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ABSTRACT 

RAJASEKHAR KATURU 

MEVALONATE SUPPRESSION MEDIATES THE IMPACT OF 
GERANYLGERANIOL ON CELL CYCLE ARREST, 

APOPTOSIS AND DIFFERENTIATION IN 
MURINE Bl6 MELANOMA CELLS 

AUGUST 2011 

The diterpene geranylgeraniol suppresses the growth of human liver, lung, ovary, 

pancreas, colon, stomach, and blood tumors with undefined mechanisms. We evaluated 

the growth-suppressive activity.of geranylgeraniol in murine B 16 melano_ma cells. 

Geranylgeraniol induced dose-dependent suppression of B 16 cell proliferation following 

a 48-h incubation in 96-well plates. Cell cycle arrest at _the G 1 and G2/M phases, . 

measured by flow cytometry, and apoptosis, detected by Guava Nexin™ assay and 

fluorescence microscopy following acridine orange and ethidium bromide dual staining, 

contributed to the growth suppression. Geranylgeraniol also _induced the activity of 

alkaline phosphatase activity, a biomarker for cell differentiation, in B 16 cells. Mouse 

3T3-Ll fibroblasts were more resistant than B 16 cells to geranylgeraniol. The impact of 

geranylgeraniol on B 16 cell proliferation, cell cycle arrest and apoptosis was attenuated 

by supplemental mevalonate, the product of 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG CoA) reductase and an essential intermediate required for growth. 

Geranylgeraniol and d-d-tocotrienol, also a down-regulator ofHMG CoA reductase 
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activity, synergistically suppressed the proliferation of B 16 cells. The anti-tumor activity 

of geranylgeraniol may be mediated by mevalonate starvation. Geranylgeraniol 

individually and in combination with other mevalonate suppressors may have potential in 

melanoma prevention and/or therapy. 
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CHAPTER I 

INTRODUCTION 

Melanoma is a malignant tumor of pigment producing cells called melanocytes 

predominantly present in the skin. Of all the skin cancers melanoma accounts for less 

than 5%, but it causes the highest number of skin-cancer related deaths. It has been 

estimated that about 62,480 new melanoma cases will be diagnosed with nearly 8,420 

resulting in death in United States during the year 2009 (1 ). 

The role of phytochemicals present in fruits, vegetables and grams m the 

prevention and treatment of cancer has been well studied. A number of case-control 

studies have shown inverse relationships between dietary intake of plant products and 

cancer risk. Isoprenoids are a group of phytochemicals produced as intermediate 

metabolites in the mevalonate pathway. Previous studies have shown the anti-tumor 

activity of isoprenoids in vitro and in vivo. 

The tumor-suppressive activity of isoprenoids stems from the suppression of the 

mevalonate pathway. The mevalonate-derived intermediates famesyl pyrophosphate and 

geranylgeranyl pyrophosphate are covalently attached to the _ carboxy-terminal cysteine 

residue of the nuclear lamins (2, 3) and members of the small G proteins (4, 5). Tliis post

translational modi~cation is essential to the membrane attachment and biological 

functions of these proteins that are vital to cell survival and growth. Adding to the 
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indispensability of mevalonate is the differential regulation of 3-hydroxy-3-

methylglutaryl coenzyme A (HMG CoA) reductase, the rate-limiting activity to 

mevalonate synthesis, in sterologenic and tumor tissues (6, 7). In sterologenic tissues 

HMG CoA reductase is under a multivalent regulation consisting of sterol-mediated 

transcriptional feedback regulation and non-sterol-mediated post-transcriptional 

regulation. Tumor reductase activity is elevated due to its resistance to the sterol

mediated transcriptional regulation, yet remains responsive to the non-sterol-mediated 

post-transcriptional regulation. 

It is unknown whether reductase activity in melanoma is sterol resistant and 

elevated. However, melanoma cells have been shown to respond to isoprenoid-mediated 

growth suppression (8, 9). The statins, competitive inhibitors of HMG CoA reductase, 

suppress melanoma cell growth by inducing cell cycle arrest at the G 1 phase and 

initiating apoptosis. Lovastatin inhibits the growth and metastasis of implanted murine 

B 16 melanoma cells in the mice. Statin use has also been associated with lower risk of 

melanoma in humans (10-13). 

Geranylgeraniol (all trans-3,7,11, 15-tetramethyl-2,6, 10, 14-hexadecatetraen-l_-ol), 

a diterpene that belongs to the isoprenoid family of phytochemi_cals, has been shown to 

suppress HMG CoA reductase activity in human fibroblasts (14, 15) and human A'549 

lung adenocarcino~a cells (16) with equal (14) or higher (15, 16) potency than that of 

famesol, the molecule initially identified to enhance reductase degradation (17). These 
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effects of geranylgeraniol appear parallel to the statin-mediated inhibition ofHMG CoA 

reductase. 

Geranylgeraniol suppresses the proliferation of human myeloid multi potential 

leukemia K562 cells (18-20), promyelocytic leukemia HL-60 cells (18, 20-23), Molt-3 

lymphoblastic leukemia cells (20) and U937 (19, 23-25) leukemia cells, human 

COLO320 DM cells (20, 23) and WiDr (23) colon adenocarcinoma, human MIA PaCa2 

pancreatic adenocarcinoma cells (23, 26) and KP-4 pancreatic ductal tumor cells (23), 

human KATO III stomach tumor cells (23), human PLC/PRF/5 malignant liver tumor 

cells (23), human NUGC-2 gastric tumor cells (23), human H460 (27) and-A549 (16,_ 28) 

lung adenocarcinoma cells, HepG2 and HuH-7 hepatoma cells (29), and TYK-nu ovarian 

cancer cells (23, 30). Dietary geranylgeraniol suppresses the growth of chemical-initiated 

hepatocarcinogenesis and reduces plasma cholesterol level in Wistar rats (31 ). 

The purpose of this study is to evaluate the anti-proliferation activity of 

geranylgeraniol in B16 .cells. We hypothesize that geranylgeraniol suppresses the 

proliferation of murine B 16 melanoma cells as a consequence of geranylgeraniol

mediated mevalonate starvation. Based on this hypothesis, we expect that growth 

suppression will be accompanied by cell cycle arrest and apoptosis and supplemental · 

mevalonate should attenuate geranylgeraniol-mediated growth suppression. 
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CHAPTER II 

REVIEW OF LITERATURE 

Diet and Cancer 

Doll and Peto estimated that about one-third of cancer death could be attributed to 

diet (1). However, no definitive conclusions have been drawn on whether diets rich in 

plant foods including fruits, vegetables and grains are associated with decreased risk for 

cancer (2, 3). While case-control studies tend to show the protection offered by plant 

foods, prospective studies and randomized clinical trials did not find conclusive 

association between plant foods and cancer ri~k (3). Several studies on the ·cancer

preventive activity of micronutrierits including a-tocopherol, ~-carotene, ascorbic acid, 

folate, and methionine did not provide definitive evidence either ( 4-11 ). 

On the other hand, plants also contain a plethora of non-nutritive phytochemicals 

with demonstrated anticarcinogenic potentials. Wattenberg classified these 

phytochemicals into blocking and suppressing agents (12, 13). The blocking agents work 

at the initiation phase of chemical carcinogenesis by preventing the formation of 

carcinogens, detoxifying the carcinogens, and quenching free radicals. The suppressing 

agents act on later stages of carcinogenesis by providing anti-neoplastic ag·ents and 

changing hormone status. 
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Melanoma 

Melanoma is a form of cancer that begins in melanocytes and other pigmented 

tissues. It is one of the most aggressive forms of cancer with metastatic potential (68). 

According to American Cancer Society, there were 68,130 estimated new cases of 

melanoma of the skin in the United States in year 2010 with 8,700 deaths (69). The use of 

statins (70, 71) and particularly that of lovastatin (72, 73) is associated with lower 

incidence of melanoma, suggesting that mevalonate suppression may be a viable 

approach in the prevention and/or treatment of melanomas. 

Isoprenoids and Cancer: In Vitro and In Vivo 

Among the phytochemicals with demonstrated anti-tumor activities is a class of 

plant secondary metabo Ii tes, co llecti vel y referred to as isoprenoids ( 14-16). The 

estimated 23,000 isoprenoids, built from a five-carbon isoprene unit derived from the 

mevalonate pathway, vary in structure and function (17). Some isoprenoids are "pure" 

isoprenoids consisting only of multiples of the five-carbon isoprene unit, e.g., 

monoterpenes, sesquiterpenes, diterpenes, triterpenes, tetraterpenes, and polyterpenes 

(18-20). Others are "mixed" isoprenoids with part of the structure derived from non

mevalonate components. 

Diverse human and rodent tumor cell lines have been sh_own to be sensitive to 

isoprenoid-mediated growth suppression (15). Those cell lines derive from cancers of 

prostate (16, 21), bl(?od (22, 23), liver (24), colon (25), lung (25, 26), pancreas (27-30), 

skin (31, 32), cervix (21, 33) and breast (34, 35). More importantly, non-tumor cell lines 
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have been shown to be much less responsive to isoprenoid-mediated growth inhibition 

(16, 36). These non-tumor cell lines include colon (25) and foreskin fibroblasts (33, 37), 

normal prostate cells (21 ), pancreatic ductal (30) and aortic (21) epithelial cells, 

suggesting tumor-targeted growth inhibition by isoprenoids (15). 

Animal studies also supported the tumor-suppressive activity of isoprenoids 

observed in cell lines. Monoterpenes have tumor-suppressive activity in implanted B 16 

melanomas (31, 38, 39), P388 leukemic cells (23), Morris 7777 hepatomas (38), PC-1 

pancreatic adenocarcinomas (40), and colon CT-26 tumors (41). The sesquiterpenes 

famesol (40) and ~-ionone (31) suppress the growth of PC-1 pancreatic adenocarcinomas 

and B16 melanomas, respectively. The mixed_isoprenoids, the tocotrienols ·with a 

famesol side chain, suppress the growth of cells isolated from breast, liver, prostate, skin, 

colon, blood, lung, lymph gland, cervix, and nerve tumors (32, 42). 

Mechanism of Action for Isoprenoids: Importance of Prenylation 

The anti-tumor activity of isoprenoids stem from the important role of the 

mevalonate pathway, sometimes known as the cholesterol biosynthesis pathway in 

animal tissues, in growth maintenance and regulation. One of the important lipid 

molecules in cellular metabolism is cholesterol, an important component of the cell 

membrane and a precursor to other vital metabolites such as vitamin D, steroid hormones 

and bile acids. Cells obtain cholesterol exogenously through a low-density lipoprofein 

(LDL)-mediated upt~e from plasma, or endogenously through de novo biosynthesis via 

the mevalonate pathway ( 43). 
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Despite its important role in cellular metabolism, cholesterol may not be the rate

limiting factor in tumor growth. \\Then tumor cells were incubated with cholesterol 

biosynthesis inhibitors such as the statins, cell proliferation was inhibited; supplemental 

cholesterol, however, failed to restore growth (44), suggesting other non-cholesterol 

components in the cholesterol biosynthesis pathway may be required for growth. The 

initial evidence for the growth-supportive role of non-cholesterol metabolite came from 

the observation that a mevalonate-derived metabolite was post-translationally 

incorporated into animal proteins ( 45). Lamin B, a nuclear protein essential for the 

nuclear membrane structure (46), and Ras, a signaling protein critical in growth 

regulation ( 4 7), are among the proteins found !o be covalently attached to the 15-carbon 

mevalonate-derived famesyl group. The famesylation process includes the transfer of the 

famesyl group to the cysteine residue near carboxy-terminus of the proteins, the 

proteolysis of the three terminal amino acids, and carboxymethylation of the newly 

famesylated cysteine ( 48). Some Ras proteins were later found to be post-translationally 

modified by the 20-carbon geranylgeranyl group ( 48). This post-translational 

modification is essential to the membrane attachment and biological functions of these 

proteins that are vital to cell survival and growth. 

Other non-cholesterol related functions of the mevalonate pathway include the 

geranylgeranyl group that is required for the N-linked glycosylation of growth factor 

receptors ( 49-51 ), hc1:em A and ubquinone (Coenzyme Q) that are essential for electron 

transport and cellular respiration, dolichol that is required for glycoprotein synthesis and 
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isopentyl adenine, which is in turn present in some transfer RN As and functions in 

protein synthesis and intracellular messaging ( 43). 

3-Hydroxy-3-methyglutary Coenzyme A (HMG CoA) Reductase in Normal and 

Tumor Cells 

The rate-limiting enzyme in the mevalonate pathway is HMG CoA reductase, an 

enzyme under multivalent regulation at the levels of transcription, translation, 

degradation, and phosphorylation ( 43). In sterologenic tissues HMG CoA reductase is 

under a sterol-mediated transcriptional feedback regulation and non-sterol-mediated post

transcriptional regulation. Sterol-mediated transcriptional regulation is the dominant 

regulation through the sterol regulatory eleme~t (SRE), a promoter-enhancer sequence 

located in the· 5' flanking region of the HMG CoA reductase gene (52, 53). The post

transcriptional regulation is a secondary regulation taking effect when cellular isoprehoid 

requirements are met. Famesol, the 15-carbon sesquiterpene derived from famesyl 

pyrophosphate, is diverted from the mevalonate pathway and triggers the degradation of 

HMG CoA reductase (54). 

Tumor reductase activity, to the contrary, is resistant to the sterol-mediated 

transcriptional regulation and consequently elevated (15). Reductase activities in 

leukemia cells (55, 56) and lung carcinoma cells (57) are 3-8 fold and 2-fold higher, 

respectively, than those of normal cells. DMBA-induced carcinogenesis also leads to 

increased reductase ~ass and activity in rats (58). A higher fraction of reductase activity 

is concomitantly directed toward the syntheses of non-sterol intermediates (57). This 
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dysregulation of reductase activity in tumors ensures that the pools of prenyl 

pyrophosphates remain optimal to meet the needs of tumor growth (15). Nonetheless, 

tumor HMG CoA reductase activity retains sensitivity to the post-transcriptional 

regulation triggered by famesol. Famesol-mediated reductase regulation is a minor 

regulatory mechanism secondary to sterol-mediated feedback regulation in normal cells, 

but rises to a major regulatory mechanism in tumor cells in the absence of sterol 

feedback. HMG CoA reductase activity in HepG2 hepatoma cells is about 40-fold more 

sensitive than that in primary hepatocytes to the non-sterol-mediated posttranscriptional 

down regulation (59). Similar discrepancy in sensitivity was observed in human lung 

adenocarcinoma cells and fibroblasts (57) as ~ell as leukemic and primary haemopoietic 

cells (60) . Tocotrienols with trans, trans unsaturated side chains are essentially famesol 

homologs. Accordingly tocotrienols also signal the posttranscriptional actions that 

modulate HMG CoA reductase activity (58, 59) but with much greater potency than 

famesol in vivo because the prenyl chain is not accessible to the prenyl alcohol 

oxidoreductase (61-65). 

The essential role of mevalonate in growth and the uniquely dysregulated tumor 

HMG CoA reductase render the tumor reductase a viable target for intervention. By 

depleting the mevalonate-derived famesyl and geranylgeranyl groups required for the 

post-translational modification of lamin B, Ras proteins and other growth-related 

proteins, the statins, ~ompetitive inhibitors ofHMG CoA reductase (43), and the 

isoprenoids, down-regulators of reductase (25), suppress the growth of tumor cells and 
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implanted tumors. Famesol (21, 33, 60) and its homologs (66, 67) preferentially impacts 

the growth of a wide variety of malignant cells than that of normal cells. 

HMG CoA Reductase and Tumor-Suppressive Activities of Geranylgeraniol 

Geranylgeraniol (all trans-3,7,11, 15-tetramethyl-2,6, 10, 14-hexadecatetraen-1-ol), 

a diterpene found in linseed oil (74), Cedrela toona wood oil (75), and sucupira branca 

fruit oil (76), suppresses HMG CoA reductase activity in human fibroblasts (77, 78) and 

human A549 lung adenocarcinoma cells (26). Geranylgeraniol at 100 µmol/L 

significantly reduced the expression ofHMG CoA reductase in SV-589, an immortalized 

line of human fibroblasts expressing the SV 40 large T antigen. When combined with 

sterols, 1 O µmol/L of geranylgeraniol was suf~cient in abolishing the expression of HMG 

CoA reductase. At both concentrations, geranylgeraniol was more potent than famesol in 

suppressing the expression of HMG CoA reductase. This ·effect may be mediated by · 

shutting down the processing of sterol regulatory element binding protein 2, a 

transcriptional factor for HMG CoA reductase expression (77). In three different 

fibroblast cell lines, 40-60 µmol/L geranylgeraniol suppressed HMG CoA reductase 

activity to much greater extents than famesol and geraniol, a monoterpenes (78). 

Geranylgeraniol at 60 µmol/L suppressed the activity ofHMG CoA reductase in human 

A549 lung adenocarcinoma cells by 54%, greater than the 34% and 36% inhibitions 

induced by the same concentration of famesol and geraniol, respectively (26). · 

Reminiscent of the aformentioned anti-tumor activity of monoterpenes, 

sesquiterpenes and mixed isoprenoids, theHMG CoA reductase-suppressive activity of 
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geranylgeraniol may contribute to its tumor-suppressive activity. Geranylgeraniol 

suppresses the proliferation of human K562 myeloid multipotential leukemia cells (79, 

80), HL-60 promyelocytic leukemia cells (79-81), Molt-3 lymphoblastic (80) and U937 

leukemia cells (81, 82), COLO320 DM cells (80, 81 ), WiDr colon adenocarcinoma cells 

(81 ), MIA PaCa2 pancreatic adenocarcinoma cells ( 40, 81 ), KP-4 pancreatic ductal tumor 

cells (81), KATO III stomach tumor cells (81), PLC/PRF/5 malignant liver tumor cells 

(81), NUGC-2 gastric tumor cells (81), H460 (83) and A549 (26, 84) lung 

adenocarcinoma cells, HepG2 and HuH-7 hepatoma cells (85), and TYK-nu ovarian 

cancer cells (81, 86). In K562 and HL-60 leukemia cells, geranylgeraniol induced 

apoptosis as shown in DNA fragmentation and. morphological changes of cells; the 

expression of oncogenes bcl-2 and c-myc was also suppressed (79, 80). In TYK-nu 

ovarian carcinoma cells, geranylgeraniol and a less potent menaquinone 4 with a 

geranylgeraniol side chain induced apoptosis as shown in fluorescene microscopy, 

TUNEL staining, and flow cytometry; Bcl-2 suppression and cytochrome c release, two 

common events in apoptosis, were also observed (81 ). Caspase activation and DNA 

fragmentation were shown in geranylgeraniol-treated human U937 leukemia cells (82). 

Geranylgeraniol also induced apoptosis, caspase activation and Bcl-xL suppression in. 

HuH-7 hepatoma cells (85). 

The growth-inhibitory activity of geranylgeraniol shown in human MIA PaCa2 · 

pancreatic adenocarc~noma cells, and the activity of geranylgeraniol in inducing cell 

cycle arrest at the G 1 phase and initiating apoptosis in human A549 lung adenocarcinoma 
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cells (84) were greater than those of famesol and geraniol (40), consistent with the order 

of HMG Co A reductase suppression by these isoprenoids (26). Geranylgeraniol was also 

more potent than the two monoterpenes, geraniol and perillyl alcohol, in suppressing the 

growth ofH460 lung carcinoma cells (83). 

The impact of geranylgeraniol on the growth of melanoma cells has not been 

evaluated. Moreover, the role of mevalonate in geranylgeraniol-mediated growth 

inhibition has not been delineated. The potential of geranylgeraniol in inducing apoptosis 

and cell cycle arrest in melanoma cells, as suggested in other tumor cells, also warrants 

investigation. 

Potential Synergism between Geranylgerani~I and Other Mevalonate Suppressors 

Studies with melanoma cells (25, 31, 39), prostate cancer cells (16), and 

pancreatic tumor cells (28) have shown that suppressors of HMG Co A reductase that · 

deplete the mevalonate have synergistic or cumulative effect on tumor cell proliferation. 

The proliferation of human DUI 45 prostate carcinoma cells was suppressed by 0% and 

15% following a 72-h incubation with 1 µmol/L lovastatin arid · IO µmol/L y-tocotrienol, 

respectively; a blend of 1 µmol/L lovastatin and 10 µmol/L y-tocotrienol suppressed the 

proliferation of human DU145 prostate carcinoma cells by 25%, exceeding the sum of 

individual impacts. Similar synergy was observed in human MIA PaCa-2 pancreatic 

carcinoma cells with lovastatin and 8-tocotrienol (28). In murine B 16 melanoma cells, all 

three two-way blends_ of y-tocotrienol, lovastatin and P-ionone synergistically suppressed 

cell proliferation (25, 31, 39). It is plausible, though not experimentally shown, that 
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geranylgeraniol may synergize with other HMG CoA reductase suppressors in inhibiting 

cell proliferation. 
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CHAPTERIII 

MATERIALS AND METHODS 

Chemicals 

Lovastatin and d-8-tocotrienol were gifts from Merck Research Laboratories 

(Rahway, NJ) and American River Nutrition, Inc. (Hadley, MA), respectively. 

Geranylgeraniol was purchased from Sigma-Aldrich (St. Louis, MO). Lovastatin was 

pre-dissolved in dimethyl sulfoxide (DMSO) before being used in culture medium. 

Geranylgeraniol and d-8-tocotrienol were pre-dissolved in ethyl alcohol. 

Cell Proliferation Assay 

Murine B 16 melanoma cell proliferation was measured by using CellTiter 96® 

Aqueous One Solution (Promega, Madison, WI) as previously described (32). Briefly, 

B 16 melanoma cells, purchased from the American Type Culture Collection (Manassas, 

VA) and cultured in RPMI 1640 medium (Sigma) supplemented with 10% fetal bovine 

serum (FBS, Sigma) and 80 mg gentamicin/L (Sigma) at 37°C in a humidified 

atmosphere of 5% CO2, Were seeded at 1000 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 

geranylgeraniol. All cultures contained 1 mL/L of ethyl alco~ol. Cells were further 

incubated for additional 48 h. The 72-h cell populations following a quick rinse with 0.1 

mL Hank's Balanced Salt Solution (HBSS) were determined by adding 20 µL of 
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Cell Titer 96® Aqueous One Solution to each well; plates were held in the dark at 3 7°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 

were deducted from absorbances of other cell-containing wells. The IC50 value is the 

concentration of an agent required to suppress the net increase in cell number by 50%. 

Murine 3T3-Ll embryo fibroblasts (ATCC) were grown in Dulbecco's modified 

Eagle's medium (DMEM) with 4 mmol/L L-glutamine adjusted by ATCC to contain 1.5 

g/L sodium bicarbonate and 4.5 g/L glucose, supplemented with 10% bovine calf serum 

and 1 % penicillin/streptomycin (GIBCO). Cultures, seeded in 0.1 mL medium with 2x l 03 

cells/well in a 96-well plate, were incubated for 24 hat 37°C in a humidified atmosphere 

of 5% CO2. At 24 h the medium was decanted from each well and replaced with 0.1 mL 

fresh medium containing the test agents. Incubation continued for additional 48 h. Cell 

populations of all wells were determined using the CellTiter 96® Aqueous One Solution. 

Microscopy 

Photomicrographs of representative fields of monolayers of B 16 cells were made 

with a Nikon Eclipse TS 100 microscope (Nikon Corporation, Tokyo, Japan) equipped 

with a Nikon Coolpix 995 digital camera (Nikon ~orporation). 

Cell Cycle Distribution 

B 16 cells were seeded in 25 cm2 flasks (Fisher Scientific Company LLC, 

Houston, TX) at 1.0x 106 cells/flask with 5 mL medium/flask and incubated for 24 h. 
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Medium was then decanted and cultures replenished with medium containing 

geranylgeraniol that had been dissolved in ethyl alcohol. Following additional 12- and 

24-h incubations, adherent cells were harvested by trypsinization and pelleted by low 

speed centrifugation. Cell pellets were fixed in 1 mL 70% ethanol at -20°C overnight and 

washed in 1 mL phosphate-buffered saline (PBS). Cells (5 x 105
) were re-suspended in 

500 µL PBS containing 0.5 mg RNAse A (Sigma) and incubated at 37°C for 30 min. 

Following gentle mixing a 100 µL aliquot of propidium iodide (Sigma, 1 g/L in PBS 

containing 0.1 % Triton X-100) was added. The cells were incubated in the dark at room 

temperature for 15 min and then held at 4°C in the dark for flow cytometric analysis (33). 

Aliquots of 1 x 104 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). 

Annexin V Assay for Apoptosis 

B 16 cells were seeded in 25 cm2 flasks (Becton Dickinson Labware, Franklin 

Lakes, NJ) at l .0x 106 cells/flask with 5 mL medium/flask and incubated for 24 h. 

Medium was then decanted and cultures replenished with medium containing 

geranylgeraniol. Following an additional 12- and 24-h incubation_s, adherent ·cells were 

harvested by trypsinization and pelleted by refrigerated centrifugation at 300 g for 1 0 

min. Resuspended ceps in 150 µL medium containing 2x10
4 

cells were mixed with 50 

µL of the Guava Nexin™ reagent containing Annexin V-PE and Nexin 7-amino-
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actinomycin D (7-AAD), loaded onto the 96 well plate, and incubated at room 

temperature in the dark for 20 min. Samples containing 5 x 103 cells were analyzed by 

using a Guava EasyCyte flow cytometer (Guava Technologies, Inc., Hayward, CA) with 

the Guava ExpressPlus program (34) according to the manufacturer's instructions. 

Annexin V is a phospholipid-binding protein that has high affinity for phosphatidylserine 

(35) translocated from the internal surface to the outer surface of cell membrane at the 

early stage of apoptosis (36). 7-AAD selectively permeates late stage apoptotic and dead 

cells. Therefore cells that are viable (Annexin V- and 7-AAD-), early apoptotic (Annexin 

V + and 7-AAD-) and late apoptotic and necrotic ( Annexin V + and 7-AAD+) can be 

separated and percentages of these· cell populati_ons quantified. 

Acridine Orange and Ethidium Bromide Dual Staining Assay for Apoptosis 

B 16 cells were seeded in 25 cm2 flasks (Fisher Scientific Company LLC, 

Houston, TX) at l .5x 106 cells/flask with 5 mL medium/flask and incubated for 24 h. 

Medium was then decanted and cultures replenished with medium containing 

geranylgeraniol. Following additional 24-h incubation the monolayer. cells were 

harvested by trypsinization. Cells were resuspended in 100 µL cold PBS and a dye 

mixture (4 µL) containing 50 µg/mL acridine ornnge (Becton, Dickinson and Company, 

Sparks, MD) and 50 µg/mL ethidium bromide (Si.gma) was added to each sample. The 

cells were then immediately observed under an Axiovert 200. M microscope (Carl Zeiss· 

Microlmaging Inc., Thomwood, NY) equipped with a FluoArc lamp, an AxioCam MRm 

digital camera system (Carl Zeiss), and AxioVision Rel. 4.3 program (Carl Zeiss). The 
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phase-contrast images of representative 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, FITC and tetramethylrhodamine isothiocyanate (TRITC) 

filters, respectively (3 7, 38). 

Alkaline Phosphatase Activity Assay 

B16 cells were inoculated in Petri-dishes (100 mm x 20 mm, Coming Life 

Sciences, Wilkes Barre, PA) at 5x 106 per dish. Following a 24-h incubation, medium was 

aspirated and replaced with fresh medium containing 0, 30, 60 and 90 µmol/L 

geranylgeraniol and the incubation continued for additional 48 h. Cells were washed with 

PBS twice and lysed with 0.5 mL of 0.5% Tritop. X-100 per dish. Cell lysates were 

collected and shaken at room temperature for 20 min before being centrifuged at 14,000 

rpm for 5 min. In a 96-well plate 150 µL supernatant was added to 50 µL of working 

solution from QuantiChrom™ Alkaline Phosphatase Assay Kit (BioAssay Systems, 

Hayward, CA) according to manufacturer's instruction and the absorbance was read at 

405 nm with a Tecan Infinite M200 microplate reader (Tecan, Salzburg, Austria). Protein 

concentration of each sample was determined with BCA ™ Protein Assay Kit (Pierce, 

Rockford, IL) and alkaline phosphatase activity was normalized based on protein 

concentrations. 

Western-Blot 

Murine B16 melanoma cells cultured in T-150 flasks (MIDSCI, Valley park, MO) 

at 5x 106 per flask were incubated with geranylgeraniol for 12 and 24 h. Following the 
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incubation the growth medium was aspirated and cells washed with 15 mL ice cold PBS 

twice, 150 µL of lysis buffer with 1 % protease inhibitor cocktail (Sigma) freshly mixed 

was then added to flask. Cells were subjected to sonication for 45 secs and placed in a dry 

bath incubater (Boekel Scientific, Feasterville, PA) at 90°C for 20 minutes. Protein 

concentration of each sample was determined with Pierce 562 nm Protein Assay Reagent 

(Pierce, Rockford, IL) according to the manufacturer's instructions. Samples containing 

60 µg proteins were mixed with lamelli buffer (1: 1) 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, Be~ford, MA) with 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) for 2 hat 4°C with shaking, 

rinsed with PBS, and then incubated with monoclonal antibodies to cyclin D 1 ( cell 

signaling, Danvers, MA) 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 

Values from triplicate experiments will be presented as means±SD. One-way 

analysis of variance (ANOVA) was performed to assess the differences between groups 

using Prism® 4.0 software (GraphPad Software Inc., San Diego, CA). Differences in 

means were analyzed by Dunnett's test unless specified otherwise. Levels of significance 

were designated as P < 0.05. 
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CHAPTER IV 

RESULTS 

Cell Proliferation Assay 

The concentration-dependent suppression of the proliferation of murine B 16 

melanoma cells and 3T3-Ll fibroblasts by geranylgeraniol is shown in Figure IA. The 

IC50 values, concentrations of geranylgeraniol required to suppress cell proliferation by 

50%, for B16 cells (55±13 µmol/L, n=6) was more than 10-fold lower than that for 3T3-

L 1 cells (>640 µmol/L, n=3), indicating the higher sensitivities of the tumorigenic B 16 

cells to geranylgeraniol-mediated growth suppression. Figure 1 B shows the time

dependent inhibition of the proliferation of B 16 cells following 12-, 24- and 48- h 

incubations with geranylgeraniol. The photomicrographs shown in Figure 1 C reveal the 

impact of geranylgeraniol on the B 16 cells following a 24-h incubation. The untreated 

cells (I) exhibited the characteristic contact inhibition-disabled growth of B 16 cells. 

Increasing the concentration of geranylgeraniol from Oto 30 (II) and 60 (Ill) µmol/L 

yielded dose-dependent decreases in cell density and marked cell elongation reminiscent 

of those effected by other mevalonate suppressors including famesyl transferase 

inhibitors (39), lovastatin, and tocotrienols. 
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Figure 3 .1. A. The differential impacts of geranylgeraniol on the proliferation of murine 
B16 melanoma cells and murine 3T3-Ll embryo fibroblasts. Representative growth 
curves showing the concentration-dependent impact of geranylgeraniol on the 
proliferation of murine B16 melan·oma cells(•) and 3T3-Ll embryo fibroblasts(•). Cells 
were cultured and inc~bated with geranylgeraniol for 48 h before cell proliferation was 
measured by CellTiter 96® Aqueous One Solution. Values are mean± SD, n = 4. 
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Figure 3.1.B: Representative growth curves showing the time-dependent impact of 
geranylgeraniol on the proliferation of murine B 16 melanoma cells. Cells we~e cultured 
and incubated with 0, 30, 60, and 90 µmol/L geranylgeraniol for 12; 24, and 48 h before 
cell proliferation was measured by CellTiter 96® Aqueous One Solution. Values ~re i:nean 

± SD, n = 6. 
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Figure 3. l .C. The concentration-dependent inhibition of murine B 16 melanoma cell 
proliferation shown in photomicrographs of B 16 cells following a 24-h incubation with O 
(I), 30 (II), and 60 (III) µmol/L geranylgeraniol. The contact inhibition-disabled 
growth of the B16 cells is shown in the Control culture (I). Concentration-dependent 
cell elongation and decrease in cell density occur progressively as the concentration 
of geranylgeraniol is increased. · 
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Since geranylgeraniol-mediated growth suppression may stem from the down

regulation of HMG CoA reductase, we then evaluated the impact of supplemental 

mevalonate, the product of HMG CoA reductase activity, on geranylgeraniol-induced 

growth suppression in B 16 cells (Figures 2). B 16 cells incubated with 30, 60, and 90 

µmol/L geranylgeraniol for 48 h grew to 55 ± 7%, 48 ± 6%, and 24 ± 9%, respectively, of 

that of control. Supplemental mevalonate (500 µmol/L) attenuated the geranylgeraniol 

effect by increasing cell growth to 96 ± 9%, 72 ± 12%, and 46 ± 9%, respectively, of 

control growth; all values were different from their counterparts with geranylgeraniol 

only. 
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Figure 3.2. Mevalonolactone (500 µmol/L) attenuates the geranylgeraniol-mediated 
growth suppression in murine B16 melanoma cells following a 48-h incubation with _0, 
30, 60 and 90 µmol/L of geranylgeraniol. Values for net growth measured by net 
absorbance at 490 nm are mean±SD, n=6. Means that are not'denoted with a common 
letter are different, P < 0.05. 
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Cell Cycle Distribution 

HMG CoA reductase down-regulators and mevalonate suppressors have been 

shown to induce cell cycle arrest at the G 1 phase ( 40). We then evaluated the impact of 

geranylgeraniol on the cell cycle distribution of the B16 cells (Figure 3). The percentages 

of cells at G 1, S and G2 phases prior to incubation with geranylgeraniol were 49 .4 ± 3 .5, 

38.6 ± 2.9, and 12.1 ± 1.3, respectively (Figure 3Al and 3Bl). Following a 12-h 

incubation with geranylgeraniol the percentage of cells at the G 1 phase increased from 

42.2 ± 1.7% (control) to 59.1 ± 2.1 % (30 µmol/L geranylgeraniol, P<0.01), 61.7 ± 0.3% 

(60 µmol/L geranylgeraniol, P<0.01), and 60.3 ± 0.4% (90 µmol/L geranylgeraniol, 

P<0.01), respectively. Co-incubation with 500 µmol/L mevalonolactone and ·60 µmol/L 

geranylgeranioi reduced the percentage of cells at the G 1 phase ( 42.2 ± 1.9%) to the 

control level (Figures 3A2-6 and 3B2). Conversely, the percentage of cells at the S phase 

decreased from 45.6 ± 2.0% (control) to 25.5 ± 1.6% (30 µmol/L geranylgeraniol, 

P<0.01), 19.6 ± 3.3% (60 µmol/L geranylgeraniol, P<0.01), and 19.6 ± 1.3% (90 µmol/L 

geranylgeraniol, P<0.01), respectively. Co-incubation with 500 µmol/L mevalonolactone, 

a concentration previously shown to attenuate the reductase-suppressive effect of 

isoprenoids and statins, and 60 mol/L geranylgeraniol increased the percentage of cells· at 

the S phase (43.3 ± 0.9%, P>0.05) to the control l~vel (Figure 3B3). The G 1/S ratio, an 

indicator of cell cycle arrest at the G 1 phase, followed ,the pat.tern of G 1 phase; that is, the 

ratio increased from 0;9 ± 0.1 (control) to 2.3 ± 0.2 (30 µmol/L geranylgeraniol, P<0.01), 

3.2 ± 0.6 (60 µmol/L geranylgeraniol, P<0.01), and 3.1 ± 0.2 (90 µmol/L 
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geranylgeraniol, P<0.01), respectively. Co-incubation with 500 µmol/L mevalonolactone 

and 60 µmol/L geranylgeraniol reduced the G 1/S ratio (1.0 ± 0.1, P>0.05) to the control 

level (Figure 3B5). The percentage of cells at the G2 phase also increased from 12.4 ± 

0.9% (control) to 15.4 ± 1.2% (30 µmol/L geranylgeraniol, P>0.05), 18.7 ± 3.5% (60 

µmol/L geranylgeraniol, P<0.01), and 20.1 ± 1.7% (90 µmol/L geranylgeraniol, P<0.01), 

respectively. Co-incubation with 500 µmol/L mevalonolactone and 60 µmol/L 

geranylgeraniol decreased the percentage of cells at the G2 phase (14.5 ± 1.0%, P>0.05) 

to the control level (Figure 3B4). Following a 24-h incubation geranylgeraniol also 

increased the G 1/S ratio (Figure 3B9) and the percentages of cells at the G2 phase 

(Figure 3B8). Supplemental mevalonolactone attenuated the impacts of 60 µmol/L 

geranylgeraniol on G 1/S ratio (P<0.05) and G2 arrest. 
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Figure 3 .3 .A. The impact of geranylgeraniol on the cell cycle distribution of murine B 16. 
melanoma cells. (A) Representative DNA histograms of muriue B16 melanoma cells 
following 0- ( 1 ), 12- (2-6) and 24- (7-11) h incubations with 0 (2 & 7), 3 0 (3 & 8), 60 ( 4 
& 9) and 90 (5 & 10) µmol/L geranylgeraniol blended with 0 (2-5 , 7-10) and 500 (6 & 
11) µmol/L mevalonolactone. 
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Western-Blot 

The G 1 arrest induced by geranylgeraniol was accompanied by a concentration

dependent suppression of the expression of cyclin D1, a key regulator in the Gl/S cell 

cycle progression (41). The cyclin D1/P-actin ratio treated with 30, 60 and 90 µmol/L, 

approximately 0.5x, lx and 1.5x IC50 values respectively, of geranylgeraniol for 12 h 

were 90.7 ± 1.3%, 26.8 ± 5.6% and 5.6 ± 2.3%, respectively, of that for the control cells 

(Figure 4); all values were significantly different from the control (P<0.01). 
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Figure 3 .4. The impact of geranylgeraniol on the ~xpression of cyclin D 1 in murine B 16 
melanoma cells following 12-h incubation shown in representative blots. The values for _ 
the ratio of cyclin D1/P-actin shown in the bar graphs are me~n ± SD, n = 4. Values with 
** are significantly different from that of control with P<0.01. 

30 



Annexin V Assay for Apoptosis 

We then examined the apoptotic effect of geranylgeraniol in B 16 cells using the 

Guava Nexin™ assay with flow cytometry (34). Prior to incubation (0-h) with 

geranylgeraniol the percentage of viable, early apoptotic and late apoptotic and necrotic 

cells were 90.3 ± 3.2, 0.7 ± 0.2 and 8.9 ± 3.2, respectively (Figure 5Al). These 

percentage values in 12- (Figure 5A2) and 24-h (Figure 5A5) untreated groups were not 

different from the 0-h values (P<0.05). Following 12-h incubation with 0, 30, 60 and 90 

µmol/L geranylgeraniol the percentage of viable cells (Figure 5A2) were 89.6 ± 3.9, 92.2 

± 1.9, 86.9 ± 1.6, and 82.4 ± 0.9 respectively; the last value was significantly lower than 

the that of the untreated group (P<0.05). Concotpitantly, the percentages of early 

apoptotic cells (Figure 5A3) increased from untreated cells (0.7 ± 0.3) to cells treated 

with 60 µmol/L (0.8 ± 0.3) and 90 µmol/L (1.4 ± 0.3, P<0.05) of geranylgeraniol. A 

similar trend of dose-dependency was observed for the percentage of late apoptotic and 

necrotic cells (Figure 5A4). A greater impact of geranylgeraniol was observed when the 

incubation was extended to 24-h (Figure 5A5-7). The percentages of viable cells (Figure 

5A5) following 24-h incubation with 0, 30, 60 and 90 µmol/L geranylgeraniol were 94.1 

± 4.7, 91.7 ± 1.8, 78.3 ± 5.3 (P<0.01), and 62.0 ± 5.8 (P<0.01), respectively. Worth 

noting is that supplemental mevalonate attenuated the impact of 60 µmol/L 

geranylgeraniol by increasing the percentage of viable cells t~ 91.8 ± 0.8. Consistent with 

this attenuation is the observation that 24-h incubations with 60 and 90 µmol/L 

geranylgeraniol increased the percentages of late apoptotic and necrotic cells from 4.6 ± 
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3.9 (untreated) to 18.6 ± 5.4 (P<0.'01) and 31.5 ± 6.2 (P< 0.01); that percentage dropped 

to 6.9 ± 1.0 when 60 µmol/L geranylgeraniol was blended with 500 µmol/L mevalonate 

(Figure 5A 7). 

Photomicrographs ofB16 cells (Figure 5B) with acridine orange and ethidium 

bromide dual staining also confirmed geranylgeraniol-induced apoptosis. 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, respectively (38, 42). The number and percentage of ethidium bromide stained 

B16 cells following 24-h incubation with 75 µmol/L geranylgeraniol (Figure 5B7) were 

higher than the control (Figure 5B3). Geranylger.aniol-treated cells showed nuclear 

condensation and membrane blebbing (Figure 5B6 & 7), morphological characteristics of 

apoptosis. 
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Figure 3.5.A. The impact of geranylgeraniol on the initiation of apoptosis in murine B 16 
melanoma cells. (A) The percentages of viable (V), early-apoptotic (E.A. ), and late
apoptotic and necrotic (L.A.) B 16 cells following 0- (I), 12- (II-IV) and 24- (V-VII) h 
incubations with geranylgeraniol as measured by the Guava Nexin™ assay. The 
percentages of V, E.A. , and L.A. cells prior to geranylgeraniol incubation are shown in I. 
Following 12- and 24- h incubations with 0, 30, 60 and 90 µmol/L. geranylgeraniol there 
were dose-dependent decreases in the percentage of viable cells (II and V) and increases 
in the percentage of early apoptotic (III and VI) and late apoptotic and necrotic (IV arid 
VII) cells. Supplemental mevalonate significantly attenuated the impact of 24-h 
geranylgeraniol incuba#on on the percentages of viable (V) and late apoptotic and 
necrotic (VII) cells. Values are mean± SD, n = 3. Differences between treated and 
control (0 µmol/L) groups were analyzed by one-way ANOV A with Dun.nett' s post test 

(* P < 0.05 ; ** P < 0.01). 
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Figure 3.5.B. Photomicrographs of murine B16 melanoma cells showing the 
geranylgeraniol-initiated apoptosis detected by acridine orange and ethidium bromide 
dual staining. B16 cells were incubated with O (I-IV) and 75 (V-VIII) µmol/L 
geranylgeraniol for 24 h. Photomicrographs of the same fields were taken under phase
contrast microscope (I and V) and fluorescence microscope with a fluorescein 
isothiocyanate (FITC) _(II and VI) . or tetramethy lrhodamine isothiocyanate (TRITC) (III 
and VII) filter and then merged (IV and VIII). Arrows mark the red fluorescence 
emission from ethidium bromide staining shown in late apoptotic and necrotic cells 
induced by geranylgeraniol. 
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Alkaline Phosphatase Activity Assay 

Inhibition of mevalonate synthesis by statins have been shown to induce tumor 

cell differentiation ( 43-4 7). We then examined the impact of geranylgeraniol on alkaline 

phosphatase activity (ALP), a biomarker activity upregulated during differentiation ( 48). 

Geranylgeraniol induced concentration-dependent increase of ALP activity in B16 cells 

(Figure 6). The ALP activities for B 16 cells incubated with 0, 30, 60 and 90 µmol/L 

geranylgeraniol for 48-h were 0.29 ± 0.02 (ALP activity unit, IU/L), 0.57 ± 0.00 

(P<0.01), 0.55 ± 0.01 (P<0.05), and 0.77 ± 0.14 (P<0.001), with all geranylgeraniol

treated groups significantly different from the control. 
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Figure 3.6. The impact of geranylgeraniol on alkaline phosphatase (ALP) activity in 
murine B 16 melanoma cells. Following a 48-h incubation with 0, 30, 60, and 90 µmql/L 
geranylgeraniol, B 16 cells were lysed and ALP activity in the supernatant was analyzed · 
using QuantiChrom™ Alkaline Phosphatase Assay Kit as described in Materials and 
Methods. Values are mean± SD, n = 3. Values with*,** and*** are significantly 
different from that of control with P<0.05, P<0.01, and P<0.001, respectively, as 
determined by Tukey' s multiple comparison test. 
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CHAPTER IV 

DISCUSSION 

The purpose of this study was to evaluate the anti-proliferation activity of 

geranylgeraniol in B16 cells. Previous studies have shown that diverse cell lines have a 

wide range of sensitivity to geranylgeraniol-mediated growth suppression, with IC50 

values ranging from 10 µmol/L for human HuH-7 hepatoma cells (29) to 400 µmol/L for 

human H460 lung adenocarcinoma cells (27); those for other tumor cells originated from 

pancreas (23, 26), stomach, colon, liver, blood and ovary (23) fall somewhere in between. 

The IC50 value for geranylgeraniol in B 16 cells. evaluated herein lies in the !llid-range of 

the reported IC.50 values. The underlying mechanisms for such a wide range of 

sensitivities remain unknown, though they may be related to culture conditions including 

cell density and length of treatmerit and potentially the differential extent of dysregulation 

of the mevalonate pathway in various cell lines. 

Based on our hypothesis that geranylgeraniol suppresses· B 16 cell proliferation, 

we also expected that growth suppression will be accompanied by cell cycle arrest and 

apoptosis. Here we have demonstrated that the geranylgeraniol-induced concentration- · 

dependent impact on cell cycle distribution of B 1 ~ cells is consistent with the G 1 arrest 

mediated by geranylgeraniol in A549 cells (28). Other isopre~oid mevalonate suppressors 

including the monoterpene perillyl alcohol (54), sesquiterpenes trans, trans-famesol (54) 

and p-ionone ( 40, 55), and tocotrienols ( 40, 56) have been shown to induce G 1 arrest in 
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tumor cells. Lovastatin induced the expression of p21 waf1 /cipl protein (37, 57-59) that 

inhibits cyclin D/cyclin-dependent kinase (CDK) 4, cyclin E/CDK2 and cyclin A/CDK2, 

promoters of G 1 to S progression. Mevalonate attenuated lovastatin-mediated G 1 arrest 

in human T24 bladder carcinoma cells (60) and MCF-7 breast cancer cells (61) and 

lovastatin-mediated p21 waf1 /c ipl upregulation in MDA-MB-157 mammary tumor cells 

(58), suggesting the essential role of mevalonate in cell cycle progression. Perillyl alcohol 

(62) and ~-ionone (40) also induced G2/M arrest. 

Geranylgeraniol-induced B 16 cell apoptosis is consistent with previous reports in 

A549 lung adenocarcinoma cells (16, 28), HL-60 (18, 20-22), K562 (18, 20), MLI, Ml, 

P388 (63) and U937 (19, 24, 25, 63) leukemia cells, COLO320 DM colon 

adenocarcinoma cells (20), HuH-7 hepatoma cells (29), and TYK-nu ovarian cancer cells 

(30). Caspase-3 activation (21, 24, 29, 64-66) and PARP cleavage (64) were shown in the 

geranylgeraniol-mediated apoptosis. The concentration of geranylgeraniol required to 

induce apoptosis in these studies (18, 20, 24, 25, 28) falls in the 30-90 µmol/L range 

employed in the present study for the induction of apoptosis in B 16 cells (Figure 6). 

Apoptosis induced by other isoprenoids has been recently reviewed (8). Consistent with 

geranylgeraniol-induced Bl6 cell differentiation, the monoterpenes d-limonene (67), 

geranylgeranyl acetone (68) and menaquinone-4 with a geranylgeraniol side chain (69) 

have been shown to induce tumor cell differentiation. 

We hypothesized that geranylgeraniol suppresses the proliferation of murine B 16 

melanoma cells as a consequence of geranylgeraniol-mediated mevalonate starvation. 
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Therefore, supplemental mevalonate should attenuate geranylgeraniol-mediated growth 

suppression. Here we show that geranylgeraniol-mediated suppression of cell 

proliferation, cell cycle arrest and apoptosis were all attenuated by supplemental 

mevalonolactone at 500 µmol/L, a level sufficient to support the growth of UT-2 cells 

that are auxotrophic for mevalonate due to lack of HMG CoA reductase activity (70), 

strongly supporting our hypothesis that the suppression ofHMG CoA reductase activity 

mediates the impact of geranylgeraniol in B 16 cells. Previous studies have shown that 

geranylgeraniol suppresses reductase activity in fibroblasts and A549 lung 

adenocarcinoma cells. The IC50 value for geranylgeraniol in B 16 cells, 55 µmol/L, is 

equivalent to that required to suppress HMG CoA reductase by 50% in A549 cells (16): 

Consequent to HMG CoA reductase down-regulation, gavage feeding of geranylgeraniol 

reduced plasma cholesterol level in Wistar rats (31 ). The concentration of 

geranylgeraniol, 100 µmol/L, employed to suppress reductase in fibroblasts (14) is twice 

as high as that in the A549 cells (16). In the present study murine 3T3-Ll cells were more 

than 10-fold resistant than B16 cells to geranylgeraniol-mediated growth suppression, a 

disparity in sensitivity parallel to that shown in hepatoma cells and primary hepatocytes 

treated with a geranylgeraniol-related geranylgeranoic acid (71, 72), suggesting a tumor

targeting action of geranylgeraniol. 

The major oncogene in B 16 melanoma is Ki-ras (73) \hat requires famesylation 

(74). N-Ras mutation is found in about 20% melanomas (75). Geranylgeraniol-mediated 

HMG CoA reductase suppression may lead to the depletion of the famesyl pyrophosphate 
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available for Ras famesylation. It remains unknown whether the Ras signaling pathway is 

affected by geranylgeraniol, though perillyl alcohol has been shown to inhibit the 

expression (76, 77) and processing (78) of small G-proteins. 

Nuclear Factor KB (NF-KB), a downstream intermediate of Ras signaling that 

regulates cell growth and apoptosis (79-81 ), is upregulated in malignantly transformed 

keratinocyte cell li_nes (82). y-Tocotrienol (83, 84) and perillyl alcohol (85) have been 

shown to suppress NF-KB signaling and such a suppression is associated with caspase 

activation and apoptosis in human C32 and G361 malignapt melanoma cells (84). 

Mevalonate attenuates the tocotrienol impact on NF-KB (83). It remains unknown 

whether geramylgeraniol modulates NFKB pathway in B 16 cells. 

Dietary phytochemicals may offer protection against a variety of cancer. The diet 

relevancy of geranylgeraniol is unclear at this moment due to the lack of database 

available on the type of edible plants that contain geranylgeraniol. Food intake of 

geranylgeraniol is expected to be minimal. However, geranylgeraniol belongs to the 

broad class of isoprenoids, a collectively term for over 30,000 mevalonate-derived 

secondary products (1) that are widely found in the plant kingdom. Blends of isoprenoids 

as mevalonate suppressors synergistically suppress tumor growth (2-4). It will be 

interesting to examine the potentially synergistic effect of geranylgeraniol and other 

isoprenoids in suppressing B 16 cell growth, which could reflect their overlapping impact 

on HMG CoA reductase. The interaction among the dietary isoprenoids may also reflect 

the collective effect of dietary phytochemicals in cancer prevention. In vivo and further 
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mechanistic studies may reveal whether geranylgeraniol and a broad class of pure and 

mixed isoprenoids with reductase-suppressive activities have potential in cancer 

chemoprevention and/or therapy when applied individually and in blends. 

In summary, geranylgeranfol suppressed the proliferation of murine B 16 

melanoma cells via induction of cell cycle arrest at the G 1 and G2/M phases and 

initiation of apoptosis. These effects may trace to geranylgeraniol-mediated suppression 

ofHMG CoA reductase activity in B16 cells. Though geranylgeraniol has been found in 

a number of plants, there is lack of database on the content of geranylgeraniol in food 

items. Whether dietary intake of geranylgeraniol is sufficient for cancer chemoprevention 

is unknown. Nevertheless, geranylgeraniol indiyidually or in combination with other 

mevalonate-suppressive agents including the tocotrienols may target the post

translational modification and biological activity of growth-related proteins such as Ras 

and offer a novel approach to the prevention and/or treatment of melanoma. 
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