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Abstract

Geranylgeranyl diphosphate is a twenty-carbon isoprenoid phospholipid whose lipid moiety can
be post-translationally incorporated into proteins to promote membrane association. The process
of geranylgeranylation has been implicated in anti-proliferative effects of clinical agents that
inhibit enzymes of the mevalonate pathway (i.e. statins and nitrogenous bisphosphonates) as well
as experimental agents that deplete geranylgeranyl diphosphate. Inhibitors of geranylgeranyl
diphosphate synthase are an attractive way to block geranylgeranylation because they possess a
calcium-chelating substructure to allow localization to bone and take advantage of a unique
position of the enzyme within the biosynthetic pathway. Here, we describe recent advances in
geranylgeranyl diphosphate synthase expression and inhibitor development with a particular focus
on the molecular mechanisms that link geranylgerany! diphosphate to cell proliferation via
geranylgeranylated small GTPases.
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Introduction

Post-translational attachment of a lipid group to a protein is commonly used by cells to
promote association of the protein with a biological membrane (Palsuledesai and Distefano,
2015). The enzymes of protein prenylation specifically utilize intermediates of cellular
isoprenoid biosynthesis as substrates to modify one or two cysteine residues near the C-
terminus of the protein. Prenylation may refer to incorporation of the fifteen-carbon
molecule farnesyl diphosphate (farnesylation) or the twenty-carbon geranylgeranyl
diphosphate (geranylgeranylation) onto a protein. The specific modification depends upon
the amino acid sequence found at the C-terminus of that particular protein. Both types of
prenylation are directed by the CaaX motif- composed of a cysteine followed by three
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additional amino acid residues (Reid et al., 2004), though in some Rab proteins
geranylgeranylation can occur at two cysteine residues with other consensus sequences.

Because many small GTPases of the Ras superfamily are prenylated, inhibition of protein
prenylation has been viewed as a potential therapeutic target for diseases in which GTPases
contribute to the pathogenesis (Berndt et al., 2011, Hottman and Li, 2014, Cox et al., 2015).
The majority of these studies have examined disrupting farnesylation of Ras family
members H-, N- and K-Ras, which are known oncogenes. Other small GTPases, such as
RhoA, also have been reported to play roles in survival and proliferation of malignant cells
(Qiu et al., 1995, Ghosh et al., 1999, Allal et al., 2000, Yoshida et al., 2009) and altering the
membrane localization of RhoA can reduce proliferation (Adnane et al., 1998, Li et al.,
2002, Denoyelle et al., 2003, Fromigue et al., 2006, Tang et al., 2006, Zhu et al., 2013).
While these and other studies have clearly shown that disruption of prenylation can reduce
proliferation of malignant cells, the clinical potential of prenylation inhibitors for treatment
of disease is often limited because: 1) prenylated proteins can be critical to the function of
healthy normal cells, 2) direct inhibition of prenylation enzymes in cells can be overcome by
activation of alternative prenylation pathways, and 3) prenylation and the membrane
association that it promotes is not always required for protein activity. Although much effort
has been devoted to pre-clinical development of prenyl transferase inhibitors, these
compounds have not yet gained clinical relevance.

In contrast, bisphosphonate-based inhibitors of cellular isoprenoid biosynthesis and protein
prenylation have achieved clinical success (Ebetino et al., 2011, Clezardin et al., 2011).
Although they can be associated with mechanism-based side effects such as osteonecrosis in
a small percentage of patients, these drugs greatly reduce the risk of fractures resulting from
osteoporosis (Russell et al., 2008). Additionally, they are now frequently used for treatment
of cancer-related skeletal complications (Ibrahim et al., 2003) that arise from both solid
tumor metastases (Gnant, 2012) and hematological diseases such as myeloma (Terpos et al.,
2014) where they prevent growth of the malignant cells in the bone environment. The
nitrogen-containing bisphosphonates appear to function primarily by blocking isoprenoid
biosynthesis (Amin et al., 1992, Shipman et al., 1998) leading to protein prenylation (van
Beek et al., 1999b, Bergstrom et al., 2000). In osteoclasts, this results in loss of bone
resorption but in malignant cells this reduces proliferation. Nitrogenous bisphosphonates
overcome some of the limitations of prenyltransferase inhibitors in this regard because they
exhibit reduced effects on healthy cells through enriched distribution to the bone
compartment and they prevent alternative prenylation through inhibiting an upstream
enzyme, farnesyl diphosphate synthase (FDPS).

While FDPS is the molecular target of the clinical bisphosphonates, the molecular
mechanism of action is often linked to downstream depletion of geranylgeranyl diphosphate.
Therefore, bisphosphonate-based compounds that target other enzymes of isoprenoid
biosynthesis (Wiemer et al., 2009) leading to geranylgeranyl diphosphate production may be
viable therapies for GTPase-dependent disorders affecting the bone environment (Wiemer et
al., 2011), and could be useful tools for understanding the biological consequences of
geranylgeranyl diphosphate depletion in cells. This mini-review examines recent
developments in our understanding of the relationship between geranylgeranyl diphosphate
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synthase (GGDPS) and cell survival and proliferation, which are affected by
geranylgeranylated proteins in the membrane domain.

Expression and regulation of GGDPS

GGDPS is a ubiquitously-expressed 35 kDa enzyme found within the isoprenoid
biosynthetic pathway (also known as the mevalonate pathway) (Wiemer et al., 2011) (Figure
1). In human cells, GGDPS has been reported to form a large multimeric complex, which
was initially characterized as an octomer (tetramer of dimers) (Kuzuguchi et al., 1999) but
subsequently reported as a hexamer (trimer of dimers) (Kavanagh et al., 2006). Further
biochemical studies appear to support the octomer model (Miyagi et al., 2007). Like FDPS,
GGDPS is a prenyl synthase enzyme. Together, these enzymes produce the farnesyl
diphosphate and geranylgeranyl diphosphate, respectively. GGDPS catalyzes the
condensation of farnesyl diphosphate and isopentenyl diphosphate to geranylgeranyl
diphosphate via an ionization-condensation-elimination mechanism (Poulter et al., 1978).
Thus, depletion of either substrate may decrease GGDPS activity. GGDPS also has an
additional binding site where geranylgeranyl diphosphate may bind and inhibit the
enzymatic activity (Kavanagh et al., 2006, Guo et al., 2007). Farnesyl diphosphate and
geranylgeranyl diphosphate, can subsequently be utilized as substrates by the prenyl
transferase enzymes (farnesyl transferase and geranylgeranyl transferases | and Il) as
described above. Post-translational incorporation of the prenyl moiety increases membrane
association of modified proteins, which is generally but not always required for normal
activation and signaling.

Many isoprenoid biosynthetic pathway enzymes are regulated at the transcriptional level to
control isoprenoid production (Figure 2). The classical model of this effect is observed when
statin drugs are used to inhibit HMG-CoA reductase leading to the depletion of intracellular
cholesterol (Brown and Goldstein, 1980). Cholesterol depletion triggers a restorative
feedback response mediated by sterol regulatory element binding transcription factors,
which upon translocation into the nucleus induce transcription of HMG-CoA reductase (Hua
et al., 1993, Brown and Goldstein, 1997, Brown and Goldstein, 2009) (Figure 2A). It is
unclear whether GGDPS expression is strongly dependent on sterol regulatory elements,
though evidence suggests that its regulation by these factors is not as dramatic as the
upstream enzymes such as HMG-CoA reductase. Nonetheless, inhibition of GGDPS leads to
diversion of farnesyl diphosphate into sterol synthesis, which has an effect that is opposite to
that of statins and nitrogenous bisphosphonates-decreased transcription of HMG-CoA
reductase (Wiemer et al., 2011). Thus, in contrast to HMG-CoA reductase inhibition, cells
appear to have a reduced ability to overcome the effects of GGDPS inhibition at the
transcriptional level.

Sterol regulatory elements are not the only potential transcriptional regulators of GGDPS
and other isoprenoid pathway enzymes. Activation of the extracellular signal-regulated
kinase (ERK) pathway can activate the zinc-dependent transcription factor early growth
response gene 1 (EGR1) to regulate expression of HMG-CoA reductase and other sterol
pathway enzymes (Gokey et al., 2011) (Figure 2B). In contrast to transcription controlled by
sterol regulatory elements, constitutively active EGR1 may also regulate GGDPS expression
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by upregulating transcription of the GGDPS gene, which forms a positive feedback loop
(Shen et al., 2011). This pathway can be activated by insulin (Yu et al., 2011) and toxins
such as cigarette smoke extract (Shen et al., 2011), which stimulate the ERK pathway and
promote accumulation of EGR1 (Tao et al., 2013). But the relationship between EGR1 and
GGDPS needs further investigation as inhibition of EGR1 transcription had no effect on
GGDPS mRNA and protein levels in MCF-7 breast cancer cells (Tao et al., 2013).

Upregulation and/or dysregulation of the isoprenoid biosynthetic pathway enzymes
including GGDPS has been indicated in oncogenic progression (Pandyra et al., 2015),
demonstrating an important link between isoprenoids and cell survival and proliferation. For
example, dysregulation of the mevalonate pathway by ectopic expression of HMG-CoA
reductase promotes transformation of liver cells (Clendening et al., 2010). Additionally,
mutant p53 can contribute to malignant cell morphology in mammary tissue in a way that is
dependent upon the mevalonate pathway (Freed-Pastor et al., 2012). In cells depleted of
mutant p53, the addition of mevalonate pathway metabolites could compensate for the loss
of mutant p53 by restoring the invasive morphology. GGDPS itself is associated with
development of liver cancer. In tissue from hepatocellular carcinoma patients, GGDPS
MRNA expression was elevated in 85.29% of tumor tissue compared to surrounding cells
(Yu et al., 2014). Correspondingly, they found that GGDPS protein expression was increased
in tumor tissue compared to adjacent tissue in 11 of 15 patients.

While GGDPS expression is ubiquitous and its enzymatic product is often required for
proliferation (Benford et al., 1999, van de Donk et al., 2003, Inoue et al., 2005, Brinkkoetter
et al., 2006, Baulch-Brown et al., 2007, Sonnemann et al., 2007, Wiemer et al., 2007, Yanae
etal., 2011, Tsubaki et al., 2013, Zafar et al., 2014), there is only limited evidence, as
described in the preceding paragraph, to suggest a higher degree of GGDPS mutation in
malignant cells relative to normal cells. Therefore, GGDPS inhibitors could be best
classified as anti-metabolites targeting membrane domain proteins (Bennis et al., 1993, Mo
and Elson, 2004). Even without malignant versus normal selectivity, therapeutic specificity
could still be obtained by tissue-specific distribution such as that which directs
bisphosphonates to localize to the bone environment due to the affinity of the substructure
for calcium.

Geranylgeranyl diphosphate synthase inhibitors

Bisphosphonate-based drugs, such as alendronate (Figure 3, compound 1), have been used
therapeutically in humans for over half a century (Ebetino et al., 2011). In fact, the
nitrogenous bisphosphonates that inhibit FDPS gained therapeutic use prior to determination
of their molecular mechanism of action. These agents were selected in part because of the
usefulness of the bisphosphonate substructure for binding calcium ions. It was later revealed
that the nitrogenous bisphosphonates act as potent inhibitors of FDPS. However, the cellular
effects of bisphosphonates on osteoclast-mediated bone resorption are not due to depletion
of the immediate enzymatic product, farnesyl diphosphate, but rather to depletion of the
subsequent molecule in the pathway, geranylgeranyl diphosphate (van beek et al., 1999a).
Around the same time, it was demonstrated that the bisphosphonate substructure is useful
for targeting inhibitors such as compound 2 to squalene synthase (Ciosek et al., 1993). As
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bisphosphonates can be viewed as analogs of diphosphates, one could readily hypothesize
that other enzymes that metabolize diphosphate, such as GGDPS, may also be targeted by
bisphosphonate-based drugs.

Initial studies on GGDPS demonstrated that lipophilic bisphosphonates such as compound 3
inhibit the enzyme, while the nitrogenous bisphosphonate drugs do not (Bergstrom et al.,
2000, Szabo et al., 2002). Given this knowledge, it was hypothesized that bisphosphonates
bearing isoprenoid substituents may also function as GGDPS inhibitors. We synthesized and
characterized an initial library of bis-prenyl bisphosphonates (Shull et al., 2006) including
digeranyl bisphosphonate (4), demonstrating potent inhibition of cellular
geranylgeranylation with no effect on cellular farnesylation. Subsequent studies revealed
nanomolar inhibition of GGDPS with no inhibition of FDPS (Wiemer et al., 2007, Wiemer
et al., 2008).

Lipophilic bisphosphonates bind up to three sites in the GGDPS enzyme (Guo et al., 2007),
including both the substrate binding pockets of isopentenyl diphosphate and farnesyl
diphosphate, as well as a geranylgeranyl diphosphate product/inhibitory binding site. Further
studies comparing bis-prenyl and mono-prenyl bisphosphonates showed potent GGDPS
inhibition of both types of compounds (Wiemer et al., 2008). Structural analysis
demonstrated that branched bisphosphonates such as digerany! bisphosphonate (DGBP) bind
to the enzyme with the bisphosphonate in complex with two magnesium ions and the dual
alkyl chains extending into the farnesyl diphosphate substrate and the geranylgeranyl
diphosphate product binding sites (Chen et al., 2008).

Shorter-chain mono-alkyl nitrogenous bisphosphonates (e.g. compound 5) allow for dual
inhibition of FDPS and GGDPS (Zhang et al., 2009). Compound 5 demonstrated good anti-
tumor activity in a mouse model of breast cancer. Additionally, the authors argued that these
GGDPS inhibitors may be effective anti-malarial compounds, due to their two-fold effect
(Zhang et al., 2013): 1) inhibition of the parasite GGDPS enzyme causes direct inhibition of
parasite growth, and 2) inhibition of human FDPS causes activation of a human immune
response through indirect activation of gamma delta T cells. Both mono-aromatic non-
nitrogenous bisphosphonates (Barney et al., 2010) and triazole-based compounds such as
compound 6 appear to retain specificity for inhibition of GGDPS over FDPS, in contrast to
mono-alkyl nitrogenous bisphosphonates which appear to inhibit both FDPS and GGDPS
(Zhou et al., 2014). In fact, a recently identified triazole-based compound (7) is the most
potent GGDPS inhibitor described to date (Wills et al., 2015).

While most reports have examined modifications to the bisphosphonate substructure, non-
bisphosphonate inhibitors of GGDPS have also been recently described (e.g. compound 8)
(Chen et al., 2013). Although these compounds are significantly less potent inhibitors of
GGDPS, they retain specificity over FDPS. Lack of the bisphosphonate would be expected
to increase peripheral distribution, which could increase the relevance for treatment of non-
bone disorders that are dependent upon geranylgeranylation. However, this strategy may also
result in increased toxicity towards healthy peripheral tissues. Taken together, a diverse
group of bisphosphonate and non-bisphosphonate based GGDPS inhibitors has been
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developed, yielding a variety of options with respect to target specificity and cellular
availability that could determine the consequences of geranylgeranyl diphosphate depletion.

GGDPS inhibitors as anti-proliferative agents targeting small GTPases

Several groups have examined the anti-proliferative activity of compounds that inhibit the
enzymes of the isoprenoid pathway. The major premise is that protein prenylation is vital to
cell growth and survival and that blocking prenylation through isoprenoid depletion would
negatively impact cell health. While it is straightforward to broadly determine whether
prenylation is required for proliferation in a given system, it is more difficult to determine
which specific prenylated proteins mediate the effect. This problem is especially difficult
with respect to geranylgeranylation, because approximately two thirds of the over 150
prenylated proteins are predicted to be geranylgeranylated rather than farnesylated (Reid et
al., 2004, Maurer-Stroh et al., 2007). Many of these proteins are small GTPases of the Ras
superfamily, which is typically divided into five families based on sequence and functional
homology (Ras, Rho, Rab, Ran and Arf) (Wennerberg et al., 2005). While the Ras family
GTPases are known to regulate proliferation, these proteins are predominately farnesylated
and usually geranylgeranylated only when their farnesylation is blocked. In contrast, the Rho
and Rab GTPases, while predominately geranylgeranylated, are traditionally thought to
function mainly in cytoskeletal reorganization and vesicle trafficking, respectively. Their
roles in proliferation are less clear. Here, we examine the connection between
geranylgeranylated small GTPases and the anti-proliferation phenotype caused by
geranylgeranyl diphosphate depletion in order to determine whether GGDPS inhibitors
would reduce proliferation by affecting a particular GTPase or GTPase family.

In some cases, the anti-proliferative effect caused by isoprenoid depletion using HMG-CoA
reductase inhibitors (statin drugs) or FDPS inhibitors (bisphosphonate drugs) is dependent
upon reduced prenylation of oncogenic small GTPases. The primary rationale for developing
direct prenylation inhibitors (e.g. farnesyl transferase inhibitors) as anti-cancer agents
stemmed from the finding that H- N- and K-Ras, which are among the most commonly
mutated oncogenes, are primarily farnesylated (Cox et al., 2015). Isoprenoid biosynthesis
inhibitors or farnesyl transferase inhibitors can block Ras prenylation, in turn reducing Ras
signaling and preventing cellular growth. For example, in some human leukemia cells the
HMG-CoA reductase inhibitor lovastatin potentiates the cell toxicity of a checkpoint
inhibitor, which is abrogated by ectopic expression of constitutively active Ras leading to
elevated downstream ERK signaling (Dai et al., 2007).

At times some Ras isoforms can be geranylgeranylated when their farnesylation is blocked
(Whyte et al., 1997), suggesting that farnesyl transferase is not an ideal target for disrupting
Ras prenylation. Some groups have proposed combining farnesyl transferase inhibitors with
geranylgeranyl transferase inhibitors to achieve complete Ras blockade (Lobell et al., 2001).
However, another potential route to overcome this limitation is to utilize a prenyl synthase
inhibitor which acts upstream to deplete both farnesyl and geranylgeranyl diphosphate, and
block both routes of prenylation. For example, exposure to a lipophilic bisphosphonate
decreases the plasma membrane levels of K-Ras and H-Ras and leads to caspase dependent
apoptosis (Xia et al., 2014). Targeting only farnesyl transferase lacked clinical efficacy,
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therefore targeting multiple isoprenoid enzymes may be more advantageous (Cox et al.,
2015), provided that unwanted toxicity to healthy cells can be avoided through other means
such as tumor-specific delivery.

Although Ras is mutated in a number of cancers like pancreatic and lung adenocarcinomas
(McCormick, 2015, Padavano et al., 2015), the majority of prenylated proteins are not
mutated in cancer (Alan and Lundquist, 2013). Notable exceptions are that dominant
negative RhoA can be found in angioimmunoblastic T-cell lymphoma and mutated RhoH
can be found in non-Hodgkin lymphoma and multiple myeloma (Preudhomme et al., 2000,
Nagata et al., 2016). However, even these non-mutated prenylated proteins can still be
targets for cancer therapy because of their role in cell proliferation. Targeting prenylation
requires that both the protein and its prenylated state are important in proliferation. For
instance, Rac, which is a substrate of geranylgeranyl transferase I, has been shown to be
involved in proliferation and decreasing prenylation decreases proliferation (Baba et al.,
2008). Despite these advantages, it is challenging to identify the specific protein involved in
the pathway because many GTPases share effector and regulatory proteins and the
exogenous expression of one GTPase may influence the activity of other GTPases.

Taking those caveats into account, most studies have implicated geranylgeranylation of Rho
family proteins, specifically RhoA, as a mediator of the anti-proliferative effects of
geranylgeranyl diphosphate depletion. For example, depletion of geranylgeranyl diphosphate
interrupts the transition from G1 to S phase in thyroid cells by preventing a decrease in p27
expression (Hirai et al., 1997). The phenotype is rescued by co-incubation with exogenous
geranylgeranyl diphosphate. However, in the presence of botulinum C3 exoenzyme (which
specifically inhibits Rho proteins), geranylgeranyl diphosphate is unable to rescue the
phenotype. Thus, the authors concluded that geranylgeranylation of Rho is required for
proliferation of these cells.

In vascular smooth muscle cells, statins induce an apoptotic effect, which is rescued by co-
incubation with either farnesyl or geranylgeranyl diphosphate, indicating a role for
geranylgeranylation in the apoptotic mechanism. Overexpression of constitutively active
RhoA (L63) reduces the effect of the statin on apoptotic DNA laddering (Blanco-Colio et
al., 2002). In endothelial cells, statins potentiate apoptosis induced by tumor necrosis factor-
a. This effect is due to reduced RhoA geranylgeranylation, because the phenotype can be
mimicked by expression of a dominant negative RhoA construct (N19). More importantly,
the effect of the statin can be rescued by expression of constitutively active RhoA (L63)
(Tang et al., 2006). In osteosarcoma cells, statin treatment induces caspase-dependent
apoptosis. Here, the authors demonstrated that atorvastatin increases caspase activity, which
is rescued by constitutively active RhoA (V14) but not wild-type RhoA (Fromigue et al.,
2006). In a well-designed study, Allal et al. generated plasmids coding for farnesylated-
RhoA and farnesylated-RhoB in which the CAAX domain is mutated to a farnesylation
sequence (CVLS) as opposed to the normal geranylgeranylation sequence (CVLV). They
found that farnesylated-RhoB and not farnesylated RhoA evades Gy/G cell cycle arrest
induced by geranylgeranyl transferase inhibition (Allal et al., 2002). Together, these studies
provide mechanistic evidence for a requirement of not only Rho but also of Rho
geranylgeranylation for cell proliferation and survival.

Mol Membr Biol. Author manuscript; available in PMC 2017 August 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Agabiti et al.

Page 8

While disruption of RhoA geranylgeranylation resulting in mislocalization has negative
consequences on proliferation and survival, it is unclear in some cases whether disruption of
geranylgeranylation inhibits or activates RhoA signaling. For example, in HepG2 cells, a
decrease in RhoA activity is implicated in mediating apoptosis via lipophilic statins (Maeda
et al., 2010). These effects are rescued by addition of geranylgeranyl diphosphate. Similarly,
in colorectal cancer cells, treatment with a statin induces apoptosis, which is rescued by
exogenous geranylgeranyl diphosphate but not farnesyl diphosphate (Zhu et al., 2013). In
contrast to the HepG2 cells, partial rescue of the statin-induced phenotype is observed not
only with RhoA silencing, but also with Racl silencing, Racl inhibitors, and expression of
dominant negative Racl (N17). This led the authors to suggest not only that both RhoA and
Racl mediate the effects of statins in this system, but also that statins elevate (rather than
reduce) Rho and Rac signaling activity, which leads to apoptosis.

These results agree with a prior study that observed GTPase activation in macrophages that
had been treated with nitrogenous bisphosphonates. In the macrophage system, increases are
observed in RhoA, Racl, and Cdc42 GTP binding in response to isoprenoid depletion. The
authors propose that mislocalization of the improperly prenylated proteins may restrict their
ability to interact with their regulatory partners. Furthermore, in this system Rac1 silencing
was able to block the increase in p38 phosphorylation that was also observed (Dunford et al.,
2006).

The Ras family members RalA and RalB have also been implicated in the phenotypes
caused by inhibition of geranylgeranylation (Falsetti et al., 2007). Here, the authors
examined the mechanism of growth inhibition that was induced by geranylgeranyl
transferase type I inhibitors in pancreatic cancer cells. Treatment with the geranylgerany!l
transferase inhibitors causes anchorage-independent growth and induces apoptosis. These
studies used RalA and RalB constructs in which the CAAX prenylation signal had been
altered to allow these naturally geranylgeranylated proteins to be modified instead by
farnesylation. Interestingly, the farnesylated RalB construct rescued the apoptotic phenotype
while expression of the farnesylated RalA construct rescued the anchorage-independent
growth phenotype.

Rapl is another geranylgeranylated GTPase that may play a role in tumor malignancy.
While mechanistic studies demonstrating functional significance of Rapl prenylation to the
anti-proliferative phenotypes of isoprenoid biosynthesis inhibitors are lacking, the
development of antibodies to the non-prenylated form of Rapl have facilitated the /in vitro
study of geranylgeranylation by eliminating the need for preparing cytoplasmic and
membrane fractions for Western blot analysis. Rap1 is routinely used as a biomarker for
cellular geranylgeranylation, and is especially useful for in tissue studies in which tissue for
analysis is limited, precluding analysis by subcellular fractionation. For example, Rapl
geranylgeranylation was detected to be impaired by GGDPS inhibitors at metastatic sites in
the adrenal gland and mesenteric metastatic sites, while it was not altered in non-tumorous
adrenal glands. Corresponding with the inhibition of Rapl prenylation, mice treated with the
GGDPS inhibitor also show reduced tumor burden (Reilly et al., 2015a).
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An important advantage of GGDPS inhibition is the ability to impair geranylgeranylation of
proteins that are modified by both geranylgeranyl transferase type I, which I modifies Rho
family proteins like Rho, Rac, cdc42 and type 11, which modifies members of the Rab family
(Stigter et al., 2012). These proteins have been traditionally associated with regulation of
membrane trafficking, however there is recent evidence implicating Rab prenylation in the
anti-proliferative effect of isoprenoid depletion. For example, it has been reported that
overexpression of Rab27B can promote tumor growth (Hendrix et al., 2010). Mutants of
Rab27B that are deficient in their prenylation lack this effect.

The impact of Rab GTPases is also seen in inhibitor studies. Both zoledronate and a
geranylgeranyl transferase inhibitor decrease the membrane to cytoplasmic ratios of RhoA,
Cdc42 and Rab6. Most notably, the effects of zoledronate are similar to that of a
geranylgeranyl transferase Il inhibitor suggesting that the effects of zoledronate likely
depend on the geranylgeranylation of Rab proteins including Rab6. Zoledronate ultimately
induces apoptosis in some cells and S-phase cell cycle arrest in others. An inhibitor of
geranylgeranyl transferase Il also demonstrated a similar effect, and the authors suggested
that zoledronate-mediated apoptosis was driven by loss of Rab geranylgeranylation
(Okamoto et al., 2014).

In addition to roles in cell proliferation regulation, Rab geranylgeranylation has been
implicated in regulation of autophagy. Geranylgeranyl diphosphate depletion in response to
GGDPS inhibition increases expression of LC3-11 (Wasko et al., 2011, Dykstra et al., 2015),
indicative of autophagy (Tanida et al., 2008). Co-incubation with exogenous geranylgeranyl
diphosphate prevented accumulation of LC3-Il and impairment of Rab geranylgeranylation
caused by isoprenoid depletion. Dykstra found that geranylgeranyl transferase | inhibitor
(GGTI-2133) is not able to induce LC3-11 accumulation despite effective inhibition of
geranylgeranylation (Dykstra et al., 2015). Moreover, knockdown of GGDPS induces
autophagy and delays tumor growth in vivo (Jiang et al., 2014).

Conclusion

While many papers have shown that depletion of isoprenoids or small GTPases has a
negative impact on proliferation and viability, fewer have investigated whether the anti-
proliferative effects of isoprenoid depletion can be rescued by molecular manipulation of a
prenylated small GTPase. The more successful approaches have been to rescue proliferation
with either an alternatively prenylated construct or a constitutively active construct, or fail to
rescue with exogenous isoprenoid plus a dominant negative construct or inhibitor. In some
cases, GTPase mislocalization causes activation rather than inactivation, and the phenotype
can be directly rescued with a GTPase inhibitor. The studies described herein show that
although there are dozens of predicted geranylgeranylated proteins, the anti-proliferative
mechanism of geranylgeranyl diphosphate depletion can at times rest on mislocalization of a
single geranylgeranylated small GTPase. RhoA geranylgeranylation has been the most
frequently described critical lynchpin, but the phenomenon varies by model system, with
Rac, Ral, and even Rab geranylgeranylation mediating the anti-proliferative effects in some
models. By extension, inhibitors of GGDPS or the geranylgeranyl transferases may be most
relevant to indications that depend upon the function of RhoA or its related proteins. Future
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studies on the consequences of disrupting geranylgeranylation would be aided by molecular
approaches that identify the specific GTPase(s) involved.
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Figure 1. Location of geranylgeranyl diphosphate synthase (GGDPS) within the human
isoprenoid biosynthetic pathway

The first and rate-limiting step of human isoprenoid synthesis is the conversion of HMG-
CoA to mevalonate by HMG-CoA reductase (HMGCR). This enzyme is the molecular target
of the statin drugs. Several steps downstream, farnesyl diphosphate synthase (FDPS)
catalyzes the production of farnesyl diphosphate (FPP) from dimethylallyl diphosphate
DMAPP and two equivalents of isopentenyl diphosphate (IPP). This enzyme is the
molecular target of the nitrogenous bisphosphonates. Farnesyl diphosphate is a key branch
point of isoprenoid metabolism, giving rise to squalene in a reaction catalyzed by squalene
synthase (SQS) and geranylgeranyl diphosphate (GGPP) in the GGDPS reaction.
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Figure 2. Key feedback mechanismsthat control isoprenoid biosynthetic gene expression at the

transcriptional level

A) Sterol regulatory element-binding proteins (SREBPSs) regulate transcription of HMG-
CoA reductase and other enzymes of isoprenoid biosynthesis in response to cellular sterol
levels, which indirectly affects synthesis of geranylgeranyl diphosphate. B) Egr-1 regulates
transcription of isoprenoid biosynthesis in response to activation of the ERK pathway, which
directly regulates GGPDS expression at the transcriptional level.
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Figure 3. Structural evolution of GGDPSinhibitors
Small nitrogen-containing bisphosphonates are inhibitors of farnesyl diphosphate synthase

(FDPS). Lipophilic bisphosphonates can inhibit the enzymes of farnesyl diphosphate
metabolism, including GGDPS and squalene synthase. Branched bisalky! bisphosphonates
retain specificity for GGDPS. Non bisphosphonate inhibitors of GGDPS have also been

identified.
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Figure 4. Geranylgeranylation of small GTPasesincluding Rac, Rho, Rab, and Cdc42 promotes
localization to the membrane domain, affecting proliferation

Geranylgerany!| transferase | catalyzes the addition of geranylgeranyl diphosphate to the C-
terminus of Rho, Rac, or Cdc42 while geranylgeranyl transferase 11 catalyzes the addition of
one or two geranylgeranyl moieties to Rab GTPases. Rab GTPases are primarily involved in
vesicle trafficking, though disruption of Rab geranylgeranylation can affect cell viability and
proliferation. Rho, Rac, and Cdc42 are involved in proliferation in addition to adhesion and
migration regulation.

Mol Membr Biol. Author manuscript; available in PMC 2017 August 18.



	Abstract
	Introduction
	Expression and regulation of GGDPS
	Geranylgeranyl diphosphate synthase inhibitors
	GGDPS inhibitors as anti-proliferative agents targeting small GTPases
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

