or greater with a lower risk of all
cancers verses non-users offering significant decreases in incidence of lung cancer,
colorectal cancer and melanoma (Farwell et al., 2008)
Lovastatin is proposed to inhibit cancer progression through three mechanisms.
One is the obvious inhibition of cellular cholesterol production and blocking expression
of caveolin-1, a cholesterol regulated protein that regulates AKT phosphorylation
(Zhuang et al., 2002). Metastasis in lung and colon cancer has been associated with
caveolin-1 induced AKT activation (Li et al., 2003). Lovastatin also induces G 1 phase
cell cycle arrest by inhibition of the proteasome on account of the lactone moiety present
in statins, independent of reductase activity (Efuet & Keyomarsi, 2006; Rao et al., 1999)
and HMG-CoA reductase inhibition (Mo & Elson, 1999; Mo & Elson, 2004). With
reductase inhibition, synthesis of FPP and GGPP are blocked, thereby preventing
isoprenylation of G-proteins involved in diverse cellular processes promoting
proliferation. Inhibition of prenylation of Ras (Jakobisiak et al., 1991) and
geranylgeranylation of the Rho family small GTPases (Agarwal et al. , 2002) has also
been proposed.
Lovastatin induces apoptosis in murine and human melanoma cells including
primary and metastatic cells. Human melanoma cells (A375 and HS294T) exhibited a
50% increase in caspase-3 activitywhen treated with 4 µM lovastatin demonstrating
apoptosis (Shellman et al. , 2005). Melanoma metastasis and angiogenesis have also been
inhibited by lovastatin (Jani et al. , 1993; Depasquale & Wheatley, 2006). Lovastatin has
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been shown to improve therapeutic effects of cisplatin in both murine cells and mouse
models of melanoma and potentiate the effect of doxorubicin in melanoma (B 16F 10)
cells (Feleszko et al. , 1998). McAnally et al demonstrate the synergistic effect of a blend
of y-toctrienol and lovastatin that induced growth inhibition in murine melanoma (B 16)
cells, human prostate carcinoma (DU145) and human lung carcinoma (A549) cells. The
growth inhibiton far exceeds the sum of individual effects. These results are confirmed in
C57BL6 mice bearing implanted melanomas offering a reduction in the dose of statins
for chemoprevention/therapy to levels attainable without the unpleasant side effects
(McAnally et al., 2007).

Effect of Tocotrienols on Melanoma
The growth suppressive potencies of tocotrienols in murine B 16 melanoma cells
have been characterized as the following: a-tocotrienol (IC50 = 110 µM) < farnesol
(IC50

=

50 µM) < y-tocotrienol (IC50

=

20 µM) < 8-tocotrienol (IC50

=

10 µM) ,

indicating that 8-tocotrienol remains to be the most potent among the tocotrienol isomers.
Among the tocotrienols, the IC50 values were inversely related to the number of methyl
groups on the tocotrienol chromanol ring. It has been illustrated that a novel tocotrienol
lacking methyl groups has IC50 value 10 times lower (IC50 = 0.9 µM) than that of 8tocotrienol (He et al. , 1997; Mo & Elson, 1999; Mo & Elson, 2004).
In vivo studies on mice bearing implanted melanomas and fed 116 and 928
mmol/kg diet y-tocotrienol exhibited a 36 and 50% tumor size reduction (He et al., 1997).
Also, diets providing y-tocotrienol , ~-ionone or a combination of both at 2 mmol/kg
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improved survival of mice bearing implanted melanomas (He et al., 1997). ~-ionone and
y-tocotrienol induced apoptosis in B-16 and MCF-7 independent of the p5 3 mutated
status (David-Pfeuty et al., 1996; Mo & Elson, 1999). Treatment of murine melanoma
(B 16F 10) cells with y-tocotrienol at the IC 50 value of 20 µM induced cell cycle arrest at
the the G 1 phase and apoptosis in as little as 3 hours (Mo & Elson, 1999).

The increasing incidence of melanoma and its poor prognosis in advanced stages
necessitates the development of novel approaches for its prevention through
chemoprevention. Human melanoma cells have not been previously treated with 8tocotrienol, although 8-tocotrienol has been shown to be active in growth-suppression of
other tumor cells. We hypothesize that 8-tocotrienol will be effective in suppressing the
growth of human melanoma cell lines (A2058 and A3 75) by inducing cell cycle arrest,
apoptosis and differentiation.
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CHAPTER III
MATERIALS AND METHODS

Cell Proliferation Assay

Cell proliferation of two cell lines, A375 human malignant and A2058 human
metastatic melanoma cells was measured by using CellTiter 96® Aqueous One Solution
(Promega, Madison, WI) as previously described (Mo & Elson, 1999). Briefly, A375 and
A2058 melanoma cells, purchased from the American Type Culture Collection (ATCC ,
Manassas, VA) and cultured in Dulbecco's Eagle's medium modified by ATCC to
contain 4 mmol/L L-glutamate, 1.5g/L sodium bicarbonate, and 4.5 g/L glucose and
supplemented with 10% fetal bovine serum (FBS , Hyclone Lab Inc ., Logan, UT) and I%
penicillin-streptomycin (MP biomedicals, Solon, OH) at 3 7°C in a humidified atmosphere
of 5% CO 2 , were seeded at 3000 cells/0.1 mL medium/well in 96-well tissue culture
plates (Fisher Scientific Company LLC, Houston, TX). At 24 h the medium was decanted
from each well and replaced with 0.1 mL fresh medium containing either d-8-tocotrienol ,
gift from American River Nutrition, Inc. (Hadley, MA), or lovastatin, gift from Merck
Research Laboratories (Rahway, NJ). d-8-Tocotrienol and lovastatin were were predissolved in ethyl alcohol and dimethyl sulfoxide (DMSO), respectivel y. All cultures
contained I mL/L of ethyl alcohol or DMSO. Cells were incubated for additional 72 h.
The 96-h cell populations were determined by adding 20 µL of Cell Titer 96® Aqueous
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One Solution to each well; plates were held in the dark at 37°C for 2 h and then read at
490 run with a SPECTRAmax® 190 multi-plate reader with SOFTmax® PRO version 3.0
(Molecular Devices, Sunnyvale, CA). Absorbances from wells containing cell-free
medium were used as baselines and deducted from absorbances of other cell-containing
wells. The IC 5o value is the concentration of an agent required to suppress the net
increase in cell number by 50%, was determined by using the Graphpad Prism 4.0
software (GraphPad Software Inc. , La Jolla, CA).
Microscopy
Photomicrographs of representative fields of monolayers of melanoma cells were
made with a Nikon Eclipse TS 100 microscope (Nikon Corporation, Tokyo, Japan)
equipped with a Nikon Coolpix 995 digital camera (Nikon Corporation).
Alkaline Phosphatase Assay for Cell Differentiation
Alkaline phosphatase activity (ALP) is an established marker of differentiation
(Matsumoto et al. , 1990). 8-tocotrienol-induced cell differentiation was measured using
2

the ALP assay method. Cells were seeded in 75 cm flask (Becton Dickinson Labware,
Franklin Lakes, NJ) at 5xl0 6 cells/flask with 25 mL medium/flask and incubated for 24 h.
Medium was then decanted and cultures replenished with medium containing d-8tocotrienol for 72-h. Adherent cells were washed with PBS twice and lysed with 0.5 mL
of 0.5% Triton X-100 per dish. Cell lysates were collected and shaken at room
temperature for 20 min before centrifugation at 14,000 rpm for 5 min. In a 96-well plate
100 µL supernatant was added to 100 µL of working solution from QuantiChrom™
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Alkaline Phosphatase Assay Kit (BioAssay Systems, Hayward, CA) and absorbance were
read at 405 run using Tecan Infinite M200 series (Tecan, Austria). Protein concentration
of each sample was determined with BCA TM Protein Assay Kit (Pierce, Rockford, IL)
and alkaline phosphatase activity was normalized based on protein concentrations.
Cell Cycle Analysis
2

A375 and A2058 cells were seeded in 75 cm flask (Becton Dickinson Labware,
Franklin Lakes, NJ) at 3x 10 6 cells/flask with 10 mL medium/flask and incubated for 24 h.
Medium was then decanted and cultures replenished with medium containing d-8tocotrienol or lovastatin. Following additional 24- or 48-h incubations adherent cells were
harvested by trypsinization and pelleted by low speed centrifugation. Cell pellets were
fixed in 70% ethanol (lx10 6 cells/ml) at 4°C overnight, washed in 1 mL phosphatebuffered saline (PBS) and re-suspended in 500 µL PBS containing 0.5 mg RNase A
(Sigma) at 3 7 °C for 30 min. Following gentle mixing 500 µL PBS and 100 µL aliquot of
propidium iodide (Sigma, 1 g/L in PBS containing 0.1 % Triton X-100) were added. The
cells were incubated in the dark at room temperature for 15 min. and then held at 4 °C in
4

the dark for flow cytometric analysis. Aliquots of 1x10 cells were analyzed for DNA
content using a BD F ACSCaliber™ Flow Cytometer (BD Biosciences, San Jose, CA).
The distribution of cells in the G 1, S, and G2/M phases of the cell cycle was determined
using MultiCycle AV software (Phoenix Flow Systems, San Diego , CA).
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Acridine Orange and Ethidium Bromide Dual Staining Assay for Apoptosis
A375 cells were inoculated in 6-well plates with 3 mL medium and 6x I 04 cells
per well. Following a 24-h incubation with d-8-tocotrienol a dye mixture (15 µL)
containing 50 µg/mL acridine orange (Becton, Dickinson and Company, Sparks, MD)
and 50 µg/mL ethidium bromide (Sigma) was added to each well. Following a I-min
staining the cells were observed under an Observer Z 1 microscope (Carl Zeiss
Microlmaging Inc. , Thornwood, NY) equipped with a X-CITE® series 120 Q lamp, an
AxioCam MR.tn digital camera system (Carl Zeiss), and AxioVision Rel. 4.7 program
(Carl Zeiss). The phase-contrast images ofrepresentative fields of each well and the
green and red fluorescence emitted by acridine orange and ethidium bromide staining
were captured by using bright field phase 2, fluorescein isothiocyanate (FITC) and
tetramethylrhodamine isothiocyanate (TRITC) filters, respectively.
Western Blot
2

Human A375 and A2058 melanoma cells cultured in 175 cm flasks (BD
6

Bioscience, Bedford, MA) at 1.5x 10 cell s per fl as k were incubated with d-8-tocotrienol
for 24, 48, and 72 h, respectively. Following the incubation the growth medium was
aspirated and cells washed with 15 mL ice cold PBS twice, harvested by trypsinization,
centrifuged and counted; 150 µL of Laemmli buffer (Bio-Rad, Hercules, CA) with 1%
protease inhibitor cocktail (Sigma) freshly mixed was then added to pellets of I .Ox 10 6
cells. Cells were subjected to homogenization for 45 seconds and placed in a dry bath
incubator (Boekel Scientific, Feasterville, PA) at 90°C for 20 minutes. Protein
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concentration of each sample was determined with Pierce 660 run Protein Assay Reagent
mixed with Ionic Detergent Compatibility Reagent (Pierce, Rockford, IL) according to
the manufacturer's instructions. Samples containing 40 µg proteins were mixed with~mercaptoethanol (1 :20) and boiled for 5 min before being loaded onto a Mini
PROTEAN® 3 (Bio-Rad, Hercules, CA) electrophoresis unit with a 15% SDSpolyacrylamide gel and run at 150 V for 2-4 h. The proteins were then transferred to
Immobilon-P transfer membrane (Millipore, Bedford, MA) with a Trans-Blot SD SemiDry Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA) at 10 V for 2 h or a Mini
Trans-Blot® Cell (Bio-Rad, Hercules, CA) at 100 mA overnight. The immobilon-P
transfer membranes were then incubated in blocking solution (5% non-fat dry milk in
PBS containing 0.1 % Tween-2, PBST) for 2 hat 4°C with shaking, rinsed with PBS , and
then incubated with monoclonal antibodies to cyclin-dependent kinase (Cdk) 4 (Cell
Signaling Technology, Beverly, MA), procaspase-3 (Santa Cruz Biotechnology, Inc.),
and Ras (Cell Signaling Technology) at 4°C overnight. After rinsing with PBST for 10
min. , the membrane was incubated with a secondary antibody (horseradish peroxidase
linked, Cell Signaling Technology, 1:3 ,000 in PBST) for 20 min. at room temperature,
washed with PBST for 15 min., and reacted with SuperSignal West Pico
Chemiluminescence Kit (Pierce, Rockford, IL) before being photographed by a Chemi
Doc XRS imaging system (Bio-Rad, Hercules, CA). This imaging system captures
images at predetermined intervals to generate blots with multiple exposures upto
saturation. Mid-range exposures were selected to represent the blots. The Quantity One™
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software was used to calculate protein quantity based on the area and intensity of bands.
Precision Strep Tactin-HRP (Bio-Rad) protein standards were used to identify the
molecular weight of protein bands. A non-specific IgG (Cell Signaling Technology) was
used for background control.
Statistics
One-way analysis of variance (ANOV A) was performed to assess the differences
between groups using Prism 4.0 (GraphPad Software Inc. , San Diego, CA). Differences
in means between control and treatment groups were analyzed by Dunnett's test. Levels
of significance were designated as P < 0.05.
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CHAPTER IV
d-8-TOCOTRIENOL-MEDIATED CELL CYCLE ARREST AND APOPTOSIS IN
HUMAN MELANOMA CELLS
TO BE SUBMITTED TO MELANOMA RESEARCH JOURNAL
NICOLLE V. FERNANDES, PRA VEEN K. GUNTIPALLI, HUANBIAO MO

Abbreviations: IC 50 , the concentration required to suppress the increase in the population
of cells by 50%; FBS, fetal bovine serum; HBSS, Hanks' Balanced Salt Solution; MEM,
Eagle's minimal essential medium.
Supported by Texas Department of Agriculture, Texas Woman ' s University Research
Enhancement Program, Summer Stipend Program, and Human Nutrition Research Fund.

ABSTRACT
The rate-limiting enzyme of the mevalonate pathway, 3-hydroxy-3-methylglutaryl
coenzyme A (HMG CoA) reductase, provides essential intermediates for the prenylation
or dolichylation of growth-related proteins including nuclear Ras, nuclear lamins, and
growth factor receptors. d-8-Tocotrienol, a post-transcriptional down-regulator of HMG
CoA reductase, suppresses the proliferation of murine B 16 melanoma cells and human
blood, breast, cervix, colon, liver, lung, lymph gland, nerve, pancreas, and prostate tumor
cells. Dietary d-8-tocotrienol suppresses the growth of implanted B 16 melanomas without
toxicity to host mice. We evaluated the impact of d-8-tocotrienol on the proliferation of
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human A2058 and A375 melanoma cells. d-8-Tocotrienol induced dose-dependent
suppression of the cell proliferation following 72 h incubation in 96-well plates with 50%
inhibitory concentrations (IC50) of 37.5 ± 1.4 (A2058) and 22.3 ± 1.8 (A375) µmol/L,
respectively. d-8-Tocotrienol-mediated cell cycle arrest at the G 1 phase was accompanied
by decreased expression of cyclin-dependent kinase 4. Concomitantly, procaspase-3
cleavage and morphological changes detected by fluorescence microscopy following
acridine orange and ethidium bromide dual staining showed d-8-tocotrienol-induced
apoptosis. Consequent to mevalonate deprivation and the putatively reduced prenylation
and biological half-life of Ras protein, d-8-tocotrienol induced concentration- and timedependent decrease in the expression of Ras. The impact of d-8-tocotrienol on A2058 cell
proliferation was potentiated by lovastatin (IC50 = 3.1± 0.5 µmol/L), a competitive
inhibitor of HMG CoA reductase. d-8-Tocotrienol may have potential application in
melanoma chemoprevention and/or therapy.
Keywords: Tocotrienol; HMG CoA reductase; melanoma; cell cycle arrest ; apoptosis ;
Ras

INTRODUCTION
The mevalonate pathway provides essential intermediates, namely farnesyl- and
geranylgeranyl- pyrophosphates, for the post-translational modifications and biological
activities of growth-related proteins including Ras [ 1], nuclear lamins [2] and insulin-like
growth factor I receptor [3] and supports cell cycle progression and cell proliferation [4 ;
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5]. The tocotrienols are vitamin E isomers that down-regulate 3-hydroxy-3methylglutaryl coenzyme A (HMG CoA) reductase activity, the rate-limiting enzyme of
the mevalonate pathway [4]. We recently reviewed the parallel impact of the tocotrienols
and the statins, competitive inhibitors of HMG CoA reductase, on cell cycle progression,
apoptosis, and cell proliferation consequent to tocotrienol- and statin-mediated
mevalonate deprivation [6].
The use of statins [7; 8] and particularly that of lovastatin [9; 1OJ is associated
with lower incidence of melanoma. However, statin-mediated indiscriminate inhibition of
HMG CoA reductase in normal and tumor cells may lead to dose-limiting toxicities [11];
the latter could be avoided by the tocotrienol-mediated tumor-specific suppression of
reductase [ 12]. Distinctive from the multivalent regulation of the reductase activity
consisting of sterol-mediated transcriptional feedback inhibition and nonsterol-mediated
post-transcriptional ablation in sterologenic tissues, tumor reductase is resistant to sterolfeedback regulation but retains a unique sensitivity to the nonsterol- and tocotrienolmediated down-regulation. As a consequence, tocotrienols suppress the growth of cells
isolated from breast, liver, prostate, skin, colon, blood, lung, lymph gland, cervix, and
nerve tumors, actions attributable to tocotrienol-mediated cell cycle arrest and initiation
of apoptosis. Dietary tocotrienols suppress the growth of chemically initiated mammary,
lung and liver carcinogenesis, that of implanted melanoma, prostate and mammary
tumors and that of spontaneous liver tumors (reviewed in [6]).
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We have previously shown that d-y-tocotrienol [13; 14; 15] and a more potent d8-tocotrienol [ 13; 14] suppress the proliferation of murine B 16 melanoma cells. Cell
cycle arrest at the G 1 phase and initiation of apoptosis contribute to the impact of d-8tocotrienol [ 15]. The growth of implanted B 16 melanomas in mice is suppressed by
dietary d-8-tocotrienol [14] or a blend of d-8-tocotrienol and lovastatin [13]; the latter
impact is synergistic.
In the current study we evaluated the impact of d-8-tocotrienol, the tocotrienol
with the highest tumor-suppressive activity among the tocotrienol isomers [13] , on the
proliferation of human A375 malignant melanoma cells and A2058 metastatic melanoma
cells. In both cell lines d-8-tocotrienol mediated concentration-dependent suppression of
the proliferation, which was accompanied by cell cycle arrest at the G 1 phase and
initiation of apoptosis. Lovastatin potentiated the d-8-tocotrienol-mediated growth
suppression. The impact of d-8-tocotrienol on growth was associated with reduced Ras
protein expression.

MATERIALS AND METHODS
Chemicals:
Lovastatin and d-8-tocotrienol were gifts from Merck Research Laboratories
(Rahway, NJ) and American River Nutrition, Inc. (Hadley, MA), respecti vely .

Cell Proliferation Assay:
Human melanoma cell proliferation was measured by using Cell Titer 96®
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Aqueous One Solution (Promega, Madison, WI) as previously described [16]. Briefly,
A375 and A2058 melanoma cells, purchased from the American Type Culture Collection
(ATCC, Manassas, VA) and cultured in Dulbecco's Eagle's medium modified by ATCC
to contain 4 mmol/L L-glutamate, 1.5g/L sodium bicarbonate, and 4.5 g/L glucose and
supplemented with 10% fetal bovine serum (FBS, Hyclone Lab Inc., Logan, UT) and 1%
penicillin-streptomycin (MP biomedicals, Solon, OH) at 3 7°C in a humidified atmosphere
of 5% CO 2 , were seeded at 3000 cells/0.1 mL medium/well in 96-well tissue culture
plates (Fisher Scientific Company LLC, Houston, TX). At 24 h the medium was decanted
from each well and replaced with 0.1 mL fresh medium containing d-8-tocotrienol and
lovastatin that were pre-dissolved in ethyl alcohol and dimethyl sulfoxide (DMSO),
respectively. All cultures contained 1 mL/L of ethyl alcohol or DMSO. Cells were
incubated for additional 72 h. The 96-h cell populations were determined by adding 20
µL of CellTiter 96® Aqueous One Solution to each well ; plates were held in the dark at
37°C for 2 hand then read at 490 nm with a SPECTRAmax® 190 multi-plate reader with
SOFTmax® PRO version 3 .0 (Molecular Devices, Sunnyvale, CA). Absorbances from
wells containing cell-free medium were used as baselines and deducted from absorbances
of other cell-containing wells. The IC 50 value is the concentration of an agent required to
suppress the net increase in cell number by 50%.
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Microscopy:
Photomicrographs of representative fields of monolayers of melanoma cells were
made with a Nikon Eclipse TS 100 microscope (Nikon Corporation, Tokyo, Japan)
equipped with a Nikon Coolpix 995 digital camera (Nikon Corporation).

Cell Cycle Analysis:
A375 and A2058 cells were seeded in 75 cm 2 flask (Becton Dickinson Labware,
Franklin Lakes, NJ) at 3x10 6 cells/flask with 10 mL medium/flask and incubated for 24 h.
Medium was then decanted and cultures replenished with medium containing d-8tocotrienol or lovastatin. Following additional 24- or 48-h incubations adherent cells were
harvested by trypsinization and pelleted by low speed centrifugation. Cell pellets were
fixed in 70% ethanol (1x10 6 cells/ml) at 4°C overnight, washed in 1 mL phosphatebuffered saline (PBS) and re-suspended in 500 µL PBS containing 0.5 mg RNase A
(Sigma) at 3 7 °C for 30 min. Following gentle mixing 500 µL PBS and 100 µL aliquot of
propidium iodide (Sigma, 1 g/L in PBS containing 0.1 % Triton X-100) were added. The
cells were incubated in the dark at room temperature for 15 min . and then held at 4 °C in
4

the dark for flow cytometric analysis. Aliquots of 1x10 cells were analyzed for DNA
content using a BD FACSCaliber™ Flow Cytometer (BD Biosciences, San Jose, CA).
The distribution of cells in the G 1, S, and O2/M phases of the cell cycle was determined
using MultiCycle AV software (Phoenix Flow Systems, San Diego, CA).
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Acridine Orange and Ethidium Bromide Dual Staining Assay for Apoptosis:
A375 cells were inoculated in 6-well plates with 3 mL medium and 6xl0 4 cells
per well. Following a 24-h incubation with d-8-tocotrienol a dye mixture (15 µL)
containing 50 µg/mL acridine orange (Becton, Dickinson and Company, Sparks, MD)
and 50 Og/mL ethidium bromide (Sigma) was added to each well. Following a 1-min
staining the cells were observed under an Observer Zl microscope (Carl Zeiss
Microlmaging Inc., Thornwood, NY) equipped with a X-CITE® series 120 Q lamp, an
AxioCam MRm digital camera system (Carl Zeiss), and AxioVision Rel. 4.7 program
(Carl Zeiss). The phase-contrast images ofrepresentative fields of each well and the
green and red fluorescence emitted by acridine orange and ethidium bromide staining
were captured by using bright field phase 2, fluorescein isothiocyanate (FITC) and
tetramethylrhodamine isothiocyanate (TRITC) filters , respectively.

Western-Blot:
2

Human A375 and A2058 melanoma cells cultured in 175 cm flasks (BD
Bioscience, Bedford, MA) at 1.5x 106 cells per fl ask were incubated with d-8-tocotrienol
for 24, 48 , and 72 h, respectively. Following the incubation the growth medium was
aspirated and cells washed with 15 mL ice cold PBS twice, harvested by trypsinization,
centrifuged and counted; 150 µL of Laemmli buffer (Bio-Rad, Hercules, CA) with 1%
protease inhibitor cocktail (Sigma) freshly mixed was then added to pellets of I .Ox 10

6

cells. Cells were subjected to homogenization for 45 seconds and placed in a dry bath
incubator (Boekel Scientific, Feasterville, PA) at 90°C for 20 minutes. Protein
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concentration of each sample was determined with Pierce 660 nm Protein Assay Reagent
mixed with Ionic Detergent Compatibility Reagent (Pierce, Rockford, IL) according to
the manufacturer's instructions. Samples containing 40 µg proteins were mixed with~mercaptoethanol (1 :20) and boiled for 5 min before being loaded onto a Mini
PROTEAN® 3 (Bio-Rad) electrophoresis unit with a 15% SDS-polyacrylamide gel and
run at 150 V for 2-4 h. The proteins were then transferred to Immobilon-P transfer
membrane (Millipore, Bedford, MA) with a Trans-Blot SD Semi-Dry Electrophoretic
Transfer Cell (Bio-Rad) at 10 V for 2 h or a Mini Trans-Blot® Cell (Bio-Rad) at 100 mA
overnight. The immobilon-P transfer membranes were then incubated in blocking
solution (5% non-fat dry milk in PBS containing 0.1 % Tween-2, PBST) for 2 hat 4°C
with shaking, rinsed with PBS, and then incubated with monoclonal antibodies to cyclindependent kinase (Cdk) 4 (Cell Signaling Technology, Beverly, MA), procaspase-3
(Santa Cruz Biotechnology, Inc.), and Ras (Cell Signaling Technology) at 4°C overnight.
After rinsing with PBST for 10 min. , the membrane was incubated with a secondary
antibody (horseradish peroxidase linked, Cell Signaling Technology, 1:3 ,000 in PBST)
for 20 min. at room temperature, washed with PBST for 15 min. , and reacted with
SuperSignal West Pico Chemiluminescence Kit (Pierce, Rockford, IL) before being
photographed at Chemi Doc XRS imaging system (Bio-Rad). Precision Strep Tactin-

HRP (Bio-Rad) protein standards were used to identify the molecular weight of protein
bands. A non-specific IgG (Cell Signaling Technology) was used for background control.
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Statistics
One-way analysis of variance (ANOV A) was performed to assess the differences
between groups using Prism 4.0 (GraphPad Software Inc., San Diego, CA). Differences
in means between control and treatment groups were analyzed by Dunnett's test. Levels
of significance were designated as P < 0.05.

RESULTS
d-8-tocotrienol and lovastatin (Figure 1A), a post-transcriptional down-regulator
and a competitive inhibitor, respectively, of HMG CoA reductase, elicited a
concentration-dependent suppression of the proliferation of human A2058 and A3 75
melanoma cells. A375 cells were more sensitive than A2058 cells to d-8-tocotrienol- and
lovastatin-mediated growth suppression. The IC50 values for d-8-tocotrienol were 22.3 ±
1.8 (A375) and 37.5 ± 1.4 (A2058) µmol/L , respectively (Table 1). Lovastatin with IC50
values of 0.5 ± 0.1 (A3 75) and 3.1 ± 0.5 (A2058) µmol/L , respectively, was more potent
than d-8-tocotrienol in growth suppression.
The d-8-tocotrienol -mediated growth suppression was accompanied by
morphological changes. Photomicrographs of A2058 (Figure 1B, I - III) and A3 75
(Figure 1B, IV - VIII) melanoma cells incubated with d-8-tocotrienol show
concentration-dependent decrease in cell density, nuclear condensation, membrane
blebbing and cell detachment from the monolayer, characteristics reminiscent of
apoptosis. Cells remaining on the monolayer were harvested for cell cycle analysis
because previous studies suggest that d-8-tocotrienol-mediated cell cycle arrest
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contributes to d-8-tocotrienol-mediated growth suppression [ 16]. Prior to d-8-tocotrienol
treatment, the percentages of A2058 cells in the G 1, S, and 02 phases of cell cycle were
44.3 ± 0.7, 32.9 ± 0.6, and 22.8 ± 0.4, respectively (Figure 2A). Following a 24-h
incubation with 24 µmol/L, or 2/3 x IC50 value, of d-8-tocotrienol and 3 µmol/L, or IC50
value, of lovastatin, the percentage of cells in the G 1 phase was increased to 51.3 ± 0.8
and 51.6 ± 2.9, respectively, both significantly (P<0.01) higher than that of control cells
(41.7 ± 0.6). Concomitantly, the percentage of cells in the S phase was decreased to 28.7
± 0.7 and 27.4 ± 3.3 for cells incubated with d-8-tocotrienol and lovastatin, respectively;

both values were significantly (P<0.05) lower than that of the control cells (33.8 ± 1.6).
The G 1/S ratio, an indicator of G 1 arrest, for cells incubated with d-8-tocotrienol ( 1. 79 ±
0.1) and lovastatin (1.91 ± 0.3) were 45% (P<0.05) and 55% (P<0.01), respectively,
higher than that for control cells ( 1.23 ± 0.1) (Figure 2B). The d-8-tocotrienol- and
lovastatin-mediated G 1 arrest was more pronounced following a 48-h incubation. The

Gl/S ratio for cells incubated with d-8-tocotrienol (3.12 ± 0.2) and lovastatin (2.66 ± 0.2)
were 135% (P<0.01) and 100% (P<0.01 ), respectively, higher than that for control cells
(1.33 ± 0.1) (Figure 2C). The d-8-tocotrienol- and lovastatin- mediated cell cycle arrest at
the G 1 phase was also shown in A375 cells (Figure 2D). Following a 48-h incubation
with 33 µmol/L, or 1.5 x IC50 value, of d-8-tocotrienol, and 0.5 µmol/L , or IC50 value,
of lovastatin, the G 1/S ratio was increased to 2.73 ± 0.30 and 2.69 ± 0.23 , respectively,
significantly (P<0.05) higher than that of the control cells (2.06 ± 0.26). The G 1 arrest
induced by d-8-tocotrienol was accompanied by a concentration-dependent suppression
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of the expression of Cdk4, a key regulator in the G 1/S transition [17]. The Cdk4/~-actin
ratio for A2058 cells treated with 19 and 38 µmol/L, 0.5x and 1x IC50 values
respectively, of d-8-tocotrienol for 24 h were 82% and 29%, respectively, of that for the
control cells (Figure 2E); the latter was 42 ± 15% (P=O.O 1) of that for the control cells at
48-h. A concentration-dependent suppression of Cdk4 expression was also shown in
A375 cells treated with d-8-tocotrienol. Following a 48- and 72- h incubation with 33
µmol/L of d-8-tocotrienol, Cdk4 expression was decreased to 23.6 ± 8.8% (P<0.05) and
42.0 ± 7.5% (P<0.01), respectively, of that of the control cells (Figure 2E).
Previous studies showed that d-8-tocotrienol-induced apoptosis, suggested in the
photomicrographs of A2058 and A375 cells (Figure 1B), often accompanied cell cycle
arrest in mediating growth suppression [6; 16]. We then examined the impact of d-8tocotrienol on apoptosis using acridine orange and ethidium bromide dual staining and
fluorescence microscopy. Viable cells have acridine orange staining with normal cell
morphology. Acridine orange- and ethidium bromide-stained cells with condensed
nucleus are in early and late apoptosis stages, respectivel y [ 16]. In representative fields of
view of the same size, the total number of A375 cells following a 24-h incubation with 33
µmol/L of d-8-tocotrienol (Figure 3A, V - VIII) was lower than that of control cells
(Figure 3A, I - IV), most clearly shown in phase-contrast images (Fi gure 3A, I & V);
nevertheless, the total number and percentage of A375 cells with ethidium bromide
staining emitting red fluorescence increased (Figure 3A, III & VII).
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d-8-tocotrienol-induced apoptosis was confirmed by western-blot of procaspase-3
cleavage in A2058 and A375 cells (Figure 3B). d-8-tocotrienol initiated a concentrationdependent cleavage of procaspase-3 in A3 7 5 cells as evidenced by the gradual decrease
in the procaspase-3 protein following a 72-h incubation with 11, 22, and 33 µmol/L d-8tocotrienol despite constant amount of total protein loading indicated by the ~-actin band.
The procaspase-3/~-actin ratio for cells treated with 11, 22, and 33 µmol/L d-8tocotrienol were 69 ± 29%, 40 ± 24%, and 23 ± 17% of, and all significantly (P<0.01)
different from, that for the control cells. The procaspase-3/~-actin ratio for A2058 cells
treated with 3 8 µmol/L d-8-tocotrienol for 48 h was 51 % of that for the control cells.
A key protein that plays important roles in melanoma growth and one that might
be impacted by the tocotrienol-mediated down-regulation of the mevalonate pathway
activity is the oncogenic Ras protein that undergoes a farnesylation process [ 18]. The
finding that d-8-tocotrienol down-regulates the expression of Ras in human A549 lung
carcinoma cells [ 19] and the fact that 20% of human melanomas harbor Ras mutation
[20] prompted us to evaluated the impact of d-8-tocotrienol on total cellular Ras protein.
As shown in Figure 4, d-8-tocotrienol induced a concentration-dependent decrease in
Ras/~-actin ratio in both A375 and A2058 cells. The Ras/~-actin ratio for A375 cells
treated with 11, 22, and 33 µmol/L d-8-tocotrienol for 72 h were 99 ± 26%, 69 ± 19%,
and 27 ± 19% of that for the control cells; the latter was significantly (P<0.01) different
from that for the control cells. A 48-h incubation with 33 µmol/L of d-8-tocotrienol also
induced a 45% (P<0.05) decrease in Ras expression. The concentration-dependent impact
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of d-8-tocotrienol in A2058 cells parallels that in A375 cells. The Ras/~-actin ratio for
A2058 cells treated with 19, 38, and 47.5 µmol/L d-8-tocotrienol for 24 h were 100 ±
14%, 80 ± 14% (P<0.05), and 42 ± 12% (P<0.0 1) of that for the control cells. A 48-h
incubation with 38 µmol/L of d-8-tocotrienol also induced a 55 ± 10% (P<0.01) decrease
in Ras expression.
The IC50 values of d-8-tocotrienol for the human melanoma cells and particularly
that for the A2058 cells, fall in the high end of the physiologically attainable peak plasma
levels of d-8-tocotrienol following oral administration [21]. We have previously shown
the synergy obtained with blends of d-8-tocotrienol and lovastatin in suppressing the
growth of murine B16 melanoma cells [13] and human MIA PaCa-2 pancreatic
carcinoma cells [ 16]. We next evaluated the potential synergistic impact of these two
agents on the more resistant A2058 cells (Table 2). Net growth of A2058 cells incubated
with 24 µmol/L of d-8-tocotrienol and 1.5 µmol/L of lovastatin for 72 h were 100 ± 2%
and 70 ± 13%, respectively, of that of the control cells. A blend of the two agents
suppressed cell growth by 79%, more than doubling the predicted impact suggested by
the sum (30%) of individual actions. Synergy was also shown with a blend containing
higher (3 µmol/L) but still physiologically attainable concentration [ 11] of lovastatin.
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Table 1. IC50 values (µmol/L) of d-8-tocotrienol and lovastatin in human A375 and
A2058 melanoma cells

d-8-Tocotrienol

!1

Lovastatin

!1

A375

22.3 ± 1.8*

4

0.5 ± 0.1

4

A2058

37.5±1.4

6

3.1 ±0.5

4

*Values are mean± SD. n is the number ofreplicates in the experiment.
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Table 2. Synergistic effect of d-8-tocotrienol and lovastatin on the growth of human
A2058 melanoma cells

Net Growthl % of Control
Control

100±8a*

d-8-Tocotrienol (24 µmol/L)

100±2a

Lovastatin (1.5 µmol/L)

70±13ab

Lovastatin (3 µmol/L)

50± 12ab

d-'6-Tocotrienol (24 µmol/L)+Lovastatin (1.5 µmol/L)

21±4ab

d-'6-Tocotrienol (24 µmol/L)+Lovastatin (3 µmol/L)

3±1 b

*Values are mean± SD, n = 4. n is the number of replicates in the experiment.
Means not sharing a superscript are different (P<0.01).
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Figure 1A. d-8-Tocotrienol- and lovastatin- mediated suppression of the proliferation of
human A375 and A2058 melanoma cells. (A) Growth curves of human A375 ( ■) and
A2058 ( ♦) melanoma cells showing the concentration-dependent suppression of cell
proliferation by d-8-tocotrienol and lovastatin. Cells were cultured and incubated with the
compounds for 72 h before cell proliferation was measured by CellTiter 96® Aqueous
One Solution as described in Materials and Methods. ANOVA was performed to assess
the differences between groups. Differences in means between control and treatment
groups were analyzed by Dunnett ' s test. Values are mean± SD, n = 4. n is the number of
replicates in the experiment.
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B

A2058

A375

Figure lB. The concentration-dependent inhibition of human A2058 and A375 melanoma
cell proliferation shown in photomicrographs of A2058 (I-III) and A375 (IV-VIII) cells
following a 72-h incubation with 0 (I & IV), 30 (II), 60 (III), 11 (V), 22 (VI) and 33 (VII)
µmol/L d-8-tocotrienol, and 0.75 µmol/L lovastatin (VIII) . The contact inhibitiondisabled growth of the A2058 and A375 cells is shown in the Control cultures (I & IV).
Concentration-dependent decreases in cell density and changes in cell morphology occur
progressively as the concentration of d-8-tocotrienol is increased; arrows mark indicators
of apoptotic cell death (nuclear condensation and membrane blebbing) and changes in
cell morphology.
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Figure 2 A-D. d-8-Tocotrienol-mediated cell cycle arrest at the G 1 phase shown
in the distribution of human A2058 (A-C) and A375 (D) melanoma cells in the G 1, S,
and G2 phases following O (A), 24 (B) and 48 (C & D) hours of incubation. The
percentages of cells in various phases of cell cycle were shown for the control cells (solid
bars) and cells incubated with 24 (B & C) and 33 (D) µmol/L d-8-tocotrienol (dotted
bars) and 3 (B & C) and 0.5 (D) µmol/L lovastatin (open bars). ANOVA was performed
to assess the differences between groups. Differences in means between control and
treatment groups were analyzed by Dunnett ' s test. Values are mean ± SD, n = 3.
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Figure 2E. The impact of d-8-tocotrienol on Cdk4 expression in human A2058
and A375 melanoma cells following 24-, 48-h and 72-h incubations (E). Cell lysates were
subjected to western-blot procedures as described in Materials and Methods and blots
were detected by chemiluminescence and quantitated (E). The values for the Cdk4/~actin ratio shown in the bar graphs for A2058 are either the mean values of two
measurements (24h) or mean± SD, n = 4 (48h); the values for A375 are mean ± SD, n =
5 (48h) or n = 3 (72h). ANOV A was performed to assess the differences between groups.
Differences in means between control and treatment groups were analyzed by Dunnett' s
test. Values with* and** are significantly different from that of control with P<0.05 and
P<0.01 , respectively.
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A

Figure 3A. d-8-tocotrienol-mediated apoptosis in A375 (A & B) and A2058 (B). (A)
Photomicrographs of human A375 melanoma cells showing the d-8-tocotrienol- initiated
apoptosis detected by acridine orange and ethidium bromide dual staining. A375 cells
were incubated with O (I-IV) and 33 (V-VIII) µmol/L d-8-tocotrienol for 24 h.
Photomicrographs of the same fields were taken under phase-contrast microscope (I & V)
and fluorescence microscope with a tetramethylrhodamine isothiocyanate (TRITC) (II &
VI) or fluorescein isothiocyanate (FITC) filter (III & VII) and then merged (IV & VIII).
Arrows mark the red fluorescence emitted by ethidium bromide staining shown in late
apoptotic and dead cells induced by d-8-tocotrienol.
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Figure 3B. The impact of d-8-tocotrienol on the cleavage of procaspase-3 in human
A2058 and A375 melanoma cells following a 48- (A2058) or 72- (A375) h incubation.
Cell lysates were subjected to western-blot procedures as described in Materials and
Methods and blots were detected by chemiluminescence and quantitated. The blot shown
for A2058 cells is representative of two independent experiments and the values for the
procaspase-3/~-actin ratio shown in the bar graphs (B) are the mean. The blot shown for
A3 75 cells is representative of four independent experiments and the values for the
procaspase-3/~-actin ratio shown in the bar graphs (B) are mean± SD, n = 8. n is the
number of replicates in the experiment.ANOV A was performed to assess the differences
between groups. Differences in means between control and treatment groups were
analyzed by Dunnett' s test. Values with** are significantly different from that of control ,
P<0.01.
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Figure 4. The impact of d-8-tocotrienol and lovastatin on the expression of Ras in
human A375 and A2058 melanoma cells shown in representative blots. Cell lysates were
subjected to western-blot procedures as described in Materials and Methods and blots
were detected by chemiluminescence and quantitated. The values for the Ras/~-actin ratio
in d-8-tocotrienol-treated groups shown in the bar graphs are mean ± SD, n 2: 4. ANOV A
was performed to assess the differences between groups. Differences in means between
control and treatment groups were analyzed by Dunnett's test. Values with* and** are
significantly different from that of control with P<0.05 and P<0.01 , respecti vely.
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DISCUSSION
Building on our previous observation of the anti-proliferative activity of d-8tocotrienol (IC50 = 10-14 µmol/L) in the murine B16 melanoma cells [13; 14] , we in this
study demonstrated the growth-suppressive activity of d-8-tocotrienol, albeit with higher
IC50 values, in two human melanoma cell lines. A recent study [22] with two human
amelanotic and melanotic malignant melanoma cells, C32 and 0361, incubated with d-8tocotrienol for a shorter treatment period of 24 h suggested IC50 values in the range of
40-60 µmol/L , consistent with the IC50 value for the A2058 cells. Our IC50 value (0.5
µmol/L) for lovastatin in A375 cells is lower than that reported (~2.8 µmol/L) by
Shellman et al. [23]; modulating factors such as inoculating cell density [24] and assay
methodology [25] may have contributed to such a difference. Nevertheless, our IC50
value for lovastatin in A2058 cells falls in the range of reported IC50 values, from 1.2
µmol/L to 30 µmol/L , for human melanoma cell lines WM35 , WM1552C, WM75 ,
WMl 15 , WM278 , A375, WM1617, WM852 , WM239A, HS294T [23] , 1011 [26], SKMEL-2 [27] , HT144, M14, and SK-MEL-28 [28].
Consonant with its impact on cell cycle distribution noted in our previous studies
with human pancreatic tumor cells [ 16], d-8-tocotrienol effected cell cycle arrest at the
G 1 phase in A3 75 and A2058 cells. The loss of Cdk4 expression resembles the impact of
d-8-tocotrienol shown in MDA-MB-231 breast cancer cells [29]. We also noted G 1 arrest
in murine B16 melanoma cells incubated with a less potent [13] d-8-tocotrienol [15] ,
which purportedly failed to induce G 1 arrest in human C32 and 0361 melanoma cells
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[22]; the latter may be masked by a massive d-o-tocotrienol-induced sub-diploid peak, an
indicator of apoptosis [30] that was confirmed by the activation of caspases 3, 7 and 9
and the cleavage of poly (ADP-ribose) polymerase (PARP) [22]. Consistent with its
apoptotic activity shown in the human pancreatic tumor cells [16], d-8-tocotrienol
induced apoptosis in A3 75 and A2058 cells as shown by acridine orange and ethidium
bromide dual staining and procaspase-3 cleavage; apoptosis and caspase-3 activation
were also shown in lovastatin-treated A3 7 5 cells [23].
Among the proteins playing critical roles in the Raf/mitogen-activated protein
kinase (MAPK)/extracellular signal regulated kinase (ERK) kinase (MEK)/ERK/ nuclear
factor kappa B (NF-kB) and phosphoinositide 3-kinase (PBK)/Akt/NF-kB pathways that
control cell cycle progression including the upregulation of Cdk4 [31 ], apoptosis and
differentiation are the Ras proteins [32] that require mevalonate-derived farnesyl
pyrophosphate for post-translational modification and maturation [18]. Ras mutation,
mostly N-Ras mutation, is found in about 20% of human melanoma [20]. Lovastatin has
been shown to decrease Ras prenylation [3] and membrane attachment [33] in human
melanomas. Consistent with a previous observation that d-8-tocotrienol and an analog of
tocotrienol, 6-O-carboxypropyl-a-tocotrienol, inhibit the prenylation of Ras and reduce
the level of Ras protein in human A549 lung carcinoma cells [ 19], we show the d-otocotrienol reduced Ras protein level in a concentration- and time- dependent manner
(Figure 4 ). The decreased Ras protein expression likely reflects the dislodgment and
enhanced degradation of unprenylated Ras, as seen in cells treated with farnesyl
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transferase inhibitors (FTls) [34; 35; 36]. The half-lives of total Ras decreased from> 12
h in untreated human PANC-1 pancreatic carcinoma cells to 7-8 h in FTI-treated cells
[34]; FTI also reduced the half-life ofH-Ras from 27 h to 10 h in H-Ra-transformed Ratl
cells [35]. d-Limonene [1] and perillyl alcohol, the mevalonate-suppressive
monoterpenes, decrease Ras protein expression; the latter effected such a decrease in
human myeloid THP-1 and lymphoid RPMI-8402 leukemia cells [37; 38], human SW480
colonic adenocarcinoma cells [39], human K562 erythroleukemia cells [40], and 1984-1
melanoma cells [36]. More studies are needed to delineate whether Ras degradation
directly contributes to the d-8-tocotrienol-mediated growth suppression in A3 75 [41] and
A2058 [42] cells with a wild-type N-Ras. The finding that lovastatin-mediated
suppression of A375 cell proliferation was reversed by supplemental geranylgeranyl
pyrophosphate but not the farnesyl pyrophosphate [23] that is required for Ras
prenylation suggests a Ras-independent mechanism for the HMG CoA reductase
suppressors. Rae 1, a member of the Rho GTPases and a downstream intermediate of Ras,
mediates the malignant phenotypes of skin tumor cells [43]; functional Rae 1 requires
geranylgeranylation [44]. Other proteins including nuclear lamins and insulin-like growth
factor I receptors that are post-translationally modified by mevalonate-derived
intermediates may also mediate the tocotrienol effect.
The IC50 values of d-8-tocotrienol for A375 and A2058 cells are approaching the
high end of physiologically attainable peak plasma levels reported in one oral feeding
study [21] , but far exceed that reported in another study [45]. Nevertheless, tocotrienols
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are found in high concentrations in the skin in feeding studies [46; 4 7]. In addition, the
parallel impacts of d-8-tocotrienol, a post-translational down-regulator of HMG CoA
reductase, and lovastatin, a competitive inhibitor of reductase, on growth, cell cycle,
apoptosis and Ras protein noted here and in other studies [5; 13; 15; 16], and the same
order of sensitivity of the A375 and A2058 cells in responding to these two agents
(Table 1), suggest the essentiality of mevalonate pathway; the synergy between d-8tocotrienol and lovastatin (Table 2) is consistent with prior observations in B 16
melanoma cells [15], human DU145 prostate carcinoma cells [5] , MIA PaCa-2 pancreatic
carcinoma cells [16], and A549 lung carcinoma cells [13] , murine mammary tumor cells
[48] and implanted B 16 tumors [13] and suggests that physiologically attainable d-8tocotrienol and lovastatin [ 11] may be effective in melanoma treatment or prevention.
Isoprenoids with lesser mevalonate-suppressive activity than d-8-tocotrienol, citral [49] ,
geraniol [50], ~-ionone [14], and d-8-tocotrienol [14] , suppress the growth of implanted
and chemically initiated melanomas. Blends of d-8-tocotrienol and assorted mevalonate
suppressors may provide a novel approach in the chemoprevention and/or therapy of
melanomas.
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CHAPTER V
SUMMARY AND CONCLUSION
This dissertation provides useful information regarding the effect of d-8tocotrienol on the proliferation of human A2058 metastatic melanoma and A375
malignant melanoma cells. In this study, we have shown that d-8-tocotrienol exhibited a
concentration-dependent growth suppression of human A2058 metastatic melanoma and
A375 malignant melanoma cells with 50% inhibitory concentrations (IC50) of 37.5 ± 1.4
(A2058) and 22.3 ± 1.8 (A375) µmol/L, respectively. Lovastatin, a competitive inhibitor
of HMG CoA reductase, the key enzyme required for mevalonate synthesis and crucial
for cell growth, exhibited lower IC50 values of 0.5 ± 0.1 (A375) and 3.1 ± 0.5 (A2058)
µmol/L, respectively, indicating higher potency. Photomicrographs of treated melanoma
showed a dose dependent decrease in cell density, nuclear condensation, membrane
blebbing and cell detachment from the monolayer, suggestive of apoptosis.
Our hypothesis stated that d-8-tocotrienol will suppress the proliferation of
human A2058 metastatic melanoma and A3 75 malignant melanoma cells by inducing
differentiation, cell cycle arrest and apoptosis. Our studies show that d-8-tocotrienol had
no effect on the differentiation of human A2058 metastatic melanoma and A375
malignant melanoma cells. On the other hand, d-8-tocotrienol exerted its tumor
suppressive effect by inducing cell cycle arrest and apoptosis in human A2058 metastatic
melanoma and A375 malignant melanoma cells. Cell cycle arrest was noted at the G 1
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phase and was accompanied by a concomitant decrease in expression of cyclin-dependent
kinase 4, a molecule that regulates the progression of cells through the G 1 phase of cell
cycle. Apoptosis was detected qualitatively using fluorescence microscopy following
acridine orange and ethidium bromide dual staining, where A375 cells treated with d-8tocotrienol emitted increased red fluorescence compared to controls, indicative of
apoptosis. Apoptosis was confirmed quantitatively using the western blot method by
showing the cleavage of procaspase-3, a molecule belonging to the family of cysteine
proteases that play essential roles in apoptosis. Ras, a protein involved in cellular signal
transduction, obtains a prenyl fragment from the mevalonate pathway to attach to the
inner cell membrane and perform its signaling function in the mitogen-activated protein
kinase (MAPK)/extracellular signal regulated kinase (ERK) kinase (MEK)/ERK
pathway. d-8-tocotrienol induced a concentration and time dependent decrease in the
expression of Ras, indicating Ras degradation and potentially the MAPK/ERK signaling
attenuation as a possible mechanism of d-8-tocotrienol.
Although the dose of lovastatin required to exert its tumor suppressive effects is
low, it is unable to spare normal tissue. d-8-tocotrienol on the other hand is tumorspecific, sparing normal tissue. However the levels of d-8-tocotrienol required to have
tumor suppressive effect tend to be on the higher end of physiologically attainable
concentrations. With combination treatment of 24 µmol/L of d-8-tocotrienol and 1.5
µmol/L of lovastatin, the impact was more than double the sum of individual actions,
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suggesting a synergistic effect. d-8-tocotrienol and other mevalonate suppressors may
provide promise in chemoprevention and/ or therapy of melanoma.
In conclusion, d-8-Tocotrienol suppressed the proliferation of human A2058
metastatic melanoma and A375 malignant melanoma cells via G 1 phase arrest in cell
cycle and apoptosis. These effects were associated with Ras protein down regulation. d-8tocotrienol singularly or in combination with statins or other isoprenoids may have
potential application in melanoma chemoprevention and/or therapy.

Recommendations on Future Directions
1) Mechanistic Studies: B-Raf, a downstream activator of the MAPK (mitogen
activated protein kinase) pathway, is found to be mutated in 70 % of melanomas.

It is known that constitutively elevated ERK activity induces proliferation and
abrogates apoptosis in tumor cells. The effect of d-8-tocotrienol on B-Raf
signaling warrants futher investigation.

2) In Vivo Studies: d-8-Tocotrienol has been shown to suppress the growth of
implanted murine Bl 6F 10 melanoma cells in mice. The in vitro studies of this
dissertation may lay the foundation for subsequent studies investigating the
effects of d-8-tocotrienol on human melanoma growth in vivo.
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Abstract. Hydroquinone, an activator of ca.ipase- 9 activity via
reactive cuygen species, and fam csol. a posttranslational downregulator of 3-lzydroxy-3-methylgluta,yl coenzyrne A reductase
activity suppress the growth of murine B16 melanoma cells. Our
previous studies /zave shown thatfamesyl-0 -acetylhydroquinone
has a markedly greater growth-suppressive activity than that
predicted by the responses to the parent compounds. Perillyl
alcohol, a modulator of small G-protein activity. and biphenyl
compounds, activators of Fas-mediated death pathways, suppress
B 16 gro wth. A similar .synergistic increase in 1/ze potency of each
comf)Ollnd when ether-linked to acetylhydroquinon e is now
reported.
Perillyl-O-acetylhydroq11in o1ie, biphenylet/zyl-0acelylhydroquin one a,id biphenylpropyl-0 -acetylhydroquinone
had dose -dependent impacts on th e proliferation of B16 cells
with 50% inhibito,y concentration (IC 50) values of 8.0, 4.2 and
/ .4 µmo/ IL, respecth 1efv. The growth-suppression effected by
biph eny/p ropyl-0-acetylhydroquinone was accompanied by a
dose-dependent a nest at the G 1/S interface of the cell cycle, an
impact greater than that previously reported j<Jr farn esyl-0 acetylhydroquinone
(JC 50 =2.5
pmol/L).
These new
hydroquinone derivatives may have potential i11 callcer
chemopre1ention and/or therapy.
1

Hydroquinone ( 1-5) and trans , trans- farne sol (fa rn eso l) (61l) suppress the growth of neo plastically-derived ce ll lin es
( 1- 11 ) and with less potency , th e growth of ce ll lines deri ved
from normal tissu es (1, 10, 11 ). Prec linical tri als found no

Ahhreviation s: IC 50 , th e co nce ntr a ti on required to suppress th e

increase in the popul a ti o n of ce lls by 50 %,; FBS, fetal bovin e
sc rum ; HBSS , H a nks' Bal a nce d Salt Solution; MEM , Eagle 's
minim al essentia l medium .
Co rresp ondence to: Hu a nb iao Mo. Depart men t of Nutriti on and

Food Scie nc~s. Texas Woma n's U nive rsit y, P.O. Box 425 888 ,
De nton, TX 7620 4, U.S.A. T e l: +940 898 27 12. Fax : +940 898
2634, e- ma il: hm o@ mai l.twu.ed u
Key Words: Biph e nyla lk yl hydroquinonc , ce ll cycle ar res t, B lfi

mela no ma.
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impa ct of the scsquitcrpe no icl on the gro wth of normal
tissues (12).
Caspase-dependent and caspase-ind e pend ent processes
initi ate apoptosi s in hydroquinon c-treated cel ls, th e former
tracing to th e activation of cas pa se-9, th e latter to th e
rel ease of apoptotic protein s from mitoch o ndri a l
membranes perturbed by reactive oxyge n species (5). Ce ll s
incubated in the pre se nce of farnesol are arrested at th e
G 1/S-pha se of th e cell cycle ( 13): cells escaping thi s arre st
undergo apoptosis (8. 14, 15). The pos ttran scriptio nal downreg ul ation of 3- hydroxy-3- meth ylglutaryl coe nzy me A
(HMG CoA) red uctase ac ti vity signal ed by fa rn eso l starves
cell s of prenyl-pyro ph osp hate intermedi a tes of th e
meva lonate pathway th at arc esse nti a l for ce ll s to move
throu gh th e cell cycle (16).
We rece ntl y eva lu ated th e impac ts of hydro quin o ne and
farneso l o n th e grow th of murin e B1 6 mel ano ma ce ll s and
found res pective 50% inhibito ry concentration (IC 50 ) va lu e ·
of 40 and 33 µmo l/L (17). Synthesized farnesyl -O acetylhydroquinone (Figure IA) proved to have a mu ch
grea ter grow th-suppressive acti vi ty (IC 50 = 2.5 ~lm ol/L) than
th at of eith er parent co mpo und . Thi s in crease in potency.
we sugges t, refl ects the impacts of the distinct ac tions of th e
tw o co mpo nents.
Perill yl a lco hol also suppresse d th e grow th of
neo pl asti ca lly-derived ce ll lin es (6. 18-22) while a pre clinical
trial fo und no impact of thi s cyc li c mo no te rp e ne o n the
grow th of no rm al ti ss ues ( 12). Th e tum o r-suppress ive ac tion
o f perill yl alcohol has been traced to th e inhi bited
express ion (23. 24) and processing (25) of sma ll G-pro tei ns.
A natu ra l biphenyl co mpou nd , mag nolo l, suppressed the
growth of B 16 ce ll s in i·itro (26) and in l'il'O (27) . Th e si tes of
th e biphenyl ac ti o n, th e Fas-medi ated de at h path way. th e
acti va ti on of caspases. and anti- angioge nesis (26), appear to
be distinct from the Ras farne . ylatio n th at was proposed for
perill yl alcoho l (25).
In view of th e dramatic increase in the efficacy ac hi eved
wit h th e syn th c. is of an age nt comprised of two con . tituent: ,
each with a di stinct mode of chemopreventive ac ti o n, perill ylO-acetyl hydro quin one (Fi gure I B) a nd two biphenylalk.-yl
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Figure I. Sclremaric represe11tarion of the structures of acet_vlhydroqui11011e
cleri1 ,ati1 ·es
farnesv l-O-acetyllrydroquin one
(A),
perillyl-Oacetylhydroquinone (B j. hiphenylethyl-O-a cetylhydroquinone (C) and
hiphenylpmpyl-O-acelylhydroquino11e (D ).

ace tylhyclroq LI in o nes. biphe nyleth yl-0- ace tylhydroq LI inone
(Figure IC) and biphenylpropyl-O -acetylhydroqL1 in one
(Figure 1D ) were synth es ized and th e growth- suppressive
act ivity eva luated.

Materials and Methods
Chemica l synth esis. Lovas tatin was a gift fr o m Merck R esearch
Labora tor ies ( Ra hway, NJ , USA). Pe rillyl alcoho l was purchased
fro m A ldr ich (Ger many) Bipheny lpropa no l and bipheny let hano l
were synt hes ize d by LiAIH 4 red uctio n of the co rrespond111g
carbox; li c ac id s as reported for biph eny le th a no l (28). Th e ~c~ tic
acid 4- hydroxyphen yl es ter wa s sy nth esized 1•ia th e Ba yer-Vill!ger
oxida ti o n proce dure ( 17). T he et he rs were sy nth es ized by a

4

Mitso no bu type co uplin g (29). All co mpounds were charac te ri zed
for id entity a nd purity usin g nu clea r mag ne ti c resona nce, infrn red
spectroscopy a nd mass spectromet ry (data not show n).
Cell proliferation assay. Th e prolife rati o n of murin e 8 16 me la noma
ce ll s was me as ured by usin g Ce llT iter 96@ Aqu eo us O ne So luti on
(Prom ega, Mad ison, WI , USA) as prev iou sly descr ibed ( 17).
Briefly, th e 81 6 me la no ma ce ll s. purchased fr o m th e America n
Type Culture Co ll ecti o n (Ma nassas , VA , USA) a nd cultured in
RPM! 1640 medium (Sigma, St. Lo ui s, MO. USA) suppl e me nt ed
with 10% fetal hovin e se rum (FBS , Sigma) and 80 mg ge ntami cin/L
(Sig ma) at 37°C in a hum idified atmosp he re o f 5% CO 2 . we re
seeded at 1000 ce ll s/0.1 ml medium/well in %-we ll tissue cul ture
plates (F isher Sc ie ntifi c Co mpany LLC, Ho usto n, TX , US/\). At
24 h the med ium was deca nted fro m eac h wel l a nd rep l;icecl with
0.1 mL fr es h med ium co nt ain in g th e tes t agen ts (pe rill yl-Oacety lh ydroqu in o ne, bipheny leth yl -O-acctyl hydroq u inone a nd
biph e nylpropyl- O-;i ce tylhydroquin one) th at were pre-di sso lved in
dimethyl s ulfoxick (DMSO) . A ll cul tures co nt a in ed I m L/L o f
DMSO . Ce ll s we re furth e r in cubated for an ad di tio na l 48 h. Th e
72- h cell popul ations we re de te rmin ed by add in g 20 1.tL of Ce llTiter
96 ® Aq ueo us One So luti on to each we ll ; pl ates we re he ld in the
da rk at 37°C for 2 h and th e n read a t 490 nm with a
SPECTRAm ax® 190 mult i-p late reader with SOFTmax® PR O
ve rsio n 3.0 (Molec ul ar Devices , Sunnyvale, CA , USA).
Absorba nces fro m we ll s co nt ain ing ce ll-free med iu m were used as
baselines an d we re deducted fro m abso rb a nces of other ce llcon ta in ing we ll s.
13iph e nylp ropy l-O- ace tylhydroq uin one was suhsc qu e ntl y reeva lu ated for it s dose-dependent imp ac t 0 11 B 16 ce ll pro liferntion
using the G uava @ ViaCount OV assay (G uava Te chn ologies Inc..
H ayward, CA, US A). 1316 ce lls , in oc ula ted in 6-well plate s (Fisher
Scien tifi c) at lxJ0 5 ce ll s/we ll in 3 ml medi um. we re allowed to
attac h for 24 h. Th e cul ture med ium was th en replaced with fresh
mediu m co nt ai ning various concentrations o f biphenylpropyl -O ace tylhydroqu in one pre -disso lved in DMSO . Following a 48-h
in c ub ati on th e 131 6 ce ll s were harves ted by trypsin iza tion .
ce ntrifu ged and resuspended in 0.2 mL phosphate-buffe red sali ne
(PBS) to whi ch I 11.L G uava ® Vi aCo unt® Fl ex dye was added and
mixed. Fo ll ow in g a 5-min inc ub ati o n the ce ll suspe nsio n was
subjected to a Vi aCo unt ® assay usi ng a Guava @ EasyCyte fl ow
cy tometer to det er mi ne t he num bers of viahle ce ll s. Guava 'iv
ViaCount ® Fl ex co nt ai ns a dual -dye to differenti a te viable a nd
non-viable ce lls.
Microscopy. Ph oto micrographs of representative fields o f
mo nol aye rs o f B 16 melano ma ce ll s were obta in ed with a Nikon
Eclipse TS 100 microscope (Nikon Corporation , T okyo, JHpan )
eq uipped with a Nikon Coo lpix 995 digita l ca mera ( ikon
Corporation).
Cell cycle analysis. The B 16 ce lls were seeded in 6-well plate (Fisher

Scien tific) at l xl0 5 ce lls/well with 3 ml medium/well and incubated
for 24 h. Th e mediu m wa. th en deca nted and cultures replenish ed
with fresh medium containing biphenylpropyl-O-acctylhydroquinone
th at had been di ssolved in D 1SO . Foll owing a n additional 24-h
inc ubation adherent cells were harvested by tryp si ni za ti o n a nd
pell e ted by low speed ce ntrifugation . The ce ll pellets ( > 3x I 0 4 ce ll s)
we re fixed in I mL 70 o/r i.:thanol at 4 °C for 60 min , was hed in 1 mL
PBS a nd rc-~usp..:nded in 400 pL PBS containing 0. 5 mg R A~e A
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Table I. IC50 values of acetylhydroquinone derivatives in B 16 m elwwma
ct'lls.

Farnesyl-O -acety lhydroquinon e
Per illyl-O-acety lhycl roqui no ne
Biphenylethyl-O-ace tylhydroquin one
Biphenylpropyl -O-acety lhyd n,quinone

IC 50 (11mol/L)

n

2.5 ±0.6a
8.0
4.2
1.4±0.3
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Va lues are mca n±S D. "McAn all y et al. (17)
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(Sig ma). Following ge ntl e mi xin g a 10 f.tL aliquot of propidium
iod id e (S igma, I g/L in PBS) was added. The ce lls were incubated in
the dark at room temperature for 15 min and then held at 4 •c in
the dark for flow cytometric analysis (30). Aliquots of 5x1() 3 ce ll s
were a nalyze d for DNA co ntent using a Guava EasyCyte flow
cyto me te r (Guava Tec hnol og ies, Inc.). The distributi on of cells in
the GI , S, and G2/M-ph ases of the ce ll cycle was determin ed using
Multi Cyc le AV software (Phoenix Flow Systems , San Diego. CA,
USA).

z

0
-20 O

ec

100

wc II plates (Fisher Scientific) at 200,000 ce lls/well with 3 mL
medium/flask and incubated for 24 h. The medium was th en
deca nted and cultures re ple ni s hed with fres h medium containing
biph e nylpropyl-O-a ce tylhydroquinon e o r lovastatin pre-dissolved
in DMSO for the experimenta l groups and solvent only for th e
co ntro l ce lls. Fo ll owing a n additiona l 6, 12, or 24- h in cub ati o n, th e
me dium was deca nted a nd adherent cells harvested by
trypsini za tion a nd pe ll eted by refrigerated centrifugation at 300 g
for 10 min . The ce ll pe ll e ts were washed a nd resuspended in
Nexin '" buffe r (Guava Tec hnologies. Inc .) at JxL0 6 ce ll s/mL. In
eac h well of a 96-well pl ate 20 ~LL of ce ll suspension was mixed with
2.5 µL of Annexin V-P E a nd 2.5 ~tL of Nexin 7-amin o-actin omycin
D (7-A/\ D) so lutio ns acco rdin g to t he ma nufacturer's instru cti ons
(Gu,iva Technologies. In c.) and kept in the dark on ice fo r 20 min .
Th e plate was then loaded into a Guava EasyCyte fl ow cytometer
(G uava T ec hnologies, Inc.) and 5xl0 3 ce ll s pe r sa mp le were
ana lyzed by using the Guava Express Plu s progra m. A nn exi n Vis a
phn~pholipid-binding protein th at has hi gh affinit y for
phosphatidy lse rin e (31) transloca tecl fr o m th e interna l face to the
outer surface of ce ll me mbran es a t th e ea rl y stage of a pop tos is
(32). 7-/\AD selec ti ve ly pe rm ea tes late s ta ge apopto ti c and dead
ce ll s. Th e refo re ce ll s th a t are viable (A nn exin V- a nd 7-AA D-),
ear ly apop to ti c (A nn ex in V + a nd 7-AA D- ) and late apop totic or
dea d (/\nn exi n V + an d 7-AAD +) ca n be se parated and
pe rce nt ages of th ese ce ll populations qu antified .
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des igna ted asp<0.05.

Res ults
!\dding the acety lhydroquinon e mo ie ty to pe rill yl alcohol
gave an JC 50 value for perillyl-O-acetylhydro quin o ne of 8.0
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Biphenylpropyl-O-acetyl hydroquinone (µmol/L)
Figure 2. Representati,,e [{l'O\l'th cun'es of B 16 m elanoma cells sho11,i11g
th e co11centrati1m-depe11de11/ suppression of B 16 cell proliferat icm hy
biph enylprupyl-O-acetylhydroquinu11e. Cell proliferation was measured hy
Cel/Titer 96 ® Aqueous One Solwion (A) and Guava ® ViaCoun1 '.W aHay
(8 ) after 48-h i11cuhatio11. Vc!lues are m ean±SD. 11=3.

µmo l/L (T ab le I). The IC50 va lu es esti mated fo r th e
bip henylalkyl et hers, biph e nyle th yl-O-ace tylhyclroqu in one
a nd biph e nylp ro pyl-O -ace tylhydroqui no ne. were 4.2 ft mo l/L
a nd 1.4±0.3 11mol/ L res pectivel y.
Figure 2A ·hows th e co ncentration-dependent suppression
of the proliferati on of B1 6 ce ll s by biphenyl propyl-O acetylhydroquinon e. the mos t pote nt growth suppre. so r
amo ng the three derivat ives. There wa. a nea r lin ea r decrease
in cell growth fo llowing a 48- h incubation as th e co ncentrati on
of biph enylpropyl-O -acetylhydroquinon e increa. ed fro m O to
2.5 11mol/L. Biph enylpropy l-O -acetyl hyclroquinonc induced
15% , 4 7% a nd 9 1% growth suppression at 0.5, 1.5 a nd 2.5
1tmo l/L respecti ve ly. The growth ·uppress io n meas ur ed by
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Figure 3. Concen tration-depmdenl inhibition of B 16 melanoma cell proliferation sh own i11 ph utum icrogruphs of B 16 cells ajia a -:!4-h in rnba tio n with
0 (A ), 0.5 (8), I (CJ, and 2 (D and E) Jtm ol!L biph enylpropyl-0-a cetylhydroquinon e. Morphological ch a11xes including cell elo 1111a 1ion and rounding are
most e1•ide111 in 1he pho10111icrograph.1· with 2 1,1,mol!L biphenylpropyl-0-a cetylhydroquinon e (D a11d higher m agn ificntio11, £).

Ce llTiter 96 ® Aq ueo us One Solution (Figure 2A) was
confirmed by usin g Guava ® ViaCount® assay. At 0.25, 0.5, 1
and 2 µmol/L biphenylpropyl-O-acetylhydroquinone indu ced
growt h suppressio n of 13%, 18% , 34% , and 54%, respectively
(F igure 28) .
Th e photomicrographs shown in Figure 3 reflect th e
imp ac t of biph eny lpropyl- O -acetylhydroquinone on BJ 6
ce ll s fo ll owi ng a 24-h in cubation . The untreated ce ll s
(F igu re 3A) exhibited the characteristic co nt act inhibition-
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disabled growt h of B16 mel a noma cell s. In cre as in g the
co ncentrati on of biphen ylpropyl-O -acetylh ydroquin one
fr om Oto 2 1tm ol/L yielded a decre ase in ce ll density and a n
increase in cel l ro undin g. mo rphol og ical changes mo re
evid ent in Fi gure 3E und er a higher magnific a ti on.
The impact of biph e nylpropyl-O-a ce rylh ydroquin o nc o n
th e d istribution o f B 16 cell s in the cell cycle is sho wn in
Figure 4. In cre asin g the hiph e nylpro pyl-O- aee tylh ydr oquin o ne conce ntrati o n res ulted in majo r . hifts in th e
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Figure 4. A representalire analysis of 1he concen1ra1ion-dependen.1 impa c1 of biphenylpropyl-O-ace1vlhydroq11ino11e on the ]./-/, cell cycle dis1rihu1ion of
816 m elanoma cells. Cells incuha ted 1-vilh O (A). 0.5 (B). I (C) or 2 (D) ,w nol/L of hiph e11vlpropyl-O-ace1ylhydm qui11 one fo r 24 h 1vere analrzed fo r ONA

co111en/ by f lo w cylometrv. Values are mean ±SD, n =6

d istribu t io n of ce ll s in th e p hases of cell cyc le. T he
proportio n of ce ll s in th e Gl -pha se increase d from 50 to
70.9. 74.8 and 76.7 %, w hil e co ncomita n t ly t he propo rti o n of
ce ll s in t he S-pha se d e crea se d from 42.1 to 23.4, 2 1.1 a nd
18.0% . res pective ly w ith 0, 0.5. 1, a nd 2 µmol/L
bip he nylpropy l-0- ace ty lhydroquin o n e. The G1 /S ratio , a n
indicator of G 1 arrest, increased from 1. 2 for untreated ce ll s
to 3.0. 3.5 and 4.3 for ce ll s trea ted with 0.5. I a nd 2 1tmol/ L
b iph e nylpropyl- 0 -ace tylh ydroq u in o ne , respec tive ly.

Th e impac t of biph enylpro pyl-0- ace ty lh ydroquin o ne was
co mp a red with that of lova statin. an inhibito r o f H MG C uA
reduc tase ( 16). o n th e initiation of apo pt osi s in B 16 ce lls.
The ce ll s we re in c uba t ed for 24 h in the pre sence o f 1.4
µmo l/L b iph e nylp ropy l-0 -acetylhydroq uin o ne o r 1.5 µm o l/L
lovast atin. The proporti o ns of vi a ble. that is , adhere nt , ce ll s
in the wa shed co ntrol , h iph e nylpropyl-0-acerylhydro quin o ne
a nd lovastat in cultures were ( 8. 0,
5.
a nd
2. 3 % .
re spective ly. Within th e po pul a tion o f cell s ha rve. t e d a ft e r
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Annexin V
Figure 5. R epresenlatii ·c plots .1·h uwi11g th e difierc111ial impacts of biph e11ylpropyl-O-acetylhydroqui11on e and lovastatin on rh e initiarion of apoptosis in
mu rim· B /6 m elanoma cells. B /6 cells were incuba ted with solvent only (a-d) , hiphen_vlpropyl-O-a cetylhydroq11ino11e ( l.4 1111101/L. e-g) or lo rasrar 1n ( 1, 5
p m ol/1., h-j) f or 6, 12 or 24 h. Th e percentages of ea rly apoptolic cells (Ann exin V + /7-AA D-) and late apoptotic and n ecrotic cells (A nnxin V 7-

AAD + J in each dot plor are indicated in th e co1respo11ding q11 admnrs. Values are mean ±SD, n = 3.
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th e dea d cells were wa shed off the plates th e proportion of
ea rly a poptotic cells did not differ between treatm e nts
(Figure 5). The proportions of late apoptotic ce lls in th e
control a nd biphenylpropyl-O -acetylhydroquino ne -treate d
cells we re sim il ar . The proportion of late apoptotic cells in
th e lovastatin culture (16 .9 ±2. 9% ) was significantly greater
th a n that in the control (10.7±1.3 % , p<0.05) . Simil a r
finding s were observed at 6 and 12 h.

Discussion
Th e I C 50 value s reporte d here in for biph enylpropyl-O ace tylhydroquinon e (l.4 ftmol / L) , biph e nyl e thyl-O-ac e tylperillyl-O- acetylhydro quinon e (4 .2 µmol / L). and
hydroquinone (8.0 ftmol / L) , fall in the same ra nge re ported
by others for terp e nylquinon es and te rpen ylh ydroquinones
(33 . 34). A ll th ese va lu es are low er than tho se of
hydroquinon e , re po rt e dly 40 (17) to 250 ftmol /L (3).
In th e prese nt and prev io us (17) studies. th e relative
potenci es of perillyl alcohol , geraniol and farnesol (IC50
va lu es. 250. 160 a nd 33 µmol/L , resp ec tively) and those of
th e ir accty lhydroquinonc deriva tive s (IC 50 va lu es, 8. 501 and
2.5 im101/L, respectively) have now bee n eva luate d. The IC 5o
of perillyl-O-acetylhydroquinone was 31- and 5-fold lowe r
th a n tho se of pe rill yl a lcoho l (250 µmol /L) (35) and
hydroquinone (40 ftmo l/L) (17). resp ec tive ly. Acetylation of
hydroquinon c rin g to preve nt autoxidation is repo rte d to have
no impact on biologica l pote ncy of the hydroquinon e (33).
Th e IC 50 va lu e s of biph e nyle th yl-O -ace tylhydro quin o ne
( 4.2 ftm o l/ L) and biphen ylpropyl-O -acetylhydroquinone
(1.4 runol / L) we re seve ra l fo ld lower th a n tho se repo rted
for th e na tural biphenyl, m ag n o lo l (30-100 µ1110 1/L) (26)
and hyclroquinon e and fe ll on e ith er sid e of th a t of
fa rn csy l-O -acetylhydroquinone (2.5 µm o l/ L) ( 17) . Th e
m o rphological changes in th e 81 6 ce ll s produ ce d by
biphenylpropy l-O-acety lh ydroquinone were re mini sce nt of
th ose induce d by farnesy l-O-acetylh ydroqu io no ne. which
indu ce d cell cyc le a rr es t a t GI-phas e in 816 ce ll s ( 17).
8iphe nylp ropy l-O-ace tylh ydroquin o ne indu ced 81 6 ce ll cycle
arrest a t G 1-phase at concentrations as low as 0.5 µm o l/ L.
a n impact absent in hydroquinon e- o r m agno lo l-trea ted ce ll s.
but re mini sce nt of, th o ug h to a g rea te r exte nt th a n, th a t
indu ce d by farne so l. farnesyl de riv a tive s ( I 3) a nd lova statin
( 17). The G 1/S rati o of 4 .3 induced by 2 ~t mo l/L
biphen ylpropyl-O -ace tylh ydroquinon e wa s mu ch g re a ter
th a n the 3.1 whi ch res ult e d from a lo nge r in c ub a ti o n wi th
mol a r
co ncentrati o n
of
fa rn esyl-Oan
e qual
ace tylhydroquin o ne (17) . Th e esse nti a l ro le of m eva lo na te
in ce ll cycle progress ion throu g h G 1-p hase was m a nife ste d
by th e lov as ta tin-indu ce d ce ll cycle a rr es t a t G 1-ph ase
show n by others (36) a nd by o ur previous stud y ( 17) . Th e
basis fo r th e biph e nylpropyl-0 -ace tylh ydroq uin o ne -indu ced
O1 -phase a rre s t re m a in s to be dete rmin e d .

Farne so l indu ces apoptosis in tum o r ce ll s by limiting th e
poo l of rncv alo nate- de rived inte rm e di ates required fo r
viabi lity (37 , 38): cells res po nd in a simil a r fashion to
lovastatin. Consiste nt with ea rlier repo rts th at hyd roquin o nc
at 2-3 ftmo l/L suppresses apoptos is (39) a nd caspase-3 activity
( 40), apoptosis was no t o bserved when biphenylpropyl-Oacety lh ydroquin o ne was app li ed a t its IC 50 va lu e. 1.4 µrnol/L.
At leve ls as high as 50-75 µm ol/L hydro quinon e is capab le of
inducin g ma ss ive a poptos is th a t is de pe nd e nt o n (1 , 3) o r
ind ependent of caspasc activation (4) , which is like ly to be a
ce ll
typ e -spec ific
eve nt .
Th e
biphenylpropyl-O aeetyl hydroquinone-mediated growth suppress ion shown here
is therefo re like ly to be attributabl e to ce ll cycle a rrest .
In th e present study biphcnylpro pyl-O -acetylh ydroquin o nc
de monstrated an IC 50 of 1.4 ftm ol/L in B1 6 m e la no m a ce ll s.
Th e toxicity of biphenylpropyl-O-acetylhydroquinone to no rm a l
ce ll s and efficacy of biphcnylp ropyl-O -ace tylh ydroquin o nc in
FiFo remain to be in vesti ga ted . Nontheless, fa rn esyl-Oacety lhydroquin o ne with a hi ghe r IC 50 of 2.5 rtm ol/L in vi1ro
showed tumor-suppressive potential in vivo (17) . 8iphe nylalkylO-acetylhyd ro quin o nes m ay ho ld pote nti a l in ca ncer
chemoprevention a nd/o r th era py.
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