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Figure 5.1. Model of autophagy regulation by prenylation inhibition. The compounds 

once intracellular are activated by prodrug cleavage. GGTI-2Z/lovastatin can inhibit 

prenylation of yet unidentified target GTPases, e.g. Rabs, and this serves as a positive 

stimulus for autophagy induction and completion. FTI-1/lovastatin also inhibits 

prenylation of unknown targets and induces autophagy. In addition to this effect, 

however, it also affects the lysosomal function via blockade of procathepsin trafficking to 

lysosomes and LAMP-2 degradation. This lysosomal dysfunction presumably leads to 

accumulation of toxic material in autophagosomes and ultimately cell death. 



  110 

REFERENCES 

 

Adnane, J., Bizouarn, F.A., Qian, Y., Hamilton, A.D., and Sebti, S.M. (1998). 

p21(WAF1/CIP1) is upregulated by the geranylgeranyltransferase I inhibitor 

GGTI-298 through a transforming growth factor beta- and Sp1-responsive 

element: involvement of the small GTPase rhoA. Mol Cell Biol 18, 6962-

6970. 

Andela, V.B., Rosenblatt, J.D., Schwarz, E.M., Puzas, E.J., O'Keefe, R.J., and 

Rosier, R.N. (2002). Synergism of aminobisphosphonates and farnesyl 

transferase inhibitors on tumor metastasis. Clin Orthop Relat Res, 228-239. 

Andres, D.A., Goldstein, J.L., Ho, Y.K., and Brown, M.S. (1993a). Mutational 

analysis of alpha-subunit of protein farnesyltransferase. Evidence for a 

catalytic role. J Biol Chem 268, 1383-1390. 

Andres, D.A., Seabra, M.C., Brown, M.S., Armstrong, S.A., Smeland, T.E., 

Cremers, F.P., and Goldstein, J.L. (1993b). cDNA cloning of component A 

of Rab geranylgeranyl transferase and demonstration of its role as a Rab 

escort protein. Cell 73, 1091-1099. 

Apel, A., Zentgraf, H., Buchler, M.W., and Herr, I. (2009). Autophagy-A double-

edged sword in oncology. Int J Cancer. 

Apolloni, A., Prior, I.A., Lindsay, M., Parton, R.G., and Hancock, J.F. (2000). H-ras 

but not K-ras traffics to the plasma membrane through the exocytic 

pathway. Mol Cell Biol 20, 2475-2487. 



  111 

Araki, M., and Motojima, K. (2008). Hydrophobic statins induce autophagy in 

cultured human rhabdomyosarcoma cells. Biochem Biophys Res Commun 

367, 462-467. 

Armstrong, S.A., Hannah, V.C., Goldstein, J.L., and Brown, M.S. (1995). CAAX 

geranylgeranyl transferase transfers farnesyl as efficiently as 

geranylgeranyl to RhoB. J Biol Chem 270, 7864-7868. 

Armstrong, S.A., Seabra, M.C., Sudhof, T.C., Goldstein, J.L., and Brown, M.S. 

(1993). cDNA cloning and expression of the alpha and beta subunits of rat 

Rab geranylgeranyl transferase. J Biol Chem 268, 12221-12229. 

Backlund, P.S., Jr., Simonds, W.F., and Spiegel, A.M. (1990). Carboxyl methylation 

and COOH-terminal processing of the brain G-protein gamma-subunit. J 

Biol Chem 265, 15572-15576. 

Baekkeskov, S., and Kanaani, J. (2009). Palmitoylation cycles and regulation of 

protein function (Review). Mol Membr Biol 26, 42-54. 

Bai, X., Ma, D., Liu, A., Shen, X., Wang, Q.J., Liu, Y., and Jiang, Y. (2007). Rheb 

activates mTOR by antagonizing its endogenous inhibitor, FKBP38. 

Science 318, 977-980. 

Basso, A.D., Kirschmeier, P., and Bishop, W.R. (2006). Lipid posttranslational 

modifications. Farnesyl transferase inhibitors. J Lipid Res 47, 15-31. 

Basso, A.D., Mirza, A., Liu, G., Long, B.J., Bishop, W.R., and Kirschmeier, P. 

(2005). The farnesyl transferase inhibitor (FTI) SCH66336 (lonafarnib) 



  112 

inhibits Rheb farnesylation and mTOR signaling. Role in FTI enhancement 

of taxane and tamoxifen anti-tumor activity. J Biol Chem 280, 31101-31108. 

Bauss, F., and Bergstrom, B. (2008). Preclinical and clinical efficacy of the 

bisphosphonate ibandronate in cancer treatment. Curr Clin Pharmacol 3, 1-

10. 

Bergo, M.O., Ambroziak, P., Gregory, C., George, A., Otto, J.C., Kim, E., Nagase, 

H., Casey, P.J., Balmain, A., and Young, S.G. (2002). Absence of the CAAX 

endoprotease Rce1: effects on cell growth and transformation. Mol Cell 

Biol 22, 171-181. 

Bergo, M.O., Gavino, B.J., Hong, C., Beigneux, A.P., McMahon, M., Casey, P.J., 

and Young, S.G. (2004). Inactivation of Icmt inhibits transformation by 

oncogenic K-Ras and B-Raf. J Clin Invest 113, 539-550. 

Bivona, T.G., Perez De Castro, I., Ahearn, I.M., Grana, T.M., Chiu, V.K., Lockyer, 

P.J., Cullen, P.J., Pellicer, A., Cox, A.D., and Philips, M.R. (2003). 

Phospholipase Cgamma activates Ras on the Golgi apparatus by means of 

RasGRP1. Nature 424, 694-698. 

Body, J.J., and Mancini, I. (2002). Bisphosphonates for cancer patients: why, how, 

and when? Support Care Cancer 10, 399-407. 

Boyartchuk, V.L., Ashby, M.N., and Rine, J. (1997). Modulation of Ras and a-factor 

function by carboxyl-terminal proteolysis. Science 275, 1796-1800. 



  113 

Brown, M.S., and Goldstein, J.L. (1980). Multivalent feedback regulation of HMG 

CoA reductase, a control mechanism coordinating isoprenoid synthesis 

and cell growth. J Lipid Res 21, 505-517. 

Brown, M.S., Goldstein, J.L., Paris, K.J., Burnier, J.P., and Marsters, J.C., Jr. 

(1992). Tetrapeptide inhibitors of protein farnesyltransferase: amino-

terminal substitution in phenylalanine-containing tetrapeptides restores 

farnesylation. Proc Natl Acad Sci U S A 89, 8313-8316. 

Bucci, C., Parton, R.G., Mather, I.H., Stunnenberg, H., Simons, K., Hoflack, B., and 

Zerial, M. (1992). The small GTPase rab5 functions as a regulatory factor in 

the early endocytic pathway. Cell 70, 715-728. 

Bucci, C., Thomsen, P., Nicoziani, P., McCarthy, J., and van Deurs, B. (2000). 

Rab7: a key to lysosome biogenesis. Mol Biol Cell 11, 467-480. 

Buchanan, M.S., Carroll, A.R., Fechner, G.A., Boyle, A., Simpson, M.M., Addepalli, 

R., Avery, V.M., Hooper, J.N., Su, N., Chen, H., et al. (2007). 

Spermatinamine, the first natural product inhibitor of isoprenylcysteine 

carboxyl methyltransferase, a new cancer target. Bioorg Med Chem Lett 

17, 6860-6863. 

Buerger, C., DeVries, B., and Stambolic, V. (2006). Localization of Rheb to the 

endomembrane is critical for its signaling function. Biochem Biophys Res 

Commun 344, 869-880. 



  114 

Caraglia, M., Santini, D., Marra, M., Vincenzi, B., Tonini, G., and Budillon, A. (2006). 

Emerging anti-cancer molecular mechanisms of aminobisphosphonates. 

Endocr Relat Cancer 13, 7-26. 

Casey, P.J., Solski, P.A., Der, C.J., and Buss, J.E. (1989). p21ras is modified by a 

farnesyl isoprenoid. Proc Natl Acad Sci U S A 86, 8323-8327. 

Casey, P.J., Thissen, J.A., and Moomaw, J.F. (1991). Enzymatic modification of 

proteins with a geranylgeranyl isoprenoid. Proc Natl Acad Sci U S A 88, 

8631-8635. 

Castro, A.F., Rebhun, J.F., Clark, G.J., and Quilliam, L.A. (2003). Rheb binds 

tuberous sclerosis complex 2 (TSC2) and promotes S6 kinase activation in 

a rapamycin- and farnesylation-dependent manner. J Biol Chem 278, 

32493-32496. 

Chavrier, P., Gorvel, J.P., Stelzer, E., Simons, K., Gruenberg, J., and Zerial, M. 

(1991). Hypervariable C-terminal domain of rab proteins acts as a targeting 

signal. Nature 353, 769-772. 

Chen, W.J., Andres, D.A., Goldstein, J.L., and Brown, M.S. (1991a). Cloning and 

expression of a cDNA encoding the alpha subunit of rat p21ras protein 

farnesyltransferase. Proc Natl Acad Sci U S A 88, 11368-11372. 

Chen, W.J., Andres, D.A., Goldstein, J.L., Russell, D.W., and Brown, M.S. (1991b). 

cDNA cloning and expression of the peptide-binding beta subunit of rat 

p21ras farnesyltransferase, the counterpart of yeast DPR1/RAM1. Cell 66, 

327-334. 



  115 

Chen, W.J., Moomaw, J.F., Overton, L., Kost, T.A., and Casey, P.J. (1993). High 

level expression of mammalian protein farnesyltransferase in a 

baculovirus system. The purified protein contains zinc. J Biol Chem 268, 

9675-9680. 

Cheng, K.W., Lahad, J.P., Kuo, W.L., Lapuk, A., Yamada, K., Auersperg, N., Liu, J., 

Smith-McCune, K., Lu, K.H., Fishman, D., et al. (2004). The RAB25 small 

GTPase determines aggressiveness of ovarian and breast cancers. Nat 

Med 10, 1251-1256. 

Chiu, V.K., Bivona, T., Hach, A., Sajous, J.B., Silletti, J., Wiener, H., Johnson, R.L., 

2nd, Cox, A.D., and Philips, M.R. (2002). Ras signalling on the endoplasmic 

reticulum and the Golgi. Nat Cell Biol 4, 343-350. 

Choy, E., Chiu, V.K., Silletti, J., Feoktistov, M., Morimoto, T., Michaelson, D., 

Ivanov, I.E., and Philips, M.R. (1999). Endomembrane trafficking of ras: the 

CAAX motif targets proteins to the ER and Golgi. Cell 98, 69-80. 

Clark, M.K., Scott, S.A., Wojtkowiak, J., Chirco, R., Mathieu, P., Reiners, J.J., Jr., 

Mattingly, R.R., Borch, R.F., and Gibbs, R.A. (2007). Synthesis, biochemical, 

and cellular evaluation of farnesyl monophosphate prodrugs as 

farnesyltransferase inhibitors. J Med Chem 50, 3274-3282. 

Clarke, S. (1992). Protein isoprenylation and methylation at carboxyl-terminal 

cysteine residues. Annu Rev Biochem 61, 355-386. 

Coxon, F.P., Ebetino, F.H., Mules, E.H., Seabra, M.C., McKenna, C.E., and Rogers, 

M.J. (2005). Phosphonocarboxylate inhibitors of Rab geranylgeranyl 



  116 

transferase disrupt the prenylation and membrane localization of Rab 

proteins in osteoclasts in vitro and in vivo. Bone 37, 349-358. 

Cuervo, A.M., and Dice, J.F. (1996). A receptor for the selective uptake and 

degradation of proteins by lysosomes. Science 273, 501-503. 

Cuervo, A.M., and Dice, J.F. (1998). Lysosomes, a meeting point of proteins, 

chaperones, and proteases. J Mol Med 76, 6-12. 

Cushman, I., and Casey, P.J. (2009). Role of isoprenylcysteine 

carboxylmethyltransferase-catalyzed methylation in Rho function and 

migration. J Biol Chem 284, 27964-27973. 

Delarue, F.L., Adnane, J., Joshi, B., Blaskovich, M.A., Wang, D.A., Hawker, J., 

Bizouarn, F., Ohkanda, J., Zhu, K., Hamilton, A.D., et al. (2007). 

Farnesyltransferase and geranylgeranyltransferase I inhibitors upregulate 

RhoB expression by HDAC1 dissociation, HAT association and histone 

acetylation of the RhoB promoter. Oncogene 26, 633-640. 

DerMardirossian, C., and Bokoch, G.M. (2005). GDIs: central regulatory molecules 

in Rho GTPase activation. Trends Cell Biol 15, 356-363. 

Di Blasi, C., Jarre, L., Blasevich, F., Dassi, P., and Mora, M. (2008). Danon disease: 

a novel LAMP2 mutation affecting the pre-mRNA splicing and causing 

aberrant transcripts and partial protein expression. Neuromuscul Disord 

18, 962-966. 

Doggrell, S.A. (2009). Clinical efficacy and safety of zoledronic acid in prostate 

and breast cancer. Expert Rev Anticancer Ther 9, 1211-1218. 



  121 

Goldstein, J.L., Brown, M.S., Stradley, S.J., Reiss, Y., and Gierasch, L.M. (1991). 

Nonfarnesylated tetrapeptide inhibitors of protein farnesyltransferase. J 

Biol Chem 266, 15575-15578. 

Gonyeau, M.J., and Yuen, D.W. A clinical review of statins and cancer: helpful or 

harmful? Pharmacotherapy 30, 177-194. 

Gonzalez-Polo, R.A., Boya, P., Pauleau, A.L., Jalil, A., Larochette, N., Souquere, 

S., Eskelinen, E.L., Pierron, G., Saftig, P., and Kroemer, G. (2005). The 

apoptosis/autophagy paradox: autophagic vacuolization before apoptotic 

death. J Cell Sci 118, 3091-3102. 

Green, J.R. (2003). Antitumor effects of bisphosphonates. Cancer 97, 840-847. 

Gutierrez, L., Magee, A.I., Marshall, C.J., and Hancock, J.F. (1989). Post-

translational processing of p21ras is two-step and involves carboxyl-

methylation and carboxy-terminal proteolysis. EMBO J 8, 1093-1098. 

Hancock, J.F., Magee, A.I., Childs, J.E., and Marshall, C.J. (1989). All ras proteins 

are polyisoprenylated but only some are palmitoylated. Cell 57, 1167-1177. 

Hancock, J.F., Paterson, H., and Marshall, C.J. (1990). A polybasic domain or 

palmitoylation is required in addition to the CAAX motif to localize p21ras 

to the plasma membrane. Cell 63, 133-139. 

Hasilik, A., Wrocklage, C., and Schroder, B. (2009). Intracellular trafficking of 

lysosomal proteins and lysosomes. Int J Clin Pharmacol Ther 47 Suppl 1, 

S18-33. 



  122 

Henriksen, B.S., Anderson, J.L., Hrycyna, C.A., and Gibbs, R.A. (2005). Synthesis 

of desthio prenylcysteine analogs: sulfur is important for biological 

activity. Bioorg Med Chem Lett 15, 5080-5083. 

Higgins, J.B., and Casey, P.J. (1994). In vitro processing of recombinant G protein 

gamma subunits. Requirements for assembly of an active beta gamma 

complex. J Biol Chem 269, 9067-9073. 

Hoffman, G.R., Nassar, N., and Cerione, R.A. (2000). Structure of the Rho family 

GTP-binding protein Cdc42 in complex with the multifunctional regulator 

RhoGDI. Cell 100, 345-356. 

Holtz, D., Tanaka, R.A., Hartwig, J., and McKeon, F. (1989). The CaaX motif of 

lamin A functions in conjunction with the nuclear localization signal to 

target assembly to the nuclear envelope. Cell 59, 969-977. 

Huang, C.C., Casey, P.J., and Fierke, C.A. (1997). Evidence for a catalytic role of 

zinc in protein farnesyltransferase. Spectroscopy of Co2+-

farnesyltransferase indicates metal coordination of the substrate thiolate. J 

Biol Chem 272, 20-23. 

Hwang, J.J., Lee, S.J., Kim, T.Y., Cho, J.H., and Koh, J.Y. (2008). Zinc and 4-

hydroxy-2-nonenal mediate lysosomal membrane permeabilization induced 

by H2O2 in cultured hippocampal neurons. J Neurosci 28, 3114-3122. 

Janin, J., Miller, S., and Chothia, C. (1988). Surface, subunit interfaces and 

interior of oligomeric proteins. J Mol Biol 204, 155-164. 



  123 

Jiang, H., and Vogt, P.K. (2008). Constitutively active Rheb induces oncogenic 

transformation. Oncogene 27, 5729-5740. 

Karlsson, K., and Carlsson, S.R. (1998). Sorting of lysosomal membrane 

glycoproteins lamp-1 and lamp-2 into vesicles distinct from mannose 6-

phosphate receptor/gamma-adaptin vesicles at the trans-Golgi network. J 

Biol Chem 273, 18966-18973. 

Karlsson, R., Pedersen, E.D., Wang, Z., and Brakebusch, C. (2009). Rho GTPase 

function in tumorigenesis. Biochim Biophys Acta 1796, 91-98. 

Kaul, A., Overmeyer, J.H., and Maltese, W.A. (2007). Activated Ras induces 

cytoplasmic vacuolation and non-apoptotic death in glioblastoma cells via 

novel effector pathways. Cell Signal 19, 1034-1043. 

Kazi, A., Carie, A., Blaskovich, M.A., Bucher, C., Thai, V., Moulder, S., Peng, H., 

Carrico, D., Pusateri, E., Pledger, W.J., et al. (2009). Blockade of protein 

geranylgeranylation inhibits Cdk2-dependent p27Kip1 phosphorylation on 

Thr187 and accumulates p27Kip1 in the nucleus: implications for breast 

cancer therapy. Mol Cell Biol 29, 2254-2263. 

Kisselev, O., Ermolaeva, M., and Gautam, N. (1995). Efficient interaction with a 

receptor requires a specific type of prenyl group on the G protein gamma 

subunit. J Biol Chem 270, 25356-25358. 

Klionsky, D.J., Abeliovich, H., Agostinis, P., Agrawal, D.K., Aliev, G., Askew, D.S., 

Baba, M., Baehrecke, E.H., Bahr, B.A., Ballabio, A., et al. (2008). Guidelines 



  124 

for the use and interpretation of assays for monitoring autophagy in higher 

eukaryotes. Autophagy 4, 151-175. 

Kohl, N.E., Omer, C.A., Conner, M.W., Anthony, N.J., Davide, J.P., deSolms, S.J., 

Giuliani, E.A., Gomez, R.P., Graham, S.L., Hamilton, K., et al. (1995). 

Inhibition of farnesyltransferase induces regression of mammary and 

salivary carcinomas in ras transgenic mice. Nat Med 1, 792-797. 

Koike, M., Nakanishi, H., Saftig, P., Ezaki, J., Isahara, K., Ohsawa, Y., Schulz-

Schaeffer, W., Watanabe, T., Waguri, S., Kametaka, S., et al. (2000). 

Cathepsin D deficiency induces lysosomal storage with ceroid lipofuscin in 

mouse CNS neurons. J Neurosci 20, 6898-6906. 

Koike, M., Shibata, M., Waguri, S., Yoshimura, K., Tanida, I., Kominami, E., Gotow, 

T., Peters, C., von Figura, K., Mizushima, N., et al. (2005). Participation of 

autophagy in storage of lysosomes in neurons from mouse models of 

neuronal ceroid-lipofuscinoses (Batten disease). Am J Pathol 167, 1713-

1728. 

Konstantinopoulos, P.A., Karamouzis, M.V., and Papavassiliou, A.G. (2007). Post-

translational modifications and regulation of the RAS superfamily of 

GTPases as anticancer targets. Nat Rev Drug Discov 6, 541-555. 

Kramer, K., Harrington, E.O., Lu, Q., Bellas, R., Newton, J., Sheahan, K.L., and 

Rounds, S. (2003). Isoprenylcysteine carboxyl methyltransferase activity 

modulates endothelial cell apoptosis. Mol Biol Cell 14, 848-857. 



  125 

Kroemer, G., Galluzzi, L., Vandenabeele, P., Abrams, J., Alnemri, E.S., Baehrecke, 

E.H., Blagosklonny, M.V., El-Deiry, W.S., Golstein, P., Green, D.R., et al. 

(2009). Classification of cell death: recommendations of the Nomenclature 

Committee on Cell Death 2009. Cell Death Differ 16, 3-11. 

Kuronen, M., Talvitie, M., Lehesjoki, A.E., and Myllykangas, L. (2009). Genetic 

modifiers of degeneration in the cathepsin D deficient Drosophila model 

for neuronal ceroid lipofuscinosis. Neurobiol Dis 36, 488-493. 

Lackner, M.R., Kindt, R.M., Carroll, P.M., Brown, K., Cancilla, M.R., Chen, C., de 

Silva, H., Franke, Y., Guan, B., Heuer, T., et al. (2005). Chemical genetics 

identifies Rab geranylgeranyl transferase as an apoptotic target of farnesyl 

transferase inhibitors. Cancer Cell 7, 325-336. 

Laezza, C., Fiorentino, L., Pisanti, S., Gazzerro, P., Caraglia, M., Portella, G., Vitale, 

M., and Bifulco, M. (2008). Lovastatin induces apoptosis of k-ras-

transformed thyroid cells via inhibition of ras farnesylation and by 

modulating redox state. J Mol Med 86, 1341-1351. 

Lane, K.T., and Beese, L.S. (2006). Thematic review series: lipid posttranslational 

modifications. Structural biology of protein farnesyltransferase and 

geranylgeranyltransferase type I. J Lipid Res 47, 681-699. 

Lebowitz, P.F., Du, W., and Prendergast, G.C. (1997). Prenylation of RhoB is 

required for its cell transforming function but not its ability to activate 

serum response element-dependent transcription. J Biol Chem 272, 16093-

16095. 



  126 

Lee, S.J., Cho, K.S., and Koh, J.Y. (2009). Oxidative injury triggers autophagy in 

astrocytes: the role of endogenous zinc. Glia 57, 1351-1361. 

Lerner, E.C., Zhang, T.T., Knowles, D.B., Qian, Y., Hamilton, A.D., and Sebti, S.M. 

(1997). Inhibition of the prenylation of K-Ras, but not H- or N-Ras, is highly 

resistant to CAAX peptidomimetics and requires both a farnesyltransferase 

and a geranylgeranyltransferase I inhibitor in human tumor cell lines. 

Oncogene 15, 1283-1288. 

Leung, K.F., Baron, R., and Seabra, M.C. (2006). Thematic review series: lipid 

posttranslational modifications. geranylgeranylation of Rab GTPases. J 

Lipid Res 47, 467-475. 

Lobell, R.B., Omer, C.A., Abrams, M.T., Bhimnathwala, H.G., Brucker, M.J., Buser, 

C.A., Davide, J.P., deSolms, S.J., Dinsmore, C.J., Ellis-Hutchings, M.S., et 

al. (2001). Evaluation of farnesyl:protein transferase and 

geranylgeranyl:protein transferase inhibitor combinations in preclinical 

models. Cancer Res 61, 8758-8768. 

Lu, Z.H., Shvartsman, M.B., Lee, A.Y., Shao, J.M., Murray, M.M., Kladney, R.D., 

Fan, D., Krajewski, S., Chiang, G.G., Mills, G.B., et al. Mammalian target of 

rapamycin activator RHEB is frequently overexpressed in human 

carcinomas and is critical and sufficient for skin epithelial carcinogenesis. 

Cancer Res 70, 3287-3298. 

Lyseng-Williamson, K.A. (2008). Zoledronic acid: a review of its use in breast 

cancer. Drugs 68, 2661-2682. 



  127 

Ma, Y.T., and Rando, R.R. (1992). A microsomal endoprotease that specifically 

cleaves isoprenylated peptides. Proc Natl Acad Sci U S A 89, 6275-6279. 

Mattingly, R.R., Gibbs, R.A., Menard, R.E., and Reiners, J.J., Jr. (2002). Potent 

suppression of proliferation of a10 vascular smooth muscle cells by 

combined treatment with lovastatin and 3-allylfarnesol, an inhibitor of 

protein farnesyltransferase. J Pharmacol Exp Ther 303, 74-81. 

Mattingly, R.R., Kraniak, J.M., Dilworth, J.T., Mathieu, P., Bealmear, B., Nowak, 

J.E., Benjamins, J.A., Tainsky, M.A., and Reiners, J.J., Jr. (2006). The 

mitogen-activated protein kinase/extracellular signal-regulated kinase 

kinase inhibitor PD184352 (CI-1040) selectively induces apoptosis in 

malignant schwannoma cell lines. J Pharmacol Exp Ther 316, 456-465. 

Mattingly, R.R., Milstein, M.L., and Mirkin, B.L. (2001). Down-regulation of growth 

factor-stimulated MAP kinase signaling in cytotoxic drug-resistant human 

neuroblastoma cells. Cell Signal 13, 499-505. 

Maurer-Stroh, S., Koranda, M., Benetka, W., Schneider, G., Sirota, F.L., and 

Eisenhaber, F. (2007). Towards complete sets of farnesylated and 

geranylgeranylated proteins. PLoS Comput Biol 3, e66. 

Maynor, M., Scott, S.A., Rickert, E.L., and Gibbs, R.A. (2008). Synthesis and 

evaluation of 3- and 7-substituted geranylgeranyl pyrophosphate analogs. 

Bioorg Med Chem Lett 18, 1889-1892. 

McTaggart, S.J. (2006). Isoprenylated proteins. Cell Mol Life Sci 63, 255-267. 



  128 

Meijer, A.J., and Codogno, P. (2009). Autophagy: regulation and role in disease. 

Crit Rev Clin Lab Sci 46, 210-240. 

Michaelson, D., Ali, W., Chiu, V.K., Bergo, M., Silletti, J., Wright, L., Young, S.G., 

and Philips, M. (2005). Postprenylation CAAX processing is required for 

proper localization of Ras but not Rho GTPases. Mol Biol Cell 16, 1606-

1616. 

Miquel, K., Pradines, A., Sun, J., Qian, Y., Hamilton, A.D., Sebti, S.M., and Favre, 

G. (1997). GGTI-298 induces G0-G1 block and apoptosis whereas FTI-277 

causes G2-M enrichment in A549 cells. Cancer Res 57, 1846-1850. 

Mitchell, D.A., Vasudevan, A., Linder, M.E., and Deschenes, R.J. (2006). Protein 

palmitoylation by a family of DHHC protein S-acyltransferases. J Lipid Res 

47, 1118-1127. 

Moffett, S., Brown, D.A., and Linder, M.E. (2000). Lipid-dependent targeting of G 

proteins into rafts. J Biol Chem 275, 2191-2198. 

Moomaw, J.F., and Casey, P.J. (1992). Mammalian protein 

geranylgeranyltransferase. Subunit composition and metal requirements. J 

Biol Chem 267, 17438-17443. 

Moores, S.L., Schaber, M.D., Mosser, S.D., Rands, E., O'Hara, M.B., Garsky, V.M., 

Marshall, M.S., Pompliano, D.L., and Gibbs, J.B. (1991). Sequence 

dependence of protein isoprenylation. J Biol Chem 266, 14603-14610. 

Morgan, M.A., Sebil, T., Aydilek, E., Peest, D., Ganser, A., and Reuter, C.W. (2005). 

Combining prenylation inhibitors causes synergistic cytotoxicity, 



  129 

apoptosis and disruption of RAS-to-MAP kinase signalling in multiple 

myeloma cells. Br J Haematol 130, 912-925. 

Moriyama, Y., Takano, T., and Ohkuma, S. (1982). Acridine orange as a 

fluorescent probe for lysosomal proton pump. J Biochem 92, 1333-1336. 

Naderi, S., Blomhoff, R., Myklebust, J., Smeland, E.B., Erikstein, B., Norum, K.R., 

and Blomhoff, H.K. (1999). Lovastatin inhibits G1/S transition of normal 

human B-lymphocytes independent of apoptosis. Exp Cell Res 252, 144-

153. 

Nakagami, H., Jensen, K.S., and Liao, J.K. (2003). A novel pleiotropic effect of 

statins: prevention of cardiac hypertrophy by cholesterol-independent 

mechanisms. Ann Med 35, 398-403. 

Nishino, I. (2006). Autophagic vacuolar myopathy. Semin Pediatr Neurol 13, 90-95. 

Norum, J.H., Methi, T., Mattingly, R.R., and Levy, F.O. (2005). Endogenous 

expression and protein kinase A-dependent phosphorylation of the 

guanine nucleotide exchange factor Ras-GRF1 in human embryonic kidney 

293 cells. FEBS J 272, 2304-2316. 

Olofsson, B. (1999). Rho guanine dissociation inhibitors: pivotal molecules in 

cellular signalling. Cell Signal 11, 545-554. 

Omer, C.A., Kral, A.M., Diehl, R.E., Prendergast, G.C., Powers, S., Allen, C.M., 

Gibbs, J.B., and Kohl, N.E. (1993). Characterization of recombinant human 

farnesyl-protein transferase: cloning, expression, farnesyl diphosphate 



  130 

binding, and functional homology with yeast prenyl-protein transferases. 

Biochemistry 32, 5167-5176. 

Orita, S., Kaibuchi, K., Kuroda, S., Shimizu, K., Nakanishi, H., and Takai, Y. (1993). 

Comparison of kinetic properties between two mammalian ras p21 

GDP/GTP exchange proteins, ras guanine nucleotide-releasing factor and 

smg GDP dissociation stimulation. J Biol Chem 268, 25542-25546. 

Pan, J., Chen, B., Su, C.H., Zhao, R., Xu, Z.X., Sun, L., Lee, M.H., and Yeung, S.C. 

(2008). Autophagy induced by farnesyltransferase inhibitors in cancer 

cells. Cancer Biol Ther 7, 1679-1684. 

Papapoulos, S.E. (2008). Bisphosphonates: how do they work? Best Pract Res 

Clin Endocrinol Metab 22, 831-847. 

Park, H.W., Boduluri, S.R., Moomaw, J.F., Casey, P.J., and Beese, L.S. (1997). 

Crystal structure of protein farnesyltransferase at 2.25 angstrom 

resolution. Science 275, 1800-1804. 

Peitzsch, R.M., McLaughlin, S. (1993). Binding of acylated peptides and fatty 

acids to phospholipid vesicles: pertinence to myristoylated proteins. 

Biochemistry 32, 10436-10443. 

Perez-Sala, D., Gilbert, B.A., Tan, E.W., and Rando, R.R. (1992). Prenylated protein 

methyltransferases do not distinguish between farnesylated and 

geranylgeranylated substrates. Biochem J 284 ( Pt 3), 835-840. 



  131 

Pfeffer, S.R., Dirac-Svejstrup, A.B., and Soldati, T. (1995). Rab GDP dissociation 

inhibitor: putting rab GTPases in the right place. J Biol Chem 270, 17057-

17059. 

Pillinger, M.H., Volker, C., Stock, J.B., Weissmann, G., and Philips, M.R. (1994). 

Characterization of a plasma membrane-associated prenylcysteine-

directed alpha carboxyl methyltransferase in human neutrophils. J Biol 

Chem 269, 1486-1492. 

Pompliano, D.L., Rands, E., Schaber, M.D., Mosser, S.D., Anthony, N.J., and 

Gibbs, J.B. (1992). Steady-state kinetic mechanism of Ras farnesyl:protein 

transferase. Biochemistry 31, 3800-3807. 

Pompliano, D.L., Schaber, M.D., Mosser, S.D., Omer, C.A., Shafer, J.A., and Gibbs, 

J.B. (1993). Isoprenoid diphosphate utilization by recombinant human 

farnesyl:protein transferase: interactive binding between substrates and a 

preferred kinetic pathway. Biochemistry 32, 8341-8347. 

Powers, S., Michaelis, S., Broek, D., Santa Anna, S., Field, J., Herskowitz, I., and 

Wigler, M. (1986). RAM, a gene of yeast required for a functional 

modification of RAS proteins and for production of mating pheromone a-

factor. Cell 47, 413-422. 

Press, B., Feng, Y., Hoflack, B., and Wandinger-Ness, A. (1998). Mutant Rab7 

causes the accumulation of cathepsin D and cation-independent mannose 

6-phosphate receptor in an early endocytic compartment. J Cell Biol 140, 

1075-1089. 



  132 

Prior, I.A., Harding, A., Yan, J., Sluimer, J., Parton, R.G., and Hancock, J.F. (2001). 

GTP-dependent segregation of H-ras from lipid rafts is required for 

biological activity. Nat Cell Biol 3, 368-375. 

Qiu, Y., Liu, X., Zou, W., Yue, P., Lonial, S., Khuri, F.R., and Sun, S.Y. (2007). The 

farnesyltransferase inhibitor R115777 up-regulates the expression of death 

receptor 5 and enhances TRAIL-induced apoptosis in human lung cancer 

cells. Cancer Res 67, 4973-4980. 

Ravikumar, B., Imarisio, S., Sarkar, S., O'Kane, C.J., and Rubinsztein, D.C. (2008). 

Rab5 modulates aggregation and toxicity of mutant huntingtin through 

macroautophagy in cell and fly models of Huntington disease. J Cell Sci 

121, 1649-1660. 

Reiss, Y., Brown, M.S., and Goldstein, J.L. (1992). Divalent cation and prenyl 

pyrophosphate specificities of the protein farnesyltransferase from rat 

brain, a zinc metalloenzyme. J Biol Chem 267, 6403-6408. 

Reiss, Y., Goldstein, J.L., Seabra, M.C., Casey, P.J., and Brown, M.S. (1990). 

Inhibition of purified p21ras farnesyl:protein transferase by Cys-AAX 

tetrapeptides. Cell 62, 81-88. 

Reiss, Y., Seabra, M.C., Armstrong, S.A., Slaughter, C.A., Goldstein, J.L., and 

Brown, M.S. (1991). Nonidentical subunits of p21H-ras farnesyltransferase. 

Peptide binding and farnesyl pyrophosphate carrier functions. J Biol Chem 

266, 10672-10677. 



  133 

Resh, M.D. (2006). Trafficking and signaling by fatty-acylated and prenylated 

proteins. Nat Chem Biol 2, 584-590. 

Rilling, H.C., Breunger, E., Epstein, W.W., and Crain, P.F. (1990). Prenylated 

proteins: the structure of the isoprenoid group. Science 247, 318-320. 

Rocks, O., Peyker, A., Kahms, M., Verveer, P.J., Koerner, C., Lumbierres, M., 

Kuhlmann, J., Waldmann, H., Wittinghofer, A., and Bastiaens, P.I. (2005). An 

acylation cycle regulates localization and activity of palmitoylated Ras 

isoforms. Science 307, 1746-1752. 

Rogers, M.J., Gordon, S., Benford, H.L., Coxon, F.P., Luckman, S.P., Monkkonen, 

J., and Frith, J.C. (2000). Cellular and molecular mechanisms of action of 

bisphosphonates. Cancer 88, 2961-2978. 

Rotblat, B., Prior, I.A., Muncke, C., Parton, R.G., Kloog, Y., Henis, Y.I., and 

Hancock, J.F. (2004). Three separable domains regulate GTP-dependent 

association of H-ras with the plasma membrane. Mol Cell Biol 24, 6799-

6810. 

Rubinsztein, D.C., Gestwicki, J.E., Murphy, L.O., and Klionsky, D.J. (2007). 

Potential therapeutic applications of autophagy. Nat Rev Drug Discov 6, 

304-312. 

Saftig, P., Beertsen, W., and Eskelinen, E.L. (2008). LAMP-2: a control step for 

phagosome and autophagosome maturation. Autophagy 4, 510-512. 

Saito, A., Saito, N., Mol, W., Furukawa, H., Tsutsumida, A., Oyama, A., Sekido, M., 

Sasaki, S., and Yamamoto, Y. (2008). Simvastatin inhibits growth via 



  134 

apoptosis and the induction of cell cycle arrest in human melanoma cells. 

Melanoma Res 18, 85-94. 

Sakamoto, K., Honda, T., Yokoya, S., Waguri, S., and Kimura, J. (2007). Rab-small 

GTPases are involved in fluvastatin and pravastatin-induced vacuolation in 

rat skeletal myofibers. FASEB J 21, 4087-4094. 

Samari, H.R., and Seglen, P.O. (1998). Inhibition of hepatocytic autophagy by 

adenosine, aminoimidazole-4-carboxamide riboside, and N6-

mercaptopurine riboside. Evidence for involvement of amp-activated 

protein kinase. J Biol Chem 273, 23758-23763. 

Sarbassov, D.D., Ali, S.M., and Sabatini, D.M. (2005). Growing roles for the mTOR 

pathway. Curr Opin Cell Biol 17, 596-603. 

Sassano, A., and Platanias, L.C. (2008). Statins in tumor suppression. Cancer Lett 

260, 11-19. 

Scarlatti, F., Granata, R., Meijer, A.J., and Codogno, P. (2009). Does autophagy 

have a license to kill mammalian cells? Cell Death Differ 16, 12-20. 

Scarlatti, F., Maffei, R., Beau, I., Codogno, P., and Ghidoni, R. (2008a). Role of 

non-canonical Beclin 1-independent autophagy in cell death induced by 

resveratrol in human breast cancer cells. Cell Death Differ 15, 1318-1329. 

Scarlatti, F., Maffei, R., Beau, I., Ghidoni, R., and Codogno, P. (2008b). Non-

canonical autophagy: an exception or an underestimated form of 

autophagy? Autophagy 4, 1083-1085. 



  135 

Schafer, W.R., Kim, R., Sterne, R., Thorner, J., Kim, S.H., and Rine, J. (1989). 

Genetic and pharmacological suppression of oncogenic mutations in ras 

genes of yeast and humans. Science 245, 379-385. 

Schlitzer, M., Winter-Vann, A., and Casey, P.J. (2001). Non-peptidic, non-prenylic 

inhibitors of the prenyl protein-specific protease Rce1. Bioorg Med Chem 

Lett 11, 425-427. 

Schmidt, W.K., Tam, A., Fujimura-Kamada, K., and Michaelis, S. (1998). 

Endoplasmic reticulum membrane localization of Rce1p and Ste24p, yeast 

proteases involved in carboxyl-terminal CAAX protein processing and 

amino-terminal a-factor cleavage. Proc Natl Acad Sci U S A 95, 11175-

11180. 

Seabra, M.C., Brown, M.S., Slaughter, C.A., Sudhof, T.C., and Goldstein, J.L. 

(1992a). Purification of component A of Rab geranylgeranyl transferase: 

possible identity with the choroideremia gene product. Cell 70, 1049-1057. 

Seabra, M.C., Goldstein, J.L., Sudhof, T.C., and Brown, M.S. (1992b). Rab 

geranylgeranyl transferase. A multisubunit enzyme that prenylates GTP-

binding proteins terminating in Cys-X-Cys or Cys-Cys. J Biol Chem 267, 

14497-14503. 

Seabra, M.C., Reiss, Y., Casey, P.J., Brown, M.S., and Goldstein, J.L. (1991). 

Protein farnesyltransferase and geranylgeranyltransferase share a 

common alpha subunit. Cell 65, 429-434. 



  136 

Sebti, S.M., and Hamilton, A.D. (2000). Farnesyltransferase and 

geranylgeranyltransferase I inhibitors and cancer therapy: lessons from 

mechanism and bench-to-bedside translational studies. Oncogene 19, 

6584-6593. 

Seglen, P.O., and Gordon, P.B. (1982). 3-Methyladenine: specific inhibitor of 

autophagic/lysosomal protein degradation in isolated rat hepatocytes. Proc 

Natl Acad Sci U S A 79, 1889-1892. 

Shahinian, S., and Silvius, J.R. (1995). Doubly-lipid-modified protein sequence 

motifs exhibit long-lived anchorage to lipid bilayer membranes. 

Biochemistry 34, 3813-3822. 

Shi, Y.Q., and Rando, R.R. (1992). Kinetic mechanism of isoprenylated protein 

methyltransferase. J Biol Chem 267, 9547-9551. 

Silvius, J.R. (2002). Mechanisms of Ras protein targeting in mammalian cells. J 

Membr Biol 190, 83-92. 

Silvius, J.R., and l'Heureux, F. (1994). Fluorimetric evaluation of the affinities of 

isoprenylated peptides for lipid bilayers. Biochemistry 33, 3014-3022. 

Simons, K., and Toomre, D. (2000). Lipid rafts and signal transduction. Nat Rev 

Mol Cell Biol 1, 31-39. 

Singh, R., Kaushik, S., Wang, Y., Xiang, Y., Novak, I., Komatsu, M., Tanaka, K., 

Cuervo, A.M., and Czaja, M.J. (2009). Autophagy regulates lipid 

metabolism. Nature 458, 1131-1135. 



  137 

Sjogren, A.K., Andersson, K.M., Liu, M., Cutts, B.A., Karlsson, C., Wahlstrom, 

A.M., Dalin, M., Weinbaum, C., Casey, P.J., Tarkowski, A., et al. (2007). 

GGTase-I deficiency reduces tumor formation and improves survival in 

mice with K-RAS-induced lung cancer. J Clin Invest 117, 1294-1304. 

Sleijfer, S., van der Gaast, A., Planting, A.S., Stoter, G., and Verweij, J. (2005). The 

potential of statins as part of anti-cancer treatment. Eur J Cancer 41, 516-

522. 

Smeland, T.E., Seabra, M.C., Goldstein, J.L., and Brown, M.S. (1994). 

Geranylgeranylated Rab proteins terminating in Cys-Ala-Cys, but not Cys-

Cys, are carboxyl-methylated by bovine brain membranes in vitro. Proc 

Natl Acad Sci U S A 91, 10712-10716. 

Steele-Mortimer, O., Gruenberg, J., and Clague, M.J. (1993). Phosphorylation of 

GDI and membrane cycling of rab proteins. FEBS Lett 329, 313-318. 

Stephenson, R.C., and Clarke, S. (1992). Characterization of a rat liver protein 

carboxyl methyltransferase involved in the maturation of proteins with the 

-CXXX C-terminal sequence motif. J Biol Chem 267, 13314-13319. 

Stradley, S.J., Rizo, J., and Gierasch, L.M. (1993). Conformation of a heptapeptide 

substrate bound to protein farnesyltransferase. Biochemistry 32, 12586-

12590. 

Sun, J., Blaskovich, M.A., Knowles, D., Qian, Y., Ohkanda, J., Bailey, R.D., 

Hamilton, A.D., and Sebti, S.M. (1999). Antitumor efficacy of a novel class 

of non-thiol-containing peptidomimetic inhibitors of farnesyltransferase 



  138 

and geranylgeranyltransferase I: combination therapy with the cytotoxic 

agents cisplatin, Taxol, and gemcitabine. Cancer Res 59, 4919-4926. 

Takeuchi, H., Kondo, Y., Fujiwara, K., Kanzawa, T., Aoki, H., Mills, G.B., and 

Kondo, S. (2005). Synergistic augmentation of rapamycin-induced 

autophagy in malignant glioma cells by phosphatidylinositol 3-

kinase/protein kinase B inhibitors. Cancer Res 65, 3336-3346. 

Tamanoi, F., Kato-Stankiewicz, J., Jiang, C., Machado, I., and Thapar, N. (2001). 

Farnesylated proteins and cell cycle progression. J Cell Biochem Suppl 

Suppl 37, 64-70. 

Tan, E.W., Perez-Sala, D., Canada, F.J., and Rando, R.R. (1991). Identifying the 

recognition unit for G protein methylation. J Biol Chem 266, 10719-10722. 

Tanaka, Y., Guhde, G., Suter, A., Eskelinen, E.L., Hartmann, D., Lullmann-Rauch, 

R., Janssen, P.M., Blanz, J., von Figura, K., and Saftig, P. (2000). 

Accumulation of autophagic vacuoles and cardiomyopathy in LAMP-2-

deficient mice. Nature 406, 902-906. 

Taylor, J.S., Reid, T.S., Terry, K.L., Casey, P.J., and Beese, L.S. (2003). Structure 

of mammalian protein geranylgeranyltransferase type-I. EMBO J 22, 5963-

5974. 

Turcotte, S., and Giaccia, A.J. Targeting cancer cells through autophagy for 

anticancer therapy. Curr Opin Cell Biol 22, 246-251. 



  139 

Victor, B.C., and Sloane, B.F. (2007). Cysteine cathepsin non-inhibitory binding 

partners: modulating intracellular trafficking and function. Biol Chem 388, 

1131-1140. 

Vogt, A., Sun, J., Qian, Y., Hamilton, A.D., and Sebti, S.M. (1997). The 

geranylgeranyltransferase-I inhibitor GGTI-298 arrests human tumor cells 

in G0/G1 and induces p21(WAF1/CIP1/SDI1) in a p53-independent manner. 

J Biol Chem 272, 27224-27229. 

Wahlstrom, A.M., Cutts, B.A., Karlsson, C., Andersson, K.M., Liu, M., Sjogren, 

A.K., Swolin, B., Young, S.G., and Bergo, M.O. (2007). Rce1 deficiency 

accelerates the development of K-RAS-induced myeloproliferative disease. 

Blood 109, 763-768. 

Wahlstrom, A.M., Cutts, B.A., Liu, M., Lindskog, A., Karlsson, C., Sjogren, A.K., 

Andersson, K.M., Young, S.G., and Bergo, M.O. (2008). Inactivating Icmt 

ameliorates K-RAS-induced myeloproliferative disease. Blood 112, 1357-

1365. 

Wang, J., Lian, H., Zhao, Y., Kauss, M.A., and Spindel, S. (2008a). Vitamin D3 

induces autophagy of human myeloid leukemia cells. J Biol Chem 283, 

25596-25605. 

Wang, M., Tan, W., Zhou, J., Leow, J., Go, M., Lee, H.S., and Casey, P.J. (2008b). A 

small molecule inhibitor of isoprenylcysteine carboxymethyltransferase 

induces autophagic cell death in PC3 prostate cancer cells. J Biol Chem 

283, 18678-18684. 



  140 

Watanabe, M., Fiji, H.D., Guo, L., Chan, L., Kinderman, S.S., Slamon, D.J., Kwon, 

O., and Tamanoi, F. (2008). Inhibitors of protein geranylgeranyltransferase I 

and Rab geranylgeranyltransferase identified from a library of allenoate-

derived compounds. J Biol Chem 283, 9571-9579. 

Weber, M.S., and Zamvil, S.S. (2008). Statins and demyelination. Curr Top 

Microbiol Immunol 318, 313-324. 

Weitz-Schmidt, G., Welzenbach, K., Brinkmann, V., Kamata, T., Kallen, J., Bruns, 

C., Cottens, S., Takada, Y., and Hommel, U. (2001). Statins selectively 

inhibit leukocyte function antigen-1 by binding to a novel regulatory 

integrin site. Nat Med 7, 687-692. 

Wiemer, A.J., Tong, H., Swanson, K.M., and Hohl, R.J. (2007). Digeranyl 

bisphosphonate inhibits geranylgeranyl pyrophosphate synthase. Biochem 

Biophys Res Comm 353, 921-925. 

Wiesner, J., Kettler, K., Sakowski, J., Ortmann, R., Katzin, A.M., Kimura, E.A., 

Silber, K., Klebe, G., Jomaa, H., and Schlitzer, M. (2004). 

Farnesyltransferase inhibitors inhibit the growth of malaria parasites in 

vitro and in vivo. Angew Chem Int Ed Engl 43, 251-254. 

Winter-Vann, A.M., Baron, R.A., Wong, W., dela Cruz, J., York, J.D., Gooden, D.M., 

Bergo, M.O., Young, S.G., Toone, E.J., and Casey, P.J. (2005). A small-

molecule inhibitor of isoprenylcysteine carboxyl methyltransferase with 

antitumor activity in cancer cells. Proc Natl Acad Sci U S A 102, 4336-4341. 



  141 

Winter-Vann, A.M., and Casey, P.J. (2005). Post-prenylation-processing enzymes 

as new targets in oncogenesis. Nat Rev Cancer 5, 405-412. 

Wnuk, S.F., Yuan, C.S., Borchardt, R.T., Balzarini, J., De Clercq, E., and Robins, 

M.J. (1997). Anticancer and antiviral effects and inactivation of S-adenosyl-

L-homocysteine hydrolase with 5'-carboxaldehydes and oximes 

synthesized from adenosine and sugar-modified analogues. J Med Chem 

40, 1608-1618. 

Wojtkowiak, J.W., Fouad, F., LaLonde, D.T., Kleinman, M.D., Gibbs, R.A., Reiners, 

J.J., Jr., Borch, R.F., and Mattingly, R.R. (2008). Induction of apoptosis in 

neurofibromatosis type 1 malignant peripheral nerve sheath tumor cell 

lines by a combination of novel farnesyl transferase inhibitors and 

lovastatin. J Pharmacol Exp Ther 326, 1-11. 

Wojtkowiak, J.W., Gibbs, R.A., and Mattingly, R.R. (2009). Working together: 

Farnesyl transferase inhibitors and statins block protein prenylation. Mol 

Cell Pharmacol 1, 1-6 

. 

Wolda, S.L., and Glomset, J.A. (1988). Evidence for modification of lamin B by a 

product of mevalonic acid. J Biol Chem 263, 5997-6000. 

Yang, H., and Mattingly, R.R. (2006). The Ras-GRF1 exchange factor coordinates 

activation of H-Ras and Rac1 to control neuronal morphology. Mol Biol Cell 

17, 2177-2189. 



  142 

Ying, W., Sepp-Lorenzino, L., Cai, K., Aloise, P., and Coleman, P.S. (1994). 

Photoaffinity-labeling peptide substrates for farnesyl-protein transferase 

and the intersubunit location of the active site. J Biol Chem 269, 470-477. 

Yokoyama, K., and Gelb, M.H. (1993). Purification of a mammalian protein 

geranylgeranyltransferase. Formation and catalytic properties of an 

enzyme-geranylgeranyl pyrophosphate complex. J Biol Chem 268, 4055-

4060. 

Yokoyama, K., Goodwin, G.W., Ghomashchi, F., Glomset, J.A., and Gelb, M.H. 

(1991). A protein geranylgeranyltransferase from bovine brain: implications 

for protein prenylation specificity. Proc Natl Acad Sci U S A 88, 5302-5306. 

Yokoyama, K., McGeady, P., and Gelb, M.H. (1995). Mammalian protein 

geranylgeranyltransferase-I: substrate specificity, kinetic mechanism, 

metal requirements, and affinity labeling. Biochemistry 34, 1344-1354. 

Yokoyama, K., Trobridge, P., Buckner, F.S., Scholten, J., Stuart, K.D., Van 

Voorhis, W.C., and Gelb, M.H. (1998). The effects of protein 

farnesyltransferase inhibitors on trypanosomatids: inhibition of protein 

farnesylation and cell growth. Mol Biochem Parasitol 94, 87-97. 

Yokoyama, K., Zimmerman, K., Scholten, J., and Gelb, M.H. (1997). Differential 

prenyl pyrophosphate binding to mammalian protein 

geranylgeranyltransferase-I and protein farnesyltransferase and its 

consequence on the specificity of protein prenylation. J Biol Chem 272, 

3944-3952. 



  143 

Zahn, T.J., Whitney, J., Weinbaum, C., and Gibbs, R.A. (2001). Synthesis and 

evaluation of GGPP geometric isomers: divergent substrate specificities of 

FTase and GGTase I. Bioorg Med Chem Lett 11, 1605-1608. 

Zhang, F.L., and Casey, P.J. (1996). Protein prenylation: molecular mechanisms 

and functional consequences. Annu Rev Biochem 65, 241-269. 

Zhang, F.L., Moomaw, J.F., and Casey, P.J. (1994). Properties and kinetic 

mechanism of recombinant mammalian protein geranylgeranyltransferase 

type I. J Biol Chem 269, 23465-23470. 

Zhang, Y., Cao, R., Yin, F., Hudock, M.P., Guo, R.T., Krysiak, K., Mukherjee, S., 

Gao, Y.G., Robinson, H., Song, Y., et al. (2009). Lipophilic bisphosphonates 

as dual farnesyl/geranylgeranyl diphosphate synthase inhibitors: an X-ray 

and NMR investigation. J Am Chem Soc 131, 5153-5162. 

Zhao, L., Wientjes, M.G., and Au, J.L. (2004). Evaluation of combination 

chemotherapy: integration of nonlinear regression, curve shift, 

isobologram, and combination index analyses. Clin Cancer Res 10, 7994-

8004. 

Zhong, W.B., Wang, C.Y., Chang, T.C., and Lee, W.S. (2003). Lovastatin induces 

apoptosis of anaplastic thyroid cancer cells via inhibition of protein 

geranylgeranylation and de novo protein synthesis. Endocrinology 144, 

3852-3859. 

 

 



  144 

 

ABSTRACT 

INDUCTION AND REGULATION OF AUTOPHAGY BY NOVEL PRENYLATION 
INHIBITORS IN STS-26T MALIGNANT PERIPHERAL NERVE SHEATH TUMOR 

(MPNST) CELLS  
 

by 

KOMAL M. SANE 

December 2010 

 

Advisor: Dr. Raymond R. Mattingly 

Major: Pharmacology 

Degree: Doctor of Philosophy 

 

Prenylation pathways have been targeted via several different compounds that inhibit 

farnesyl transferase (FTase) and/or geranylgeranyl transferase (GGTase) enzymes in 

many cellular and animal models of cancer. Some of these have also been evaluated in 

clinical trials with limited success. Multiple mechanisms of action have been elucidated 

for such compounds, including cell cycle arrest, proteasome inhibition, apoptosis and 

most recently, autophagy. However, there is still an urgent need of effective agents of 

this class of anti-tumor therapeutics. In this dissertation, I sought to delve into this issue 

by characterizing our novel prenylation inhibitors and their potential as anti-tumor 

agents. Novel compounds, GGTI-2Z and FTI-1, were used in combination with 

lovastatin in STS-26T malignant peripheral nerve sheath tumor (MPNST) cells. We 

found that GGTI-2Z/lovastatin inhibit proliferation, cause cell cycle arrest in the G1 
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phase and induce autophagy in STS-26T MPNST cells. FTI-1/lovastatin not only inhibit 

proliferation and cause cell cycle arrest, but also induce an aborted autophagic program 

followed by non-apoptotic cell death in STS-26T cells. This distinct phenotype observed 

with FTI-1/lovastatin is the consequence of their action on the lysosomal trafficking of 

proteins. The compounds impaired procathepsin trafficking via the endocytic pathway 

along with degradation of the lysosomal protein, LAMP-2, which is required for 

autophagosome-lysosome fusion. These effects consequently lead to altered protein 

turnover and hence non-apoptotic cell death. Our observations identify a novel 

mechanism of action of GGTIs. We also show that autophagic cell death can be a 

consequence of an aborted autophagic program versus excessive autophagy. This 

mechanism also suggests that prenylated proteins may play an important role in a 

complete autophagic response and blocking their prenylation may interfere with this 

function of these proteins. Finally, the strategy of combination therapy with low doses of 

a statin and an FTI or a GGTI compound may serve as a useful tool to develop better 

therapeutic regimen for many cancers and other Rab-associated trafficking disorders.  
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