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ABSTRACT
The isoprenoid biosynthetic pathway (IBP) plays a critical role in providing substrates and enzymes
necessary for the post-translational modification and thus activation of a number of proteins involved in
prostate cancer metastasis. Previous work by our lab found novel compound disodium [(6Z,11E,15E)-9-[bis
(sodiooxy)phosphoryl]¡17-hydroxy-2,6,12,16-tetramethyheptadeca-2,6,11,15-tetraen-9-yl]phosphonate
(GGOHBP), which inhibits the IBP enzyme geranylgeranyl diphosphate synthase (GGDPS), reduced protein
geranylgeranylation without altering protein farnesylation. This activity significantly reduced adrenal
gland tumor burden in a murine model of human prostate cancer metastasis which relied on treatment of
established disease. The present study determined the ability of GGDPS inhibition to slow the
development of prostate cancer metastasis in a preventative murine model. Using tail vein injection of
human derived PC-3 prostate cancer cells 4 d after initiating daily GGOHBP or vehicle treatments, we
found GGOHBP significantly reduced whole body tumor burden, significantly slowed the development of
tumors, and prolonged overall survival as compared to vehicle treated animals. The observed reduction in
soft tissue tumor burden corresponded to a biochemical reduction in Rap1A geranylgeranylation, which
for prostate cancer is important in its own merit and which serves as a surrogate marker for Rho family, i.e.
Rac, protein modification. This effect was present in all treated mice pointing to strong target
engagement, which was not observed in non-tumor burdened tissues or control mice. Our findings
reiterate a role for protein geranylgeranylation in the development of prostate cancer metastasis in vivo.
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Introduction

There are over 30,000 deaths from PCa each year in the United
States. Virtually all of these deaths result from tumor metasta-
ses that have spread beyond the initial site of tumor develop-
ment. Prostate cancer is often diagnosed early when treatment
with surgery and/or radiation has a good outcome. More
advanced disease is usually treated with androgen ablation
resulting in a castrate state.1 While hormone therapy na€ıve can-
cers typically have high response rates to androgen ablation, the
disease generally returns as castrate or hormone therapy resis-
tant prostate cancer which is invasive and lethal, typically caus-
ing death within 1–3 y.2,3

Many of the cellular processes required for prostate can-
cer metastasis rely on proteins of the isoprenoid biosyn-
thetic pathway (IBP, Fig. 1a). The IBP is commonly known
for its production of cholesterol but is also critical for the
post-translational modification and thus activation of the
Ras superfamily of small GTPases. Ras superfamily proteins
involved in the malignant cellular processes of prostate can-
cer metastasis include: RhoA, Rac1, and Cdc42 in cell
polarity4 and cell motility;5,6 RhoA and Rac1 in cell junc-
tions;7-10 RhoC in vascularization;11 and the Rho family in
intravasation.12,13 Each of these proteins require the post-

translational addition of a 20 carbon geranylgeranyl pyro-
phosphate (GGPP) moiety for proper spatio-temporal activ-
ity, a process known as geranylgeranylation.14,15

In particular Rho family member Rac1 is associated clini-
cally with PCa progression and metastasis. Lyons et al. demon-
strated Rac1 is central to androgen receptor activation under
ligand-free conditions and important for in vitro conversion to
a hormone resistant phenotype.15 These same authors had pre-
viously demonstrated that Rac1 activity was greater in andro-
gen independent cell lines,16 and that this activity was
instrumental in down regulating the tumor suppressor p21CIP1.
Another study examined clinical prostatectomy specimens and
found that increased levels of Rac proteins (Rac1, Rac2 and
Rac3) were associated with a decrease in disease-free survival.17

Additional studies of Rac associated signaling implicates Rac as
a crucial information integration point where enhanced signal
strength leads to advanced disease, metastatic spread, and poor
prognosis.18,19 Rac signaling is linked to progression to the hor-
mone resistant state by controlling communication between
genotropic and non-genotropic signaling in the proliferation of
PCa cells.20,21

A member of another family of signaling molecules, the Ras
family of proteins, is Rap1. The parent family member Ras
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undergoes post-translational modification with a 15 carbon IBP
intermediate (farnesylation), Rap1 however, is gernaylgerany-
lated. Rap1, specifically the isoform Rap1A, is involved in cellu-
lar signaling and cell adhesion.22 Signaling through Rap1A has
been implicated in cell proliferation of several cancers including
disease originating in breast and pancreas as well as mela-
noma.23-26 The study of Rap1A in tumor metastasis has dem-
onstrated more complex behavior. In a pancreatic cancer
model reduced Rap1A signaling reduced local invasion,24 while
in an osteosarcoma model reduction of Rap1A signaling pro-
moted an invasive phenotype.23 In prostate cancer it has been
demonstrated that activation of Rap1A promotes metastatic
behavior.27 Recently, reduction in Rap1A signaling by mi-
RNA-203 was shown to reduce proliferation, and invasive
behavior in prostate cancer cells.28

The IBP provides the substrates and enzymes critical for
protein geranylgeranylation.29-37 Clinically relevant inhibitors
of the pathway, including statins and nitrogenous bisphospho-
nates (NBP), are some of the most prescribed drugs and have
numerous effects. The statins are inhibitors of the early rate
limiting step in the IBP catalyzed by 3-hydroxy-3-methylglu-
taryl coenzyme A reductase (HMGR), and are prescribed
worldwide for treatment of hypercholesterolemia. The lipo-
philic statins inhibit HMGR predominantly in the liver and
reduce farnesyl pyrophosphate flux through to cholesterol ulti-
mately reducing plasma cholesterol. Pleotropic effects of the
statins have been implicated through epidemiological studies

for their ability to reduce the risk of prostate cancer progres-
sion.35,36, 38-41

The NBP are used to treat osteoporosis and bone metastatic
disease associated with cancers of the breast and prostate.42

These compounds are hydrophilic and bind tightly to bone
mineral with the bulk of the dose being removed from the sys-
temic circulation very rapidly and eliminated via the kidneys.43

The bone bound compound is released slowly as bone turnover
occurs and has a pharmacodynamic effect predominantly in
the bone milieu.43 The NBP are competitive inhibitors of the
IBP enzyme farnesyl pyrophosphate synthase directly reducing
the amount of FPP available for conversion to GGPP, protein
farnesylation, and other downstream metabolism.44,45 Interest-
ingly, even though most of the effects are thought to occur in
the bone there is evidence of systemic effect on the cancer phe-
notype. A significant reduction in breast cancer recurrence was
found in a large meta-analysis study of adjuvant NBP treatment
early in the disease.46-48 In these studies the NBP zoledronic
acid reduced both bone and distant metastatic recurrence of
breast cancer and improved disease free survival in post-meno-
pausal woman.49

Previously, our lab reported the synthesis of several inhibi-
tors of the IBP enzyme geranylgeranyl diphosphate synthase
(GGDPS). This enzyme directly converts FPP to GGPP and is
thus the most relevant IBP enzyme target for the reduction of
protein geranylgeranylation. The library of GGDPS inhibitors
include digeranyl bisphosphonate (DGBP, Fig. 1b) and

Figure 1. Clinically relevant inhibitors of the isoprenoid biosynthetic pathway (IBP) (a) Statins inhibit HMG CoA reductase, consequently reducing the entire IBP. Nitroge-
nous bisphosphonates inhibit FPP synthase (FDPS), consequently reducing FPP, GGPP, farnesylation, and geranylgeranylation. Our novel isoprenoid bisphosphonate com-
pounds (b) DGBP and (c) GGOHBP inhibit GGPP synthase (GGDPS), consequently reducing only GGPP and protein geranylgeranylation.
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disodium [(6Z,11E,15E)-9-[bis(sodiooxy)phosphoryl]-17-
hydroxy-2,6,12,16-tetramethyheptadeca-2,6,11,15-tetraen-9-yl]
phosphonate (GGOHBP, Fig. 1c). In vitro work in the human
breast cancer cell line MDA-MB-231 found DGBP to inhibit
cell migration.50 The compound DGBP was also shown to
induce autophagy in the PC-3 human prostate cancer cell
line.51 More recently, GGOHBP was used in a treatment model
of human prostate cancer metastasis. In this mouse model the
22Rv1-luc prostate derived cell line was injected via the inter-
cardiac route and established metastatic tumors in adrenal
gland, bone and additional sites. In this experiment GGOHBP
significantly reduced established adrenal gland tumor weights
while no effect on bone metastatic sites was observed.52

Because our novel bisphosphonates lack parts of the
bone targeting portion of the clinical NBP we hypothesized
that they may be more available for action at extra-skeletal
sites. Herein we report activity of GGDPS inhibition in pre-
venting the development of metastatic lesions in a model of
prostate cancer metastasis using tail vein injection of the
PC-3-luciferase tagged cell line. This cell line and route of
tumor inoculation has been adapted to give soft tissue
tumor metastasis preferentially.53 Our previous work has
shown that compounds like GGOHBP are not very toxic to
cancer cells but that lower doses will reduce protein gera-
nylgeranylation of Rho family proteins. For this reason we
decided to test GGOHBP in a preventative model setting
where drug treatment is begun prophylactically affording us
the best chance of observing an effect on Rho protein
involvement in metastatic colonization.

Results

GGOHBP reduced Rap1A and Rab6 geranylgeranylation
without altering Ras farnesylation

In isolated GGDPS enzyme assays, DGBP and GGOHBP
reduced GGDPS activity with IC50s of 0.2 mM and 0.8 mM
respectively (Fig. 2a). Analysis of compound cytotoxicity by
MTT activity found DGBP and GGOHBP caused comparable
reductions in the luciferase-expressing PC-3 cell line (Fig. 2b).
Following 48 hrs of treatment, DGBP reduced MTT activity
below 80% at 1 mM as compared to 10 mM GGOHBP, while
neither reduced activity below 50% until 100 mM (Fig. 2b).

Prior to GGOHBP use in a preventative animal study, its
effects on farnesylation and geranylgeranylation in the lucifer-
ase-expressing PC-3 cell line were tested by Western blot analy-
sis of Ras, Rap1A, and Rab6. The anti-Ras and anti-Rab6
antibodies detect both the unprenylated (aqueous) and preny-
lated (detergent) forms, requiring an additional separation by
TX-114. The anti-Rap1A antibody detects the unprenylated
form, a band indicating a reduction in Rap1A geranylgeranyla-
tion. As shown by the lack of an aqueous band in combination
with no change in the detergent band density, GGOHBP at
1 mM did not alter Ras farnesylation (Fig. 2c). Conversely,
GGOHBP reduced Rap1A geranylgeranylation detectibly at
0.4 mM as compared to 0.1 mM DGBP (Fig. 2d). Finally,
GGOHBP reduced Rab6 geranylgeranylation at 1 mM as shown
by an aqueous band (Fig. 2e). Moving into preventative animal
studies, GGOHBP was chosen as the compound of interest due
to its previous success in established soft tissue tumors as well

Figure 2. Novel compound GGOHBP inhibits Rap1A and Rab6 geranylgeranylation without altering Ras farnesylation (a) GGDPS enzyme inhibition and (b) MTT activity of
the luciferase-expressing PC-3 cell line following 48 hr treatment with the indicated concentrations of each compound. Representative Western blot analysis of (c) Ras,
(d) Rap1A, and (e) Rab6 following 48 hr treatment with the indicated concentrations of each compound in the luciferase-expressing PC-3 cell line. The anti-Ras and anti-
Rab6 antibodies detect the unprenylated (aqueous) and prenylated (detergent) forms of Ras and Rab6, requiring separation by TX-114 detergent. The anti-Rap1A anti-
body detects the unprenylated form of Rap1A. Experiments were performed in triplicate. Error bars indicate standard deviation.
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as its comparable inhibition to DGBP in vitro with an improved
therapeutic index in vivo.52

GGOHBP significantly slowed tumor development in a
preventative murine model of human prostate
cancer metastasis

The preventative model of prostate cancer metastasis was initi-
ated via tail vein injection of the luciferase-expressing PC-3 cell
line 4 d after daily GGOHBP or vehicle treatment began. Due
to the previously published observed toxicity of GGOHBP at
1.5 mg/kg daily in the presence of a high tumor burden in
mice,52 GGOHBP was given at 1.25 mg/kg daily. Table 1 shows
the distribution of tumors as determined by ex vivo biolumines-
cence imaging (BLI). Analysis of all mice found lung, mesen-
teric, and liver tumors to be most common at 70.6%, 47.1%,
and 41.2% respectively (Table 1). Tumors were additionally
found in the thoracic cavity, adrenal glands, heart, kidney,
lower back region, diaphragm, thigh, scapula region, and mid
back region to varying degrees (Table 1). Despite the assign-
ment of mice to treatment and vehicle-treated groups prior to
tumor development, the distribution of tumors between the
control and treatment groups was fairly equal (Table 1).

Representative weekly BLIs of control and treated mice are
shown in Fig. 3a. The dashed red line indicates a required tem-
porary switch to an AMI instrument at weeks 5 and 6. Tumors
became visible beginning at week 4 (Fig. 3a). As shown, the
control mice trended toward a greater number of tumors as
compared to the treated mice (Fig. 3a, week 11). Analysis of
whole body photon counts during weeks 1-7 while all mice
were still part of the study found a clear separation between the
control (solid line) and treatment (dashed line) groups, with
the control mice developing tumors more quickly than the
treated mice (Fig. 3b). By week 7 treated mice had significantly
(P < 0.05) lower whole body photon counts as compared to the
control mice (Fig. 3b). Following imaging at week 7, mice began
to be removed from the study due to weight loss greater than
20% and/or illness (Fig. 4e). Consequently, the averaged whole
body photon counts within the control and treated groups
became highly variable from week-to-week (Fig. 3c). In spite of
variability, the treated mice continued to show a trend toward a
reduction in whole body photon counts as compared to the
control mice for the remainder of the study (Fig. 3c).

Since the study was intended to analyze the effects of
GGDPS inhibition on the development of tumors, all mice
were monitored by weekly BLI for a whole body photon count
greater than 107, 108, or 109 (Fig. 4a-c). As shown by Kaplan
Meier plots, the treated mice took significantly longer to
develop whole body photons counts greater than 107 (P < 0.05,
Fig. 4a), 108 (P < 0.005, Fig. 4b), or 109 (P < 0.05, Fig. 4c) as
compared to the control mice. At the end of the study, 8 out of
9 control mice (88.9%) had whole body tumor burdens greater
than 109 (Fig. 4c) while only 3 out of 8 treated mice (37.5%)
showed this level of tumor burden.

Considering the significant issue of weight loss in a previ-
ously published study using GGOHBP in mice with a high
tumor burden,52 weight was of high concern despite using a
lower dose of GGOHBP. As shown by the averaged weights of
control (solid line) and treated (dashed line) mice in Fig. 4d,
daily treatment with 1.25 mg/kg GGOHBP for up to 135 d did
not cause significant weight loss. Correspondingly, the Kaplan
Meier survival curve showed a notable, albeit non-significant
(P D 0.0518), increase in the survival of the treated mice as
compared to the control mice (Fig. 4e).

Rap1A geranylgeranylation was reduced in all soft tissue
tumors of treated mice and not in non-tumor burdened
tissues or control mice

Next, we analyzed the effects of GGOHBP on Rap1A geranyl-
geranylation in non-tumor burdened and tumor burdened tis-
sues by Western blot analysis using the anti-Rap1A antibody
previously described. As shown by the lack of a Rap1A band
compared to the positive control GGOHBP treatment in lucif-
erase-expressing PC-3 cells, all non-tumor bearing heart
(Fig. 5a), liver (Fig. 5b), kidney (Fig. 5c), adrenal glands
(Fig. 5d), and lung (Fig. 5e) tissues of control and treated mice
showed no detectable alterations in Rap1A geranylgeranylation.
Conversely, the lung tumors (Fig. 6a), thigh tumors (Fig. 6b),
mesenteric tumors (Fig. 6c), kidney tumors (Fig. 6d), liver
tumors (Fig. 6e), heart tumors (Fig. 6f), thoracic cavity tumors
(Fig. 6g), adrenal gland tumors (Fig. 6h), scapula region tumors
(Fig. 6i), lower back region tumors (Fig. 6j), and diaphragm
tumors (Fig. 6k) showed a reduction of Rap1A geranylgeranyla-
tion in all treated mice and none of the control mice.

Discussion

Previously published work by our lab found novel compound
GGOHBP to significantly reduce the weight of established adre-
nal gland tumors in treated mice as compared to control mice.52

However, this prior study failed to identify an effect of GGOHBP
to alter established bone tumors. We believe this is due to a
reduced bone affinity of the novel GGDPS inhibitor compared to
the clinically used NBPs. Consequently, in the treatment experi-
ment the large tumor burden in the bones masked any effects of
GGOHBP on whole body tumor burden.52 In our present study
we found GGOHBP significantly reduced whole body tumor bur-
den, increased time until tumors developed, and prolonged over-
all survival. The observed discrepancy between the 2 animal
models was likely due to dissimilar tumor distribution and the
use of luciferase-expressing PC-3 cells as compared to luciferase-

Table 1. Distribution of tumors as determined by ex vivo BLI. Sites of metastasis
are ordered from most common to least common presentation in all mice.

Site of metastasis
Percentage of
total mice

Percentage of
control mice

Percentage of
treated mice

lung 12/17 (70.6%) 7/9 (77.7%) 5/8 (62.5%)
mesentery 8/17 (47.1%) 4/9 (44.4%) 4/8 (50.0%)
liver 7/17 (41.2%) 4/9 (44.4%) 3/8 (37.5%)
thoracic cavity 6/17 (35.3%) 2/9 (22.2%) 4/8 (50.0%)
adrenal glands 5/17 (29.4%) 3/9 (33.3%) 2/8 (25.5%)
heart 5/17 (29.4%) 4/9 (44.4%) 1/8 (12.5%)
kidney 4/17 (23.5%) 3/9 (33.3%) 1/8 (12.5%)
lower back region 4/17 (23.5%) 3/9 (33.3%) 1/8 (12.5%)
diaphragm 3/17 (17.6%) 1/9 (11.1%) 2/8 (25.5%)
thigh 2/17 (11.8%) 0/9 (0.0%) 2/8 (25.5%)
scapula region 2/17 (11.8%) 2/9 (22.2%) 0/8 (0.0%)
mid back region 1/17 (5.9%) 1/9 (11.1%) 0/8 (0.0%)
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Figure 3. Mice receiving daily treatment of GGOHBP have a reduced whole body tumor burden as shown by BLI (a) Representative weekly BLI of control mouse C4M5 and
treated mouse C2M2. The red dashed line indicates the missing photographs from weeks 5 and 6 due to a required temporary switch to the AMI instrument. Control
mouse C4M5 died during imaging on day 75 (week 11) whereas treated mouse C2M2 was removed from the study on day 117 (between weeks 16 and 17). (b) Whole
body photon counts averaged within the vehicle-control (solid line) and GGOHBP (dashed line) treated groups during weeks 1-7 when all mice were alive. (c) Whole
body photon counts for the entirety of the study (weeks 1-19) averaged within the control and treated groups. Statistical significance indicated as � (P < 0.05) as deter-
mined by Student’s T Test. Error bars indicate standard deviation. N D 9 control vehicle-treated mice. N D 8 GGOHBP treated mice.

Figure 4. GGOHBP significantly slowed tumor development and prolonged overall survival Time until a whole body tumor burden of greater than (a) 107, (b) 108, or (c)
109 photon counts was detected for each mouse. (d) Weight of mice averaged within the control and treated groups. (e) Kaplan-Meier survival curve. Statistical signifi-
cance indicated as � (P < 0.05) and �� (P < 0.005) as determined by Student’s T Test. Error bars indicate standard deviation.
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expressing 22Rv1 cells in the previous study. Our present study
inoculated mice with PC-3-luc cells via tail vein injection, a
method previously shown to favor soft tissue tumors. Addition-
ally, we began daily GGOHBP or vehicle treatment 4 d prior to
tumor injection, allowing us to study GGOHBP as a preventative
of prostate cancer metastasis as opposed to a treatment of high
tumor burden as published previously.

We decided use the PC-3 tail vein model with prophylactic
treatment for several reasons. Firstly, the preventative dosing
allowed the maximal response to the effects of GGOHBP to be
observed. It was interesting to us that we saw only soft tissue
effects in the 22Rv1 model. In this prior study using a treatment
schedule where we waited for the tumors to establish we only
saw a decrease in the adrenal gland tumors. Other sites of soft
tissue metastasis were not prevalent enough to see any real dif-
ference, and the total tumor burden in all cases was driven by
large metastatic burden in the jaw/maxillary region. While we
believed that the nature of our compounds would allow higher
distribution to extra-skeletal sites the complete lack of effect on
tumor burden in the bone was striking. Several prior studies

had documented increasing soft tissue tumor burden with pro-
phylactically delivered bisphosphonates in breast cancer bone
metastasis models.54,55 Other models have shown conflicting
results with one study showing an increase in skeletal tumor
burden after treatment with pamidronate (a potent nitrogen
bisphosphonate).56 In the pamidronate study increased tumor
burden in bone was accompanied by an increase in trabecular
bone matrix.

Tumor inoculation by tail vein injection of the luciferase-
expressing PC-3 cell line led to tumor development in soft
tissues with no development in bone. In spite of assigning
the control and treatment groups 4 d prior to tumor inocu-
lation there was a fairly equal distribution of tumors
between the 2 groups. Unlike our previous murine study
using a higher dose of GGOHBP, weight loss was not an
issue at 1.25 mg/kg daily for up to 135 d. The stability in
weight observed in the present study was likely due to the
intentional reduction of GGOHBP dosage. However, the
mice in the previous murine study had a high tumor bur-
den from the start of treatment, while the present

Figure 5. Rap1A geranylgeranylation is not altered in non-tumor burdened heart, liver, kidney, adrenal glands, and lung tissues of GGOHBP treated mice Representative
Western blot analysis of Rap1A in non-tumorous (a) heart, (b) liver, (c) kidney, (d) adrenal glands and (e) lung tissues from control and treated mice. Control mouse C4M5
had too high of a lung tumor burden to collect non-tumorous lung tissue and so was not included. The anti-Rap1A antibody detects the unprenylated form of Rap1A as
shown by the positive control GGOHBP treatment in luciferase-expressing PC-3 cells.
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preventative study showed lower and slower tumor develop-
ment, likely also accounting for the stable weights.

In our previous in vitro work on the IBP we have rou-
tinely used Rap1A geranylgeranylation as a biomarker of
target engagement. Because of the connection of Rap1A sig-
naling and prostate cancer metastasis27 as well its utility as
a surrogate marker to assess for Rho family geranylgerany-
lation we utilized it in these current studies. Western blot
analysis of non-tumor burdened and tumor-burdened tis-
sues found a reduction in Rap1A geranylgeranylation in all
tumors in the treatment group but none of the control

mice or non-tumor bearing tissues. This robust pattern of
target engagement in the tumor xenografts is likely due to
the high expression of the Rap1A protein in the tumor cells.
This anti-body has been shown to react with both human
and murine Rap1A protein ruling out this as a source of
the large differences in signal.52 Consequently, the observed
prolongation of time until tumors developed in the treated
mice was likely due to the corresponding reduction in pro-
tein geranylgeranylation. Direct cytotoxic or growth inhibit-
ing effects of GGOHBP accounting for the observed
reduction in metastatic tumor burden cannot be ruled out.

Figure 6. Rap1A geranylgeranylation is reduced in all soft tissue tumors of GGOHBP treated mice Representative Western blot analysis of Rap1A in (a) lung tumors, (b)
thigh tumors, (c) mesenteric tumors, (d) kidney tumors, (e) liver tumors, (f) heart tumors, (g) thoracic cavity tumors, (h) adrenal gland tumors, (i) scapula tumors, (j) lower
back tumors, and (k) diaphragm tumors of control and treated mice. The anti-Rap1A antibody detects the unprenylated form of Rap1A as shown by the positive control
GGOHBP treatment in luciferase-expressing PC-3 cells.
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However, GGOHBP shows minimal effect on MTT activity
in the luciferase-expressing PC-3 cells in vitro, suggesting it
is not especially cytotoxic to these tumor cells.

In conclusion, we found GGOHBP inhibition of GGDPS
significantly slowed soft tissue metastatic tumor develop-
ment and increased the survival of treated mice in a pre-
ventative murine model of human prostate cancer
metastasis. This reduction in soft tissue tumor burden cor-
responded to a biochemical reduction in Rap1A geranyl-
geranylation that was not seen in non-tumor burdened
tissues or control mice, reiterating a role for protein gera-
nylgeranylation in prostate cancer progression. Our studies
here are limited to Rap1A as a biomarker of mechanism
engagement with GGOHBP. It is not immediately clear if
reduction in geranylgeranylated Rap1A is directly respon-
sible for the decreased tumor burden or if other mecha-
nisms are at play. It will be interesting to look at changes
in total protein levels for this signaling molecule as well as
the modified and unmodified levels of other key Rho fam-
ily members such as Rac1 under these conditions. Studies
aimed at the elucidation of the roles of other Rho family
proteins in the effects of treatment with inhibitors of
GGDPS are ongoing.

Materials and methods

Cell culture

Luciferase-expressing PC-3 cells were obtained from Perki-
nElmer (Boston, MA) and maintained in F12-K media supple-
mented with 10% heat-inactivated FBS, 1% L-glutamine, 1%
amphotericin B, and 1% pen-strep (Life Technologies, Grand
Island, NY). Cells were grown at 37�C with 5% CO2, split
weekly, and discarded after 8 passages.

GGDPS enzyme assays

GGDPS enzyme assays were implemented as previously
described.57 Briefly, enzymes were diluted to 2 mg/mL in
10 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 1mM
TCEP, and 5 mg/mL BSA and pre incubated with inhibitors in
the reaction buffer (0.5 mM TCEP, 50 mg/mL BSA, 50 mM
Tris pH 7.7, and 2 mM MgCl2) for 10 minutes at room temper-
ature. Enzyme assay reactions were initiated by the simulta-
neous addition of 10 mM FPP and 10 mM14 C-IPP and allowed
to proceed at 37�C for 15 min, at which point no more than
20% of the substrate was used. Reactions were terminated by
the addition of 200 mL saturated NaCl (1 g NaCl in 2.8 mL
double deionized water) and isoprenoids were extracted with
1 mL saturated butanol. Liquid scintillation counting was used
to detect incorporated14C.

MTT activity assays

Luciferase-expressing PC-3 cells were plated in a 96-well plate
at 10,000 cells/well in supplemented F12-K media and given 24
hrs to adhere before initiating treatment with the indicated
concentrations for 44 hrs. After 3-(4,5-dimethylthiazole-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was added at 0.6 mg/

mL, the plates were incubated at 37�C for 4 hrs followed by the
addition of MTT stop solution (80% 2-propanol, 10% Triton
X-100, and 10% 1N HCl) with gentle agitation overnight.
Absorbance was measured at 540 nm with a 650 nm reference
wavelength.

TX-114 separation58

After 48 hrs of treatment, luciferase-expressing PC-3 cells were
lysed in Triton X-114 (TX-114) detergent (1% TX-114,
150 mM NaCl, 20 mM Tris). Lysates were incubated at 37�C
until they became cloudy at which point they were centrifuged
for 2 min at 14,000 g and immediately separated into their
aqueous (supernatant) and detergent (pellet) phases. TX-114
was added to the aqueous phases at 1% of the volume. Buffer B
(150 mM NaCl and 20 mM Tris) was added to the detergent
phases to bring them to 1=4 the volume of their respective aque-
ous phases. Both phases were incubated at 37�C until they
became cloudy followed by centrifugation at 14,000 g for
2 min, immediate separation of the aqueous and detergent
phases, and the addition of TX-114 or Buffer B respectively,
repeating an additional 3 times. Following the final separation
of phases, Buffer B was added to the detergent phases to bring
them to the same volume as their respective aqueous phases.
TX-114 was not added to the final separation of the aqueous
phases. Protein levels were quantified using the BCA assay
method.59

Western blot analysis

Luciferase-expressing PC-3 cells were plated at 1 million cells/
plate in 60 mm culture dishes for 24 hrs followed by treatment
with the indicated concentrations of compounds for 48 hrs.
Cells were lysed in RIPA buffer (0.15 M NaCl, 0.05 M Tris
HCl, 1% w/v sodium deoxycholate, 1% w/v SDS, 1% w/v TX-
100, and 1 mM EDTA) or TX-114 detergent as indicated, both
supplemented with 1:100 phenylmethylsulfonyl fluoride and
protease inhibitor cocktail. Protein levels were quantified by
the BCA assay method.59 Equal protein quantities were
resolved by SDS-polyacrylamide gel electrophoresis and trans-
ferred at 4�C overnight onto polyvinylidene fluoride mem-
branes. Membranes were blocked in 5% non-fat dry milk
diluted in TBS-TW at 37�C for 45 min. The anti-pan-Ras
(diluted 1:200), anti-Rap1A (diluted 1:250), anti-Rab6 (diluted
1:200), anti-b-tubulin (diluted 1:250), and anti-calnexin
(diluted 1:1000) primary antibodies were incubated on a rotis-
serie at 4�C overnight. Secondary antibodies were diluted
1:2000 and incubated on a rotisserie at 37�C for 1 hr. Proteins
were visualized using ECL detection (GE Healthcare, Bucking-
hamshire, UK). Anti-pan-Ras was obtained from BD Bioscien-
ces (San Jose, CA). Anti-Rap1A (sc-1482), anti-Rab6 (sc-310),
anti-b-tubulin (sc-9140), anti-calnexin (sc-23954) and second-
ary antibody donkey anti-goat IgG-HRP (sc-2033) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Secondary HRP-conjugated anti-mouse (NXA931) and anti-
rabbit (NA934) were obtained from GE Healthcare (Bucking-
hamshire, UK).
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Preventative metastatic murine model

All animal work was completed in accordance with University
of Iowa Animal Care and Use Committee policies. Male SCID
mice aged 6-8 weeks were randomized into 2 groups prior to
treatment (treatment group N D 8, and control group N D 9).
Daily subcutaneous injections of 1.25 mg/kg GGOHBP or the
PBS-vehicle began on day 1. Four days later, 6 £ 106 luciferase-
expressing PC-3 cells were injected into the tail vein of each
mouse. Tumor burden was monitored weekly using biolumi-
nescence imaging (BLI). Following a greater than 20% weight
loss or poor body condition, mice were euthanized, ex vivo BLI
completed, and all adrenal glands, kidneys, liver, lungs, heart
and any tumors identified by ex vivo BLI were collected.

Tissue harvesting and lysing

Frozen non-tumor burdened and tumor-burdened tissues were
thawed on ice and weighed. Tissue aliquots of approximately
0.05 g were collected and lysed in RIPA buffer (0.15 M NaCl,
0.05 M Tris HCl, 1% w/v sodium deoxycholate, 1% w/v Triton-
X 10, 1 mM EDTA) containing 1:100 protease inhibitor cock-
tail and phenylmethylsulfonyl fluoride. Tissues were sonicated,
incubated at room temperature for 30 min with constant agita-
tion, and centrifuged at 14000 g for 20 min at 4�C, collecting
the supernatant and repeating centrifugation.
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