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Geranylgeranyl diphosphate synthase inhibition
induces apoptosis that is dependent upon GGPP
depletion, ERK phosphorylation and caspase activation

Sherry S Agabiti', Jin Li' and Andrew J Wiemer*'?

Bisphosphonates are diphosphate analogs that inhibit the intermediate enzymes of the mevalonate pathway. Here, we compared
the effects of a farnesyl diphosphate synthase inhibitor, zoledronate, and a geranylgeranyl diphosphate synthase (GGDPS)
inhibitor, digeranyl bisphosphonate (DGBP), on lymphocytic leukemia cell proliferation and apoptosis. Both zoledronate and
DGBP inhibited proliferation with DGBP doing so more potently. DGBP was markedly less toxic than zoledronate toward the
viability of healthy human peripheral blood mononuclear cells. Addition of GGPP, but not farnesyl diphosphate (FPP), prevented
the anti-proliferative effects of DGBP. Both GGPP and FPP partially rescued the effects of zoledronate. Co-treatment with DGBP
and zoledronate was antagonistic. To further assess the effects of the bisphosphonates, we analyzed annexin V and propidium
iodide staining via flow cytometry and found that DGBP induced apoptosis more potently than zoledronate. Western blots show
that DGBP treatment altered expression and membrane affinity of some but not all geranylgeranylated small GTPases, activated
caspases and increased ERK phosphorylation. Importantly, the anti-proliferative effects of DGBP were blocked by treatment with a
caspase inhibitor and by treatment with a MEK inhibitor. Together, our findings indicate that DGBP is a more potent and selective
compound than zoledronate in inducing apoptosis mediated through pathways that include caspases and MEK/ERK. These

findings support the further development of GGDPS inhibitors as anticancer therapeutics.
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Bisphosphonates are used widely for treatment of osteoporo-
sis and other indications related to bone and calcium
metabolism."™ These compounds are structural analogs of
diphosphates that are resistant to metabolism because they
contain a carbon atom in place of the connecting oxygen atom
normally found in the diphosphate.®* The bisphosphonate
structure is critical for binding to the active sites of pharma-
cological targets including the enzyme farnesyl diphosphate
synthase (FDPS).>® At the same time, the bisphosphonate
structure impacts the pharmacokinetics of these drugs as it
has a strong affinity for binding to calcium, thus promoting
bone distribution.” These compounds primarily function by
inhibiting cellular functions in the bone microenvironment. This
is especially important for osteoporosis therapy because
bisphosphonates can reduce osteoclast-mediated bone
resorption and ultimately strengthen bone density.>®

As a result of its activity in the bone microenvironment, the
third generation bisphosphonate zoledronate also has
become useful for treatment of metastatic bone disease
associated with solid tumors,®'® as well as multiple
myeloma.'®™'7 It is thought that zoledronate functions to
reduce the cellular intermediates of isoprenoid biosynthesis
including farnesyl diphosphate (FPP) and geranylgeranyl
diphosphate (GGPP), which are required for cell proliferation
(Figure 1)."®9 This disrupts protein geranylgeranylation, a
process often required for malignant cell growth.?%22

However, the mechanisms by which depletion of isoprenoids
in transformed cells inhibits proliferation remain unclear. In
addition, the possibility remains that zoledronate or other
bisphosphonates may also be used for other malignancies,
which have bone complications, such as acute T lymphocytic
leukemia.?>28

Bisphosphonates may ultimately be beneficial for leukemia
therapy because leukemia patients frequently experience
bone pain because of accumulation of the leukemia cells in the
bone and joints.28 In addition, a substantial number of patients
experience hypercalcemia, in particular those with leukemias
derived from T cells.?® Therefore, bisphosphonates may offer
two disease-modifying mechanisms to T-cell leukemia — direct
inhibition of leukemia cell proliferation that results from their
inhibition of isoprenoid biosynthesis®® and relief from hyper-
calcemia that results from their binding to calcium ions.”

Although the clinically used bisphosphonates inhibit the
enzyme FDPS,3%"3* we have recently explored a new class of
bisphosphonates including digeranyl bisphosphonate (DGBP;
Figure 1), which target the subsequent enzyme in the
mevalonate pathway,®® geranylgerany! diphosphate synthase
(GGDPS).%538 The downstream molecular target affords the
opportunity to retain the anti-proliferative characteristics of
zoledronate, which can result from depletion of GGPP while
reducing potential side effects that may occur from depletion of
FPP. Here, we evaluate the efficacy by which these two
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Biosynthesis of GGPP and known isoprenoid biosynthesis pathway inhibitors. Bisphosphonates such as zoledronate and DGBP inhibit isoprenoid biosynthesis by

targeting the enzymes FDPS and GGDPS, respectively. Isopentenyl diphosphate isomerase (IDI) catalyzes the isomerization of isopenteny! diphosphate (1) into DMAPP (2).
FDPS then takes one equivalent of DMAPP and two equivalents of isopentenyl diphosphate to form FPP (3) (R = H). This step can be inhibited by zoledronate (5). GGDPS then
catalyzes the condensation of FPP and isopentenyl diphosphate to form GGPP (4) (R = H). This step can be inhibited by novel inhibitor DGBP, thus depleting levels of GGPP

classes of bisphosphonates induce cell death in T lymphocytic
leukemia and provide insights into the mechanisms through
which depletion of isoprenoids leads to leukemia cell death.

Results

DGBP inhibits proliferation of lymphocytic leukemia cell
lines more potently than zoledronate. We first compared
the effects of two nanomolar inhibitors: zoledronate (a potent
clinical inhibitor of FDPS)*® and DGBP (a specific experi-
mental inhibitor of GGDPS)®” on the proliferation of T-cell
leukemia lines. Treatment of either Molt-4 or Jurkat cells with
varied concentrations of either compound for 72 h dose-
dependently inhibited cell proliferation (Figures 2a and b). In
both the Molt-4 and Jurkat cell lines, the anti-proliferative
effect of DGBP was stronger than that of zoledronate
(half-maximal inhibitory concentration (ICso) of DGBP
=15uM in Molt-4 cells and 30 uM in Jurkat cells, I1C5q of
zoledronate =52 uM in Molt-4 cells and 81 uM in Jurkat cells)
(Table 1). Both compounds were more potent against
proliferation of these lymphocytic cell lines compared with
myeloid leukemias, for which concentrations above 100 uM
were required.*° This surprising effect suggests that lympho-
cytic leukemias are more sensitive to isoprenoid depletion
relative to myeloid leukemias and that inhibition of GGDPS is
more anti-proliferative than inhibition of FDPS.

Zoledronate but not DGBP decreases viability of primary
PBMCs. To determine whether the compounds have prefer-
ential effects on viability of malignant versus normal cells, we
tested zoledronate and DGBP for toxicity against primary
human peripheral blood mononuclear cells (PBMCs). In
contrast to the pattern observed in the leukemia cell lines,
zoledronate exhibited a stronger cytotoxic effect against the
primary cells than DGBP (Figure 2c). The 72-h ICgq of
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zoledronate against PBMCs was 63 uM, whereas the 1C5, for
DGBP was 1200 uM. A therapeutic index was determined for
each drug by calculating the ratio of the ICsq values in the
leukemia cell lines versus PBMCs (Table 1), which demon-
strates that in contrast to zoledronate, which offers no
selectivity, DGBP is much more selective (80- to 40-fold)
against actively proliferating leukemia cells over resting
primary blood cells. This finding also suggests that inhibition
of FDPS by zoledronate results in cytotoxic effects in addition
to the anti-proliferative effects caused by its depletion of GGPP.

GGPP is required for proliferation. To confirm target
engagement in these cells, we performed add-back experi-
ments by treatment of the cells with either of the two
bisphosphonates for 72 h in the presence or absence of
exogenous GGPP or FPP. As expected, co-treatment with
GGPP fully prevented the anti-proliferative effect of the
GGDPS inhibitor, DGBP, whereas FPP did not. In these
cells, treatment with GGPP resulted in a partial rescue of the
zoledronate anti-proliferative effect, as did FPP (Figure 2d).
Thus, zoledronate exerts its anti-proliferative effects in part
via depletion of GGPP.

The combination of DGBP and zoledronate is antagonistic in
Molt-4 cells. To determine if the combination of DGBP and
zoledronate more strongly inhibits proliferation of Molt-4 cells,
we treated cells for 72h with varied doses of the two
compounds in a constant ratio determined by their respective
potencies. Previously, in the K562 myeloid leukemia line, we
observed weak synergy between the two compounds.*'
However, in the Molt-4 T-cell leukemia line, we observed
strong antagonism with this combination (Figures 2e and f).
Here, the combination index values at the experimental
concentrations ranged from 2 to 5 (Supplementary Table S1).
Therefore, the use of dual inhibitors of the FDPS and GGDPS
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Figure2 DGBP and zoledronate inhibit proliferation of malignant T lymphocytic cells through depletion of GGPP. (a-c) Dose-response curves for Molt-4 and Jurkat cells, and
PBMC, treated with either DGBP or zoledronate. Cells were incubated for 72 h with compound. *Indicates significant difference between the two compounds at the indicated drug
concentration. (d) Growth inhibition caused by DGBP is rescued by co-treatment with GGPP, and not rescued by FPP, whereas zoledronate is partially rescued by co-treatment
with either GGPP or FPP. (e) Proliferation of Molt-4 cells with DGBP in combination with zoledronate. (f) Isobologram of DGBP with zoledronate. *Indicates significant difference
with respect to untreated control. *Denotes significant difference from treatment with bisphosphonate alone. Statistical significance determined by ANOVA with P<0.05 as

significant with Tukey’s post-hoc analysis. n=3 for all proliferation experiments

enzymes is not likely to result in enhanced inhibition of
proliferation with respect to T-cell leukemias.

DGBP treatment alters protein expression and
membrane association of RhoA, Rac and Rap1 but
not Cdc42. We examined the effect of DGBP on levels and

membrane localization of a panel of geranylgeranylated
proteins including RhoA, total Rac, Cdc42 and Rap1
(Figures 3a and b). Ras, expected to be predominately
farnesylated, was used as a control. Treatment with DGBP
increased protein expression of RhoA and Rap1 and
decreased expression of total Rac (Figure 3c). These
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Table 1 Selectivity of DGBP and zoledronate for malignant versus primary cells

IC50 (UM) (95% CI) Selectivity versus PBMC
PBMC Molt-4 Jurkat Molt-4 Jurkat
DGBP 1200 (480-3000) 15 (4.7-48) 30 (14-64) 80 40
Zoledronate 63 (32—-120) 52 (37-74) 81 (46-140) 1.2 0.78
Fold difference 0.053 3.5 2.7

Abbreviation: DGBP, digeranyl bisphosphonate

changes in protein expression caused by DGBP were
prevented by co-incubation with GGPP. DGBP did not alter
Cdc42 and Ras protein expression (Figure 3c). Treatment
with zoledronate increased the expression of RhoA, which
could not be rescued by GGPP co-incubation (Figure 3d).
Zoledronate treatment did not appear to alter levels of Rac
and Rap1.

As expected, a significant fraction of RhoA, Rac, Rap1 and
Ras was membrane associated (Figures 3a and b). Cdc42
was primarily cytosolic. DGBP treatment increased the ratio of
cytoplasmic to membrane-associated RhoA, Rac and Rap1,
but not Ras (Figure 3e). In DGBP-treated cells, this change in
RhoA and Rap1 resulted from increased total protein, which
accumulated in the cytosolic fraction. However, the change in
Rac localization was driven by decreased total protein levels,
which also were decreased in the membrane fraction
(Figure 3g). The changes in Rac, RhoA and Rap1 localization
induced by DGBP treatment were restored upon co-incubation
with GGPP.

Treatment with zoledronate altered Rap1 and Ras cytosolic
to membrane ratios (Figure 3f). Although zoledronate reduced
GGPP levels as evidenced by its effects on Rap1, zoledronate
did not alter the cytosolic to membrane ratios of Rac or RhoA.
Interestingly, zoledronate caused Cdc42 to be localized in the
membrane, whereas DGBP did not have that effect
(Figure 3h). Co-incubation with GGPP restored the effect of
zoledronate on Rap1 and Ras. Taken together, treatment with
DGBP broadly affects the expression and localization of
geranylgeranylated proteins and does so with a different
pattern of activity than zoledronate.

DGBP-induced inhibition of proliferation is not mediated
by geranylgeranylated RhoA. This pattern of GTPase
regulation in response to DGBP treatment initially led us to
hypothesize that the anti-proliferative effects of DGBP were
mediated by its effects on RhoA. We asked whether or not
overexpression of RhoA could prevent the anti-proliferative
effect of DGBP (Figure 4a). We expressed exogenous
WT-RhoA and found it was unable to restore the anti-
proliferative effect of DGBP. As the plasmid WT-RhoA would
also be geranylgeranylated and blocked by DGBP, we also
expressed a mutated RhoA in which the CAAX motif*? was
replaced with one signaling farnesylation (CVLS). Again,
farnesylated RhoA was unable to block the anti-proliferative
effects of DGBP, as DGBP decreased proliferation of cells
transfected with RhoA-CVLS, as well as those transfected
with the pcDNA3.1+ (empty vector) (Figure 4a).

Cell Death and Disease

As it has been reported that active cytosolic RhoA can
mediate effects of isoprenoid depletion in some systems,*® we
tested whether inhibition of Rho affects DGBP activity.
Treatment with a cell permeable C3 transferase, which inhibits
Rho activity and has low affinity for Cdc42 and Rac, had no
effect on the proliferation in the presence of DGBP or GGPP
(Figure 4b). Taken together, this implies that a Rho GTPase,
including RhoA, is not the primary GTPase involved in the
anti-proliferative effects of DGBP in this model.

DGBP decreases levels of active Rac. As we observed
that DGBP treatment strongly decreased levels of
membrane-associated Rac (Figure 3), we assessed how
DGBP treatment affects Rac activation as monitored by its
GTP binding. We pulled down GTP-bound Rac1 using PAK1-
conjugated GST beads and determined levels of active GTP-
bound Rac by western blot. GTP-bound Rac1 decreased with
DGBP treatment (Figures 4c and d), and was restored to
control levels with GGPP co-incubation, suggesting that
GGPP depletion decreases the activity of Rac1. We found
that NSC 23766, a Rac1 inhibitor, has similar effects on the
proliferation as DGBP does (Supplementary Figure 1). Taken
together, DGBP treatment reduces Rac1 expression, locali-
zation and GTP binding.

DGBP induces apoptosis more potently than zoledro-
nate. To determine whether the anti-proliferative effects of
these bisphosphonates resulted from increased apoptosis,
we analyzed annexin V and propidium iodide (PI) staining.
Cells were treated with DGBP or zoledronate for 72h at
varied concentrations. Both compounds increased the
percentage of cells in late apoptosis (annexin V+/Pl+) but
not early apoptosis (annexin V+/PI —) (Figure 5a). Consistent
with the proliferation experiments, DGBP was also more
potent than zoledronate for induction of apoptosis, with a
statistically significant difference observed when cells were
treated with 30 uM of either agent (Figure 5a). In these
experiments, co-incubation with GGPP rescued the ability of
both bisphosphonates to induce late apoptosis (Figure 5b).
FPP did not rescue the effect of DGBP, but did partially
rescue zoledronate (Figure 5c).

In addition, induction of apoptosis was examined by western
blot analysis for the appearance of caspase 3 and caspase 7
cleavage products (Figures 6a and b). DGBP markedly
increased both cleaved caspase 3 and caspase 7 at
concentrations of 10 and 30 uM. In contrast, zoledronate
treatment did not cause cleaving of these caspases at
equivalent concentrations. However, zoledronate at 100 uM
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Figure 3 DGBP alters membrane levels of Rac but not RhoA or Cdc42. (a) Western blot of Rac1/2/3, RhoA, Cdc42, Rap1 and pan-Ras in Molt-4 cells treated with DGBP. ‘W’
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small GTPases with zoledronate. (e) Cytosolic fractions versus membrane fractions of cells treated with DGBP. (f) Ratio of cytosolic fractions: membrane fractions of cells treated
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with Tukey’s post-hoc analysis
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(d) Quantification of western blot analyses of Rac1 (right). Both quantifications were compared with whole-cell levels of GTPase. All data represented as mean + S.D. for n=3

did induce cleaved caspase, but the magnitude of this effect
was less than that of DGBP at significantly lower concentra-
tions. Caspase activation by both bisphosphonates was
prevented by co-incubation with GGPP (Figure 6¢). Next, we
assessed whether the caspase activation was responsible for
the anti-proliferative effect of DGBP. To this end, we treated
cells with DGBP in the presence or absence of the pan-
caspase inhibitor zZVAD-FMK (Figure 6d). Again, DGBP dose-
dependently inhibited proliferation, which was fully blocked by
co-incubation with the caspase inhibitor. Taken together, the
mechanism by which DGBP and zoledronate reduce prolifera-
tion is by induction of caspase-mediated apoptosis, with
DGBP exhibiting greater potency.

DGBP-induced apoptosis is mediated by ERK activation.
As a prior study had suggested that depletion of isoprenoids
following treatment with an HMG-CoA reductase inhibitor
led to alterations in kinase activity,** we investigated the
mechanism by which DGBP induces apoptosis by performing
western blot analysis to detect phosphorylation of the mitogen-
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activated protein kinases ERK, p38 kinase and JNK. We were
unable to detect any changes in phosphorylation of p38 or
JNK (data not shown), however, treatment with DGBP
increased phosphorylated ERK, which was prevented by
addition of exogenous GGPP (Figures 7a and b). The increase
in ERK phosphorylation was apparent at 10 and 30uM
concentrations of DGBP and 100 uM zoledronate, consistent
with concentrations that induced caspase cleavage for both
compounds. In addition, co-incubation of GGPP with DGBP
decreases levels of phosphorylated ERK (Figure 7a).

We next assessed whether DGBP-induced ERK phosphor-
ylation could be blocked by PD98059, a MEK inhibitor. The
induction of ERK phosphorylation by DGBP decreased by
co-incubation with PD98059 (Figure 7c), demonstrating that
MEK mediates DGBP-induced ERK phosphorylation. At the
same time, ERK phosphorylation appears not to be upstream of
caspases as the MEK inhibitor did not prevent the effect of
DGBP on caspase cleavage (Figure 7c). To further assess the
order of activation, we tested whether caspase inhibition would
affect ERK phosphorylation (Figure 7d). Again, cells treated with
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Figure 5 DGBP and zoledronate induce late apoptosis through depletion of GGPP. (a) Annexin V/PI staining of Molt-4 cells as determined by flow cytometry. Dose response
of DGBP and zoledronate. Left: early apoptosis, right: late apoptosis. (b) Bisphosphonates with co-incubation of GGPP. Cells were incubated for 72 h with various concentrations
of bisphosphonate. Left: early apoptosis, right: late apoptosis. (€) Bisphosphonates with co-treatment of FPP. Left: early apoptosis, right: late apoptosis. All data represented as
mean +S.D,, n=3, *indicates significant difference with respect to untreated control conditions; *indicates significant difference with respect to bisphosphonate-treated
conditions. *Denotes significant difference between indicated populations. Statistical significance determined by ANOVA with P<0.05 and with Tukey’s post-hoc analysis

DGBP displayed high levels of cleaved caspase, which was
blocked by co-incubation with zZVAD-FMK. DGBP-induced ERK
phosphorylation was not altered by co-treatment with zZVAD-
FMK. This finding suggests that MEK activation leading to ERK
phosphorylation is not downstream of caspase activation.

We then tested whether ERK phosphorylation was required
for inhibition of proliferation and induction of apoptosis by
DGBP. We treated cells with DGBP in the presence or
absence of PD98059. As a single agent, PD98059 did not
affect the cells at concentrations up to 100 uM for 72 h in either

the proliferation or apoptosis assays. However, PD98059 was
able to partially rescue the anti-proliferative effect (Figure 7e)
and the pro-apoptotic effect of DGBP (Figure 7f). Therefore,
MEK activity and ERK phosphorylation appears to contribute
to DGBP-induced apoptosis.

Discussion

Here, we have demonstrated that zoledronate and DGBP
inhibit proliferation of T-cell leukemia cells via blocking the

Cell Death and Disease
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intermediate enzymes of the mevalonate pathway. This leads
to depletion of cellular GGPP, alterations in protein geranyl-
geranylation and expression, activation of caspases, and
pro-apoptotic signaling through ERK. However, these two
bisphosphonates, which have different molecular targets,
differ in their potency, selectivity and their effects on
geranylgeranylated proteins.

DGBP inhibits proliferation and induces apoptosis at lower
concentrations than zoledronate, which is consistent with
results observed in a prostate cancer model, where DGBP
also was more potent.*® These results are surprising because
zoledronate is approximately 10-fold more potent against
purified FDPS than is DGBP against purified GGDPS.*” We
believe the different pattern in cellular activity is a result of a
combination of two factors — (1) higher lipophilicity of DGBP
relative to zoledronate, which enhances access to the cellular
enzymes and (2) decreased ability of cells to overcome
GGDPS versus FDPS inhibition.®® Although both compounds
are active in cells in the micromolar range, bisphosphonates
achieve locally high bone concentrations, which enable their
effects in vivo.*647

Initially, we hypothesized that increased cellular potency of
DGBP relative to zoledronate was due to higher permeability
compared with zoledronate. However, if cell permeability were
the major issue underlying activity, then one may see a similar
pattern of activity in the primary PBMCs. But this pattern is
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reversed in PBMCs, with zoledronate being more toxic relative
to DGBP. This finding argues that the differences in activity
between the two compounds results from mechanistic
differences caused by inhibition of their respective targets.
Indeed, one advantage of targeting GGDPS is that its
inhibition cannot be readily overcomed by increased isopre-
noid flux.®

GGDPS inhibitors have two immediate effects — depletion of
the product GGPP and elevation of the reactants isopentenyl
diphosphate and FPP. In myeloid leukemia cells, we pre-
viously observed that co-incubation with GGPP was unable to
mitigate all of the effects of DGBP and that elevated levels of
FPP can contribute to the anti-proliferative mechanism.*' This
differs from the current study in which the effects of DGBP
were fully rescued by GGPP. Furthermore, the apoptotic effect
of DGBP could not be rescued by FPP. Interestingly, the
apoptotic effect of zoledronate was only partially rescued by
FPP and was nearly fully rescued by GGPP. Taken together,
the apoptotic effects of DGBP and zoledronate in these cells
are primarily due to GGPP depletion. As FPP only partially
rescued the effects of zoledronate, it is possible that
zoledronate may affect GGDPS at high cellular concentra-
tions. In a previous study, zoledronate did not inhibit purified
GGDPS up to 10 uM.3” We predict that cell permeability is a
barrier for entry resulting in lower cellular levels than that are
found in the media, but we cannot exclude the ability of
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zoledronate at 100 uM to inhibit GGDPS, especially given that
GGPP rescues its apoptotic effect.

We observed membrane populations of Rac, RhoA and
Rap1 but not Cdc42. GGDPS inhibition increased the
cytosolic:membrane ratio of all of the membrane-associ-
ated geranylgeranylated GTPases examined. Surprisingly,
although zoledronate increased the cytosolic:membrane
ratio of both Ras and Rap1, it did not significantly alter Rac

or RhoA in this manner, in contrast to a prior report that
showed zoledronate caused cytoplasmic Rho accumulation.*®
We found it interesting that Rac and Rho were only altered by
DGBP. Although it appears that the effect on Rap1 exceeds
the effect on Rac and Rho, there is little Rap1 in the cytosol of
untreated cells and nearly no change in the membrane
fraction. In fact, of all the proteins examined, only the
membrane fraction of Rac in response to DGBP was

Cell Death and Disease
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decreased, whereas the other proteins increased their
cytosolic fractions. Although membrane association is not
always a prerequisite for activity, it is commonly required for
activity and its disruption is desirable.**™" Ultimately, the
localization of many small GTPases was altered with either
compound, indicative of engagement with their respective
targets. Interestingly, DGBP treatment altered total expression
of Rac, RhoA and Rap1, albeit in different ways, with Rac
expression decreased and RhoA and Rapi1 expression
increased. Clearly, different pathways must regulate the
expression of these proteins.

Given the effects of DGBP on numerous geranylgeranylated
proteins, we found it difficult to assess which specific GTPase,
if any, is responsible for inhibition of proliferation. We predicted
that RhoA was involved as the bulk of the literature suggests it
often mediates proliferation,®® and a well-constructed study
showed farnesylated RhoA rescued the effect of GGTase |
depletion,22 but none of the Rho GTPases were involved in the
anti-proliferative effects of DGBP. As an alternative, the Rac1
inhibitor caused a decrease in proliferation at a concentration
similar to that of DGBP. Although NSC 23766 does not activate
ERK (Supplementary Figure S1), Rac may still be involved in
DGBP-mediated apoptosis, as others have seen Rac1 is
required for proliferation in response to GGTase |
overexpression.>®

How then, does DGBP lead to apoptosis? We hypothesized
that MAPK signaling may be affected by changes in protein
geranylgeranylation, and found that levels of phosphorylated
ERK were altered by DGBP and, to a lesser extent,
zoledronate. Therefore, to investigate the ERK pathway as a
mechanism of apoptosis, we focused on DGBP, which
increased ERK phosphorylation by several fold. This increase
in ERK phosphorylation is in contrast to the effect seen in AML
as proliferation is blocked by lovastatin and is dependent upon
decreased ERK phosphorylation.>* There is some precedent
for ERK involvement in apoptosis as ERK mediates apoptosis
caused by cisplatin.>® Although we could not establish a
causal relationship between p-ERK and caspase, our data
that show DGBP-mediated apoptosis are partially rescued by
a MEK inhibitor, suggesting that ERK involvement in apoptosis
is late in the stages of apoptosis. Depleting GGPP alters
GTPase localization, which cleaves caspases leading to
apoptosis and phosphorylates ERK also leading to cell death.

In conclusion, in order to use bisphosphonates to best
achieve direct anticancer effects in the bone environment, the
general strategy of targeting GGDPS likely compares well with
targeting FDPS, which is exemplified by increases in cellular
potency and selectivity of DGBP versus zoledronate. DGBP
works by inhibiting prenylation of some small GTPases, which
leads to changes in their expression, caspase cleavage, MEK
activation, ERK phosphorylation and apoptosis. Thus,
GGDPS inhibitors such as DGBP may produce greater
single-agent anti-proliferative effects relative to zoledronate.
In addition, future studies should examine whether GGDPS
inhibitors or their prodrugs®® may be a viable strategy to
targeting diseases in which Rac has a role, given the strong
reduction in Rac expression, membrane localization and GTP
binding seen with DGBP treatment.
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Materials and Methods

Cells and reagents. The T-cell leukemia lines Molt-4 and Jurkat were obtained
from ATCC (Manassas, VA, USA). Human PBMCs were purified from whole blood
obtained from Research Blood Components (Boston, MA, USA).%” Annexin V FITC
and Pl were obtained from BD Biosciences (Franklin Lakes, NJ, USA) and
eBioscience (San Diego, CA, USA). GGPP and FPP were obtained from Cayman
Chemical (Ann Arbor, MI, USA). Zoledronate was obtained from Fisher (Rockford, IL,
USA). DGBP was a kind gift from Dr. David Wiemer at the University of lowa, lowa
City, 1A, USA. FBS and other tissue culture supplies were obtained from Thermo
Fisher (Waltham, MA, USA). CellQuantiBlue was obtained from BioAssay Systems
(Hayward, CA, USA). zVAD-FMK was obtained from ApexBio (Houston, TX, USA).
PD98059 was obtained from LC Labs (Woburn, MA, USA). C3 transferase was
obtained from Cyotoskeleton (Denver, CO, USA). Antibodies to ERK (L34F12) pERK
(D13.14.4E), cleaved caspase 3 (5A1E), cleaved caspase 7 (D6H1), RhoA (67B9),
Rac1/2/3 (polyclonal #2465) and Cdc42 (11A11) were obtained from Cell Signaling
Technology (Danvers, MA, USA). The antibody for beta-actin (Poly6221) was
obtained from Biolegend (San Diego, CA, USA). The antibody for Rap1 (EP878) was
obtained from Epitomics (Burlingame, CA, USA). The antibody for pan-Ras (C-4)
was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
anti-tubulin (E7) antibody developed by Michael Klymkowsky was obtained from the
Developmental Studies Hybridoma Bank at the University of lowa. pGEXTK-Pak1
70-117 was obtained from Addgene (Cambridge, MA, USA).

Proliferation/viability assay. Assays were performed as described
previously.%®%° Briefly, 10 000 cells per well of Molt-4 or Jurkat cells in log phase
growth or 100 000 cells per well of PBMCs were added to 96-well plates in 100 ! in
the presence of test compounds and fresh media. Cells were cultured for 72 h.
During the last 2 h, cells were labeled with 10 ul of CellQuantiBlue reagent,
and were scanned with a Victor PerkinElmer (Waltham, MA, USA) plate reader
(ex550/em600).

Analysis of apoptosis. Annexin V and Pl analysis was performed according
to the manufacturer protocol (BD Biosciences) as described.*! Treated cells were
transferred to microcentrifuge tubes, centrifuged at 600 x g for 3 min, and then the
supernatant was aspirated. Cells were resuspended in 100 yl of binding buffer
(10 mM HEPES, 150 mM NaCl, 1 mM MgCl,, 5 mM KCI and 1.8 mM CaCl,, pH
7.4) then transferred to polystyrene test tubes. Three microliters of FITC annexin V
was added, and the cells were incubated for 15 min on ice. Two microliters of
50 ug/ml PI solution (Sigma-Aldrich, St. Louis, MO, USA) was added to the cell
suspension, and the suspension was mixed and analyzed using a FACSCalibur
(BD Biosciences, Franklin Lakes, NJ, USA).

Triton X-114 separation. Membrane and cytosolic fractions were purified as
described previously with some modifications.*>" Briefly, cells were resuspended in
media at a concentration of 0.75 million cells/ml and cultured for 48 h with indicated
concentrations of compounds or solvent controls. Cells were then spun at 600x g
for 3 min, washed with PBS, and resuspended in Triton X-114 lysis buffer (20 mM
Tris pH 7.5, 150 mM NaCl, 1% Triton X-114) containing freshly added protease and
phosphatase inhibitors including leupeptin (1 xg/ml), aprotinin (1 xg/ml), pepstatin
(1 ug/ml) and PMSF (200 M). Lysate was passed through a 27-gauge needle and
centrifuged for 15min at 12000x g at 4 °C. The resulting supernatant was
transferred to a new tube and incubated at 37 °C for 10 min in a water bath.
Following incubation, the lysate was centrifuged for 12 000 x g for 2 min at room
temperature. Aqueous phase (upper) was transferred to a new tube and detergent
phase (bottom) was diluted with excess buffer.

Western blot analysis. Cells were resuspended in fresh media at a
concentration of 0.5 million cells/ml. Cells were cultured for 72 h with indicated
concentrations of test compounds or solvent controls. Cells were washed once in
PBS and resuspended in in lysis buffer (25 mM Tris-HCI pH 7.6, 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS) for 10 min on ice followed by
centrifugation for 10 min at 10 000x g. Lysis buffer contained a panel of freshly
added protease and phosphatase inhibitors including leupeptin (1 xg/ml), aprotinin
(1 ug/ml), PMSF (200 M), sodium vanadate (200 xM), sodium pyrophosphate
(10 M), sodium fluoride (50 M) and glycerophosphoric acid (10 M) (all from
Fisher). Proteins were quantified by BCA assay and equivalent masses were loaded
onto 10% or 15% SDS-PAGE gels for separation. Proteins were transferred to
nitrocellulose membranes and blotted with pERK, ERK, RhoA, Rac1, Cdc42, Rap1,
pan-Ras, cleaved caspase 3 or cleaved caspase 7 antibodies. Proteins were



visualized using a Licor (Lincoln, NE, USA) Odyssey. Alexa-Fluor 680 goat-anti-
mouse IgG and IRDye 800CW goat-anti-rabbit IgG were used for detection. Tubulin
or beta-actin were used as a loading controls.

Rac1 pull-down assay. E. coli (BL21) were transformed with pGEXTK-Pak1
70-117. In all, 50 ml cultures in LB-AMP were grown for 14 h. The culture was
transferred to a flask of 750 ml of LB broth and treated with IPTG (1 mM) for 5 h.
Cells were pelleted by centrifugation and resuspended in 25 ml of lysis buffer
(50 mM sodium phosphate, 300 mM NaCl, pH 8.0 with PMSF, aproptinin, leupeptin
and pepstatin). The lysate was passed through a French press twice. The lysate
was then allowed to bind to glutathione agarose beads overnight at 4 °C (Thermo
Fisher). GST beads were washed with equilibration buffer (50 mM Tris, 150 mM
NaCl, pH 8.0) and stored at —80 °C. Molt-4 cells were lysed according to the
western blotting protocol and the lysate was rotated at 4 °C for 45 min. Beads were
washed with equilibration buffer twice. Western blot procedure was implemented as
described above.

Combination index analysis. Isobolograms were generated using
Calcusyn software (Biosoft, Cambridge, UK). Combination index values were
calculated according to the method of Chou and Talalay as described in the
manual.% For each drug, 72-h ICs, values were determined by CellQuantiBlue
assay. Concentration-response curves were generated for each compound and
combination using four 80% dilutions.

RhoA overexpression. Human RhoA was amplified by PCR using the
following primers designed to yield a C-terminal faneslyation sequence (-CVLS):
5'-GCTATCGAATTCATGGCTGCCATCCGGAAGA-3’ (forward) and 5'-GCTATCCT
CGAGTCAGCTCAGCACGCAACCAGATTTTTTCTTCCCA-3' (reverse). The ampli-
con was ligated into the pcDNA3.1(+) plasmid using the EcoRI and Xhol restriction
sites. Before electroporation, Molt-4 cells were incubated overnight without
antibiotics. Cells were then washed and resuspended in serum-free media at
2.5x107 cells/ml. In all, 20 ug of DNA was added to 400 ! of cells for 10 min at
RT. Cells were pulsed using the exponential protocol at 316 V and 500 xF and
allowed to incubate at RT for 15 min. Cells were allowed to rest for 20 h before
selection with G418 at 400 pg/ml.

Statistical analysis. ANOVA (one-way) was used to calculate significance.
Comparisons were done relative to the control or between pairs of conditions as
indicated in the graphs. Columns in bar and line graphs represent the mean + S.D.
of the indicated number of experimental replicates. An « level of 0.05 was used as
the level of significance.

Conflict of Interest

DGBP is covered by a patent that is owned by the University of lowa. AJUW
owns shares in Terpenoid Therapeutics, Inc., which has licensed the patent.
The authors declare no conflict of interest.

Acknowledgements. Financial support from the University of Connecticut
Department of Pharmaceutical Sciences (AJW) and the University of Connecticut
Vice President for Research is gratefully acknowledged. Assistance with molecular
cloning from Christine Hsiao and flow cytometry from Carol Norris is greatly
appreciated.

. Russell RG, Rogers MJ. Bisphosphonates: from the laboratory to the clinic and back again.
Bone 1999; 25: 97-106.

2. Licata AA. Discovery, clinical development, and therapeutic uses of bisphosphonates.
Ann Pharmacother 2005; 39: 668-677.

3. Russell RGG, Watts NB, Ebetino FH, Rogers MJ. Mechanisms of action of bisphosphonates:
similarities and differences and their potential influence on clinical efficacy. Osteoporosis Int
2008; 19: 733-759.

4. Martin MB, Arnold W, Heath HT 3rd, Urbina JA, Oldfield E. Nitrogen-containing
bisphosphonates as carbocation transition state analogs for isoprenoid biosynthesis.
Biochem Biophys Res Commun 1999; 263: 754-758.

5. Cheng F, Oldfield E. Inhibition of isoprene biosynthesis pathway enzymes by phosphonates,
bisphosphonates, and diphosphates. J Med Chem 2004; 47: 5149-5158.

6. Guo RT, Cao R, Liang PH, Ko TP, Chang TH, Hudock MP et al. Bisphosphonates target

multiple sites in both cis- and trans-prenyltransferases. Proc Natl Acad Sci USA 2007; 104:

10022-10027.

GGDPS ERK caspase
SS Agabiti et al

~

oo

©

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

. Ebetino FH, Hogan AM, Sun S, Tsoumpra MK, Duan X, Triffitt JT et al. The relationship

between the chemistry and biological activity of the bisphosphonates. Bone 2011; 49: 20-33.

. Roelofs AJ, Thompson K, Gordon S, Rogers MJ. Molecular mechanisms of action of

bisphosphonates: current status. Clin Cancer Res 2006; 12: 6222s-6230s.

. Body JJ. Bisphosphonates for malignancy-related bone disease: current status, future

developments. Support Care Cancer 2006; 14: 408-418.

. Stresing V, Daubine F, Benzaid |, Monkkonen H, Clezardin P. Bisphosphonates in cancer

therapy. Cancer Lett 2007; 257: 16-35.

. Clezardin P, Benzaid |, Croucher PI. Bisphosphonates in preclinical bone oncology. Bone

2011; 49: 66-70.

. Gnant M. Adjuvant bisphosphonates: a new standard of care? Curr Opin Oncol 2012; 24:

635-642.

. Aparicio A, Gardner A, Tu Y, Savage A, Berenson J, Lichtenstein A. In vitro cytoreductive

effects on multiple myeloma cells induced by bisphosphonates. Leukemia 1998; 12: 220-229.

. Baulch-Brown C, Molloy TJ, Yeh SL, Ma D, Spencer A. Inhibitors of the mevalonate pathway

as potential therapeutic agents in multiple myeloma. Leuk Res 2007; 31: 341-352.

. Guenther A, Gordon S, Tiemann M, Burger R, Bakker F, Green JR et al. The bisphosphonate

zoledronic acid has antimyeloma activity in vivo by inhibition of protein prenylation.
Int J Cancer 2010; 126: 239-246.

. Terpos E, Berenson J, Raje N, Roodman GD. Management of bone disease in multiple

myeloma. Expert Rev Hematol 2014; 7: 113-125.

. Tsubaki M, Takeda T, Sakamoto K, Shimaoka H, Fujita A, ltoh T et al. Bisphosp-

honates and statins inhibit expression and secretion of MIP-1alpha via suppression of Ras/
MEK/ERK/AML-1A and Ras/PI3K/Ak/AML-1A pathways. Am J Cancer Res 2015; 5:
168-179.

. Reszka AA, Rodan GA. Nitrogen-containing bisphosphonate mechanism of action. Mini Rev

Med Chem 2004; 4: 711-719.

. Okamoto S, Jiang Y, Kawamura K, Shingyoji M, Tada Y, Sekine | et al. Zoledronic acid

induces apoptosis and S-phase arrest in mesothelioma through inhibiting Rab family proteins
and topoisomerase Il actions. Cell Death Dis 2014; 5: e1517.

Philips MR, Cox AD. Geranylgeranyltransferase | as a target for anti-cancer drugs. J Clin
Invest 2007; 117: 1223-1225.

Palsuledesai CC, Distefano MD. Protein prenylation: enzymes, therapeutics, and
biotechnology applications. ACS Chem Biol 2015; 10: 51-62.

Sjogren AK, Andersson KM, Liu M, Cutts BA, Karlsson C, Wahistrom AM et al. GGTase-|
deficiency reduces tumor formation and improves survival in mice with K-RAS-induced
lung cancer. J Clin Invest 2007; 117: 1294-1304.

Nishida S, Kikuichi S, Haga H, Yoshioka S, Tsubaki M, Fujii K et al. Apoptosis-inducing effect
of a new bisphosphonate, YM529, on various hematopoietic tumor cell lines. Biol Pharm Bull
2003; 26: 96-100.

Kimura SKJ, Segawa H, Sato K, Nogawa M, Yuasa TOK, Maekawa T. Antiproliferative
efficacy of the third-generation bisphosphonate, zoledronic acid, combined with other
anticancer drugs in leukemia cell lines. Int J Hematol 2004; 79: 37-43.

Segawa H, Kimura S, Kuroda J, Sato K, Yokota A, Kawata E et al. Zoledronate synergises
with imatinib mesylate to inhibit Ph primary leukaemic cell growth. Br J Haematol 2005; 130:
558-560.

Ohtsuka Y, Manabe A, Kawasaki H, Hasegawa D, Zaike Y, Watanabe S et al.
RAS-blocking bisphosphonate zoledronic acid inhibits the abnormal proliferation and
differentiation of juvenile myelomonocytic leukemia cells in vitro. Blood 2005; 106:
3134-3141.

Chuah C, Barnes DJ, Kwok M, Corbin A, Deininger MW, Druker BJ et al. Zoledronate inhibits
proliferation and induces apoptosis of imatinib-resistant chronic myeloid leukaemia cells.
Leukemia 2005; 19: 1896-1904.

Ishikawa C, Matsuda T, Okudaira T, Tomita M, Kawakami H, Tanaka Y et al. Bisphosphonate
incadronate inhibits growth of human T-cell leukaemia virus type l-infected T-cell lines
and primary adult T-cell leukaemia cells by interfering with the mevalonate pathway.
Br J Haematol 2007; 136: 424-432.

Kiyokawa T, Yamaguchi K, Takeya M, Takahashi K, Watanabe T, Matsumoto T et al.
Hypercalcemia and osteoclast proliferation in adult T-cell leukemia. Cancer 1987; 59: 1187-1191.
Amin D, Cornell SA, Gustafson SK, Needle SJ, Ullrich JW, Bilder GE et al. Bisphosphonates
used for the treatment of bone disorders inhibit squalene synthase and cholesterol
biosynthesis. J Lipid Res 1992; 33: 1657-1663.

Rogers MJ, Ji XH, Russell RGG, Blackburn GM, Wiliamson MP, Bayless AV et al.
Incorporation of bisphosphonates into adenine-nucleotides by amebas of the cellular slime-
mold Dictyostelium-Discoideum. Biochem J 1994; 303: 303-311.

Rogers MJ, Xiong X, Brown RJ, Watts DJ, Russell RG, Bayless AV et al. Structure-activity
relationships of new heterocycle-containing bisphosphonates as inhibitors of bone resorption
and as inhibitors of growth of Dictyostelium discoideum amoebae. Mol Pharmacol 1995; 47:
398-402.

Luckman SP, Hughes DE, Coxon FP, Graham R, Russell G, Rogers MJ. Nitrogen-containing
bisphosphonates inhibit the mevalonate pathway and prevent post-translational prenylation
of GTP-binding proteins, including Ras. J Bone Miner Res 1998; 13: 581-589.

van Beek E, Pieterman E, Cohen L, Lowik C, Papapoulos S. Farnesyl pyrophosphate
synthase is the molecular target of nitrogen-containing bisphosphonates. Biochem Biophys
Res Commun 1999; 264: 108-111.

Wiemer AJ, Hohl RJ, Wiemer DF. The intermediate enzymes of isoprenoid metabolism as
anticancer targets. Anticancer Agents Med Chem 2009; 9: 526-542.

Cell Death and Disease



GGDPS ERK caspase
SherryS Agabiti et al

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Shull LW, Wiemer AJ, Hohl RJ, Wiemer DF. Synthesis and biological activity of isoprenoid
bisphosphonates. Bioorg Med Chem 2006; 14: 4130-4136.

Wiemer AJ, Tong H, Swanson KM, Hohl RJ. Digeranyl bisphosphonate inhibits geranylgeranyl
pyrophosphate synthase. Biochem Biophys Res Commun 2007; 353: 921-925.

Wiemer AJ, Wiemer DF, Hohl RJ. Geranylgeranyl diphosphate synthase: an emerging
therapeutic target. Clin Pharmacol Ther 2011; 90: 804-812.

Kavanagh KL, Guo K, Dunford JE, Wu X, Knapp S, Ebetino FH et al. The molecular
mechanism of nitrogen-containing bisphosphonates as antiosteoporosis drugs. Proc Natl
Acad Sci USA 2006; 103: 7829-7834.

Tsubaki M, ltoh T, Satou T, Imano M, Komai M, Ogawa N et al. Nitrogen-containing
bisphosphonates induce apoptosis of hematopoietic tumor cells via inhibition of Ras
signaling pathways and Bim-mediated activation of the intrinsic apoptotic pathway. Biochem
Pharmacol 2013; 85: 163-172.

Dudakovic A, Wiemer AJ, Lamb KM, Vonnahme LA, Dietz SE, Hohl RJ. Inhibition of
geranylgeranyl diphosphate synthase induces apoptosis through multiple mechanisms and
displays synergy with inhibition of other isoprenoid biosynthetic enzymes. J Pharmacol Exp
Ther 2008; 324: 1028-1036.

Hougland JL, Lamphear CL, Scott SA, Gibbs RA, Fierke CA. Context-dependent substrate
recognition by protein farnesyltransferase. Biochemistry 2009; 48: 1691-1701.

Zhu Y, Casey PJ, Kumar AP, Pervaiz S. Deciphering the signaling networks underlying
simvastatin-induced apoptosis in human cancer cells: evidence for non-canonical activation
of RhoA and Rac1 GTPases. Cell Death Dis 2013; 4: €568.

Qi XF, Zheng L, Lee KJ, Kim DH, Kim CS, Cai DQ et al. HMG-CoA reductase inhibitors
induce apoptosis of lymphoma cells by promoting ROS generation and regulating Akt, Erk
and p38 signals via suppression of mevalonate pathway. Cell Death Dis 2013; 4: €518.
Wasko BM, Dudakovic A, Hohl RJ. Bisphosphonates induce autophagy by depleting
geranylgerany! diphosphate. J Pharmacol Exp Ther 2011; 337: 540-546.

Fournier PG, Daubine F, Lundy MW, Rogers MJ, Ebetino FH, Clezardin P. Lowering bone
mineral affinity of bisphosphonates as a therapeutic strategy to optimize skeletal tumor
growth inhibition in vivo. Cancer Res 2008; 68: 8945-8953.

Fournier PG, Stresing V, Ebetino FH, Clézardin P. How do bisphosphonates inhibit bone
metastasis in vivo? Neoplasia (New York, NY) 2010; 12: 571-578.

Chaplet ML, Detry D, Deroanne C, Fisher LW, Castronovo V, Bellahcene A. Zoledronic acid
up-regulates bone sialoprotein expression in osteoblastic cells through Rho GTPase
inhibition. Biochem J 2004; 384: 591-598.

Cox AD, Der CJ, Philips MR. Targeting RAS membrane association: back to the future for
anti-RAS drug discovery? Clin Cancer Res 2015; 21: 1819-1827.

Mohammed |, Hampton SE, Ashall L, Hildebrandt ER, Kutiik RA, Manandhar SP et al.
8-Hydroxyquinoline-based inhibitors of the Rcel protease disrupt Ras membrane
localization in human cells. Bioorg Med Chem 2016; 24: 160-178.

Hahne K, Vervacke JS, Shrestha L, Donelson JL, Gibbs RA, Distefano MD et al.
Evaluation of substrate and inhibitor binding to yeast and human isoprenylcysteine carboxyl
methyltransferases (Icmts) using biotinylated benzophenone-containing photoaffinityprobes.
Biochem Biophys Res Commun 2012; 423: 98-103.

52.

53.
54.

55.
56.

57.
58.
59.
60.

61.

62.

Agabiti SS, Liang Y, Wiemer AJ. Molecular mechanisms linking geranylgerany! diphosphate
synthase to cell survival and proliferation. Mol Membr Biol 2016; 33: 1-11.

Zhou X, Qian J, Hua L, ShiQ, Liu Z, Xu Y et al. Geranylgeranyltransferase | promotes human
glioma cell growth through Rac1 membrane association and activation. J Mol Neurosci2013;
49: 130-139.

Wu J, Wong WW, Khosravi F, Minden MD, Penn LZ. Blocking the Raf/MEK/ERK pathway
sensitizes acute myelogenous leukemia cells to lovastatin-induced apoptosis. Cancer Res
2004; 64: 6461-6468.

Wang X, Martindale JL, Holbrook NJ. Requirement for ERK activation in cisplatin-induced
apoptosis. J Biol Chem 2000; 275: 39435-39443.

Wiemer AJ, Wiemer DF. Prodrugs of phosphonates and phosphates: crossing the
membrane barrier. Top Curr Chem 2015; 360: 115-160.

Hsiao CH, Lin X, Barney RJ, Shippy RR, Li J, Vinogradova O et al. Synthesis of a
phosphoantigen prodrug that potently activates Vgamma9Vdelta2 T-lymphocytes. Chem Biol
2014; 21: 945-954.

Wiemer AJ, Wernimont SA, Cung TD, Bennin DA, Beggs HE, Huttenlocher A. The focal
adhesion kinase inhibitor PF-562,271 impairs primary CD4+ T cell activation. Biochem
Pharmacol 2013; 86: 770-781.

Oblak EZ, VanHeyst MD, Li J, Wiemer AJ, Wright DL. Cyclopropene cycloadditions with
annulated furans: total synthesis of (+)- and (-)-frondosin B and (+)-frondosin A. J Am Chem
Soc 2014; 136: 4309-4315.

Li J, Falcone ER, Holstein SA, Anderson AC, Wright DL, Wiemer AJ. Novel alpha-substituted
tropolones promote potent and selective caspase-dependent leukemia cell apoptosis.
Pharmacol Res 2016; 113; 438-448.

Bordier C. Phase separation of integral membrane proteins in Triton X-114 solution. J Biol
Chem 1981; 256: 1604-1607.

Chou TC, Talalay P. Quantitative analysis of dose-effect relationships: the combined effects
of multiple drugs or enzyme inhibitors. Adv Enzyme Regul 1984; 22: 27-55.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

The Author(s) 2017

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Cell Death and Disease


http://creativecommons.org/licenses/by/4.0/

	title_link
	Results
	DGBP inhibits proliferation of lymphocytic leukemia cell lines more potently than zoledronate
	Zoledronate but not DGBP decreases viability of primary PBMCs
	GGPP is required for proliferation
	The combination of DGBP and zoledronate is antagonistic in Molt-4 cells

	Figure 1 Biosynthesis of GGPP and known isoprenoid biosynthesis pathway inhibitors.
	DGBP treatment alters protein expression and membrane association of RhoA, Rac and Rap1 but not Cdc42

	Figure 2 DGBP and zoledronate inhibit proliferation of malignant T lymphocytic cells through depletion of GGPP.
	DGBP-induced inhibition of proliferation is not mediated by geranylgeranylated RhoA
	DGBP decreases levels of active Rac
	DGBP induces apoptosis more potently than zoledronate

	Table 1 Selectivity of DGBP and zoledronate for malignant versus primary cells
	Figure 3 DGBP alters membrane levels of Rac but not RhoA or Cdc42.
	DGBP-induced apoptosis is mediated by ERK activation

	Figure 4 Neither Rho nor Rac is responsible for mediating the anti-proliferative effect of DGBP.
	Discussion
	Figure 5 DGBP and zoledronate induce late apoptosis through depletion of GGPP.
	Figure 6 DGBP and zoledronate-mediated apoptosis is through caspase 3 and 7 cleavage.
	Figure 7 DGBP-mediated apoptosis is partially dependent on ERK.
	Materials and Methods
	Cells and reagents
	Proliferation/viability assay
	Analysis of apoptosis
	Triton X-�114 separation
	Western blot analysis
	Rac1 pull-down assay
	Combination index analysis
	RhoA overexpression
	Statistical analysis
	Financial support from the University of Connecticut Department of Pharmaceutical Sciences (AJW) and the University of Connecticut Vice President for Research is gratefully acknowledged. Assistance with molecular cloning from Christine Hsiao and flow cyto

	ACKNOWLEDGEMENTS




