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Abstract

Farnesyl Diphosphate Synthase (FDPS), a mevalonate pathway enzyme, is highly expressed in
several cancers, including prostate cancer (PCa). To date, the mechanistic, functional and clinical
significance of FDPS in cancer remains unexplored. We evaluated the FDPS expression and its
cancer-associated phenotypes using /n vitro and in vivo methods in PTEN deficient and sufficient
human and mouse PCa cells and tumors. Interestingly, FDPS overexpression synergizes with
PTEN deficiency in PTEN conditionally knockout mice (P<0.05) and expressed significantly
higher in human (P<0.001) PCa tissues, cell lines and murine tumoroids compared to respective
controls. /n sifico analysis revealed that FDPS is associated with increasing Gleason score, PTEN
functionally deficient status and poor survival of PCa. Ectopic overexpression of FDPS promotes
oncogenic phenotypes such as colony formation (P<0.01) and proliferation (P<0.01) through
activation of AKT and ERK signaling by prenylating Rho A, Rho G and CDC42 small GTPases.
Of interest, knockdown of FDPS in PCa cells exhibits decreased colony growth and proliferation
(P<0.001) by modulating AKT and ERK pathways. Further, genetic and pharmacological
inhibition of PI3K but not AKT reduced FDPS expression. Pharmacological targeting of FDPS by
zoledronic acid (ZOL), which is already in clinics exhibit reduced growth and clonogenicity of
human and murine PCa cells (P<0.01) and 3D tumoroids (P<0.02) by disrupting AKT and ERK
signaling through direct interference of small GTPases protein prenylation. Thus, FDPS plays an
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oncogenic role in PTEN-deficient PCa through GTPase/AKT axis. Identifying mevalonate
pathway proteins could serve as a therapeutic target in PTEN dysregulated tumors.
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Introduction

Prostate cancer (PCa) is the second-most common malignancy affecting US men, with an
estimated 174, 650 new cases and 31, 620 deaths in 2019 [1]. Treatment options for patients
with localized PCa include active surveillance, surgery, external beam radiation therapy
(EBRT), and brachytherapy. Locally advanced and metastatic PCa patients are managed with
a combination of radiotherapy (RT) with androgen deprivation therapy (ADT), whereas
metastatic PCa patients are given ADT with chemotherapy/immunotherapy [2]. Though the
initial response to ADT is appreciable, relapses occur after two years with the emergence of
castration-resistant and highly aggressive disease, and life expectancy of 16-18 months [3].
The ineffectiveness of ADT is conferred by the accumulation of intra-tumoral androgens
synthesized from the mevalonate pathway, important in cholesterol biosynthesis [4]. A
recent study suggest that dysregulation of mevalonate pathway is associated with PTEN loss
and emergence of castration-resistant and androgen-independent PCa [5]. Furthermore,
several epidemiological reports suggest that a moderate increase (10 mg/dL) in serum
cholesterol was associated with 9% risk of PCa recurrence [6]. The significance of tumor
suppressor PTEN loss was found to be associated in 38% of primary PCa patients and 50%
of metastatic PCa [7]. Earlier studies in PCa mouse models demonstrated the implications of
PTEN loss and its association with the pre-neoplastic stages (hyperplasia and PIN) followed
by tumorigenesis and metastasis, specifically, lymph node and lung metastasis [8]. In
support of these findings, the most recent deep sequencing analysis identified that PTEN is
inactivated in 50% of PCa predominantly due to copy number alterations [9-11]. Therefore,
we need to understand the mechanism by which the mevalonate pathway is deregulated as a
consequence of PTEN inactivation in PCa and to re-purpose FDA approved drugs targeting
cholesterol biosynthesis.

Our previous study demonstrated that a differential expression pattern of the majority of
genes involved in the mevalonate pathway (FDPS, ACAT2, DHCR7, SCAMOL, and SQLE)
was associated with radioresistance in pancreatic cancer [12]. Among the mevalonate
pathway genes, FDPS (farnesyl diphosphate synthase) was found to be associated with PCa
aggressiveness and biochemical recurrence [13]. In addition, a recent global RNA
sequencing analysis of PCa tissues revealed FDPS as one of the top differentially expressed
genes associated with PCa progression, advancement, and biochemical recurrence [14].
FDPS is a pleiotropic enzyme that catalyzes production of geranyl diphosphate and farnesyl
diphosphate (FDP) from isopentenyl pyrophosphate and dimethyl-allyl pyrophosphate.
FDPS plays a critical role in cholesterol biosynthesis (CBS) and protein prenylation [15].
During the post-translational modification process, farnesyl transferase (FTase) catalyzes the
transfer of farnesyl group from FDP to small GTPases such as Ras, Rho, Rac, Rab and
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Rapla proteins, enabling them for membrane anchorage and cellular signaling [16].
Mevalonate pathway enzymes (including FDPS) were investigated over several decades for
their physiological function, but their dysregulated role in several cancers including PCa was
largely unknown.

Earlier studies showed that ZOL, the third generation of nitrogen-containing
bisphosphonates, was effective in inhibiting the proliferation, survival, and bone metastasis
of PCa cells [17]. NMR and crystallography studies have further revealed that FDPS is a key
target of nitrogen-containing bisphosphonates (N-BPs) [18]. Several preclinical and clinical
studies have demonstrated the additive and synergistic effects of ZOL when combined with
various cytotoxic agents in various cancers [19-22]. However, its inhibitory action on key
enzymes in the mevalonate pathway and their associated mechanism(s) in cancer therapy is
poorly understood.

In the present study, we analyzed the expressional variation of FDPS in a spectrum of human
PCa tissues and normal counterparts. FDPS was differentially expressed in the PTEN-
deficient cells as compared to PTEN-sufficient PCa cells. Our PTEN conditional knockout
(cKO) murine model revealed that FDPS is specifically upregulated upon loss of the PTEN
tumor suppressor together with activation of the PI3K/AKT pathway. Further, the oncogenic
role of FDPS and its associated mechanism were defined using 2D and 3D models in PTEN-
sufficient and -deficient PCa cells. Finally, our study validated whether FDPS should be
targeted in PTEN-functionally deficient PCa cells or PTEN wild-type (PTENWT) PCa cells.

FDPS is specifically elevated in the PTEN conditional knockout autochthonous tumors

To examine the deregulation of FDPS in PCa, PTEN ¢KO mouse model (PTEN!oXP/loxP: pp.
Cre4*) tumor and its derived tumoroids were utilized (Fig. 1a, Supplementary Fig. S1A).
Histopathological variation in the prostate tissue of 7 and 15-week PTEN cKO mice was
observed with the low and high-grade PINs and adenocarcinoma, compared with littermate
control mice (Fig. 1b, ¢, Supplementary Fig. S1B), as described previously [23]. The PTEN
cKO mice exhibited significantly higher FDPS staining intensity compared to littermate
controls (P<0.05) (Fig. 1d). Immunoreactivity of FDPS was greater in all prostatic lobes of
PTEN cKO mice, but a basal-to-low expression of FDPS was observed in the control mice
(Fig. e, Supplementary Fig. S1C). Similarly, FDPS expression was increased in histology
matched tumoroids compared to control organoids (Fig. 1f, g). The expression of FDPS in
an /n vivo mouse progression and 3D models suggests that FDPS activation and expression
are associated with the oncogenic transformation of PCa.

FDPS is specifically modulated in PTEN cKO mice but not in Hi-Myc mice

To examine whether the increased FDPS expression in PTEN cKO mice is due to lack of
PTEN activity alone and not due to any other oncogene, which is similar in elucidating
pathophysiological function or activity of another oncogene, we acquired Hi-Myc transgenic
animals, Initially, we observed the similarities such as PIN lesions and PCa histotypes of Hi-
Myc and PTEN cKO at 7 and 15 weeks of age (Fig. 1h), as described previously [24].
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Whole prostate tissue lysates from PTENWT PTEN cKO and Hi-Myc (Supplementary Fig.
S1D) mice were immunoblotted with FDPS, activated AKT (pAKT Ser 473) and actin
antibodies. As shown in Fig. 1i, PTEN cKO expressed higher levels of FDPS and pAKT
compared with Hi-Myc and PTENWT control mice. This data suggests that deletion of
PTEN and subsequent activation of PI3BK/AKT pathway in-part induces FDPS expression
for its oncogenic function in PCa (Fig. 1j).

FDPS is overexpressed specifically in PTEN-deficient human and mouse PCa cell lines

To characterize the expression pattern of FDPS in PCa cells, a panel of human and mouse
PCa cell lines was analyzed for FDPS expression at the mRNA and protein levels (Fig. 2a,
b). PCa cell lines had a 0.18- to 8.6-fold increase in FDPS mRNA expression compared to
the normal immortalized RWPE-1 and 2 cell lines (Fig. 2a). FDPS protein levels were also
elevated in the majority of PTEN-deleted/mutated PCa cells lines relative to RWPE-1, 2 and
22Rv1 PTENWT cells. FDPS expression at protein and RNA levels strongly correlated with
the activated form of AKT in human and mouse PCa cell lines (Fig. 2c, d). Mouse syngenic
cell line is an excellent tool to determine whether specific PTEN cKO has an impact on
desired genes and their respective protein products. For this purpose, we developed and
characterized (genotyping) normal prostate epithelial cell lines from PTENWT harboring
mouse (negative for Pb-Cre expression) and labeled as OCT 161 (Supplementary Fig. S2A).
As shown in fig. 2b and d, FDPS relative protein and mRNA expression levels are higher in
PTEN cKO mouse-derived syngenic cell lines (E2, E4, cE1 and cE2) as compared to normal
prostate epithelial syngenic cell lines (OCT161). Similarly, we also observed an increase in
AKT phosphorylation (fig. 2d) along with a series of small GTPase Rho A, Rho G and
CDC42 in PTEN cKO mouse-derived syngenic cell lines (E2, E4, cE1 and cE2) as
compared to normal prostate epithelial syngenic cell lines (Supplementary Fig. S2B). To
confirm the relative growth rate between FDPS high expressing mouse PCa cells and FDPS
basal normal-derived cells, we performed colony formation assay. We observed that FDPS
overexpressing E2, cE1 and cE2 PTEN cKO cell lines exhibited significantly large number
of colonies, large in size and grew faster than PTENWT derived normal cells (OCT161)
(Supplementary Fig. S2c, d). In addition, morphological analysis of OCT 161 and E2 FDPS
low and basal cell lines displayed dispersed cell distribution pattern with loss of cell to cell
contact whereas, FDPS, pAKT and small GTPases high expressing cE1 and cE2 showed
larger colony growth (clumpy) with a high cell to cell contact (Supplementary Fig. S2e).
FDPS was amplified and its frequency coincided with PTEN deletion/mutation (cBioPortal
platform) (24) (Fig. 2e). Specifically, the tendency of FDPS amplification is significantly
(P=0.016) associated with PTEN deletion status in the cBioportal database (Prostate
Adenocarcinoma, Fred Hutchinson CRC cohort). These data indicate that loss of PTEN
coupled with post-transcriptional and translational modulation of FDPS may lead to
aggressive nature of PCa.

Expression of FDPS protein in pre-neoplastic and neoplastic prostate tissues.

The intensity of FDPS staining in the spectrum of prostate tissues (Normal, hyperplasia, PIN
and PCa) was scored, and a statistically significant difference in FDPS expression was
observed between PCa tissues vs. normal prostate (P<0.001), and between PIN vs. PCa
(P<0.001) (Fig. 2f). In a total of 14 normal/NAT tissues, FDPS protein expression was
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negative in 2 (14.28%), low/basal in 11 (78.57%) and weak in 1 (7.14%) (Fig. 29). FDPS
staining intensity in hyperplasia and inflammatory tissues scored between 1.5-1.75 (weak)
and < 1.5 (low/basal) (Fig. 2h). FDPS staining was prominent in the prostate epithelial cells
of PIN and PCa lesions, but negative in the stromal region (Fig. 2i, j). In addition, the two
tissue cores representing the lymph node and coastal bone metastasis tissues stained strongly
for FDPS (Supplementary Fig. S3A). In addition, FDPS was overexpressed in metastatic
PCa as compared to primary PCa tissues (TCGA database) (Supplementary Fig. S3B). Our
data suggests that FDPS expression could correspond with the disease state, increasing from
normal to the pre-neoplastic condition and peaking during PCa progression and
advancement.

FDPS expression and its association with clinico-pathological characteristics.

The pathological tissue types and combination groups are shown in Table 1. The Kruskal-
Wallis test showed significant differences in composite score between groups
(Supplementary Table S1, Fig. 2f). Pairwise comparisons in Supplementary Table S1
showed that the PCa group has significantly higher composite scores than other groups.
FDPS expression was decreased in an order from malignant, PIN, hyperplasia/inflammation
and normal/NAT (Fig. 2f). Next, composite scores were correlated with clinic-pathological
characteristics in the PCa (malignant) group (excluding small acinous carcinoma).
Composite scores did not differ by stage (P=0.53) or by Gleason score categorized at the
median (P=0.22). However, we observed significantly higher composite scores in grades 3-4
PCa tissues (P=0.0004) (Supplementary Table S2, S3). In addition, our database analysis of
PCa tissues showed a strong association of FDPS expression between two Gleason score
(GS) pattern (GS 5-6 vsGS9, P<0.01) (Supplementary Fig. S3C). The normal/NAT group
was significantly younger than the other three groups, which were not significantly different
from each other in age (Supplementary Table S4).

Ectopic expression of FDPS in PTEN functionally inactivated PCa cells elicits an
aggressive phenotype

To investigate the functional role and potential mechanism(s) of FDPS in PTEN-deficient
and -sufficient PCa cells (Fig. 3a), the full-length FDPS gene (Supplementary Fig S4A,
S4B) was ectopically overexpressed in 22Rv1 and C4-2B PCa cells. Western blot and
confocal analysis showed detection of FDPS in 22Rv1 and C4-2B PCa cells (Fig. 3b, c).
Next, colony formation and growth kinetics assays were performed to characterize the
functional significance of FDPS in PCa cells. A significantly increased number of colonies
was observed in FDPS-overexpressed PTEN ™~ (PTEN deficient) PCa cells as compared to
PTEN sufficient PCa (P<0.01) (Fig. 3d). Similarly, enhanced proliferation was observed
when FDPS was overexpressed in Pten-deficient PCa cells (P<0.01) compared to wild-type
22Rv1 cells (Fig. 3e). These results confirm that the enhanced cell growth and proliferation
might be due to the introduction of FDPS in PTEN-deficient cells.

FDPS overexpression leads to activation of oncogenic sighaling and changes in the
prenylation of small GTPases

Since FDPS overexpression is associated with aggressiveness in PCa cells, we wanted to
assess the phosphorylation status of the most common oncogenic signaling molecules such
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as AKT, ERK and STAT pathways. Ectopic overexpression of FDPS in PCa cells led to
increased phosphorylation of AKT and ERK, with no change in their total protein levels
along with increased cyclin B1 expression compared to vector-transduced PCa cells (Fig.
4a). We subsequently analyzed whether the exogenous introduction of FDPS had an effect
on proteins that mediate tumor suppressive pathways. Of note, loss of STAT1 was shown to
promote tumor recurrence in PCa patients [25] and altered expression of FDPS was
associated with tumor recurrence in PCa patients [13]. We found that FDPS overexpression
significantly reduced phosphorylation of JAK1 and STAT1 at Ser727 and Tyr701, but did not
affect total JAK1 and STAT1 proteins (Fig. 4a, Supplementary Fig. S4C). Our results
suggest that FDPS overexpression in cancer cells could promote cancer progression by
activating AKT and ERK signaling, or by disrupting the constitutively active JAK-STAT
tumor suppressive signals in PCa, consistent with previous publication [26].

Using immunoblot analysis, the prenylation of Rho A, Rho G and CDC42 was induced in
FDPS-ectopically overexpressed PCa cells and vector-transfected PCa cells (Fig. 4a).
Overall, FDPS positively correlated with signaling molecules in both the PCa cells. These
data point out the evolution of FDPS in the Pten-deficient PCa cells and explains the
potential mechanism(s) underlying FDPS mediated protein prenylation and its critical role in
enhancing PCa cell aggravation.

FDPS knockdown affects AKT and ERK signaling and thereby impairs the colony-forming
ability of PCa cells

Silencing of FDPS reduced p-AKT and pERK levels along with prenylation patterns of Rho
A, G and CDC42 small GTPases compared to control PCa cells (Fig. 4b). Furthermore,
knockdown of FDPS significantly decreased the number of colonies (P<0.001) compared to
control cells. In addition, increased colony numbers were observed in FDPS KD PCa cells
compared to scramble siRNA transfected controls cells. However, the relative number of
colonies was less from cells transfected with FDPS-specific sSiRNA compared to PCa cells
with scramble siRNA (Fig. 4c, d), suggesting that FDPS suppression could inhibit colony
formation of PCa cells.

P13 kinase pathway inhibition affects FDPS not the AKT pathway

To determine the effect of inhibiting PI3K /AKT pathway and its impact on FDPS., PCa
cells were treated with pharmacological inhibitors and siRNA specific for selected genes.
Initially, dose-dependent treatment with multi-targeted PI3K inhibitor (PI1-103) in PTEN-
sufficient 22Rv1 and PTEN-deficient C4-2B PCa cells for 24 hr resulted in the decrease in
PI3K isoforms p1106 and p85 as compared to untreated control PCa cells (Fig. 5a).
Increasing concentrations of PI-103 also resulted in the reduction of FDPS protein together
with reduced phosphorylation of AKT and ERK in C4-2B cells, while PI-103 treatment in
22Rv1 did not reduce FDPS (Fig. 5a, Supplementary Fig. S5A). However, a higher dose of
P1-103 significantly decreased AKT and ERK phosphorylation in 22Rv1 cells (Fig. 5a).
Further, to validate the specificity of PI3K inhibition and its impact on FDPS, we performed
transient (72 hr) silencing of P/3K in another PTEN deficient LNCaP (C-81) PCa cell line.
We observed that FDPS protein expression was reduced upon silencing of P/3K as compared
to scramble siRNA transfected PCa cells (Fig. 5b). To observe the influence of AKT on
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FDPS which is downstream of PI3K we treated both the PTEN-sufficient and deficient PCa
cells with AKT-specific inhibitor MK-2206 or siRNA. MK-2206 dose-dependently inhibited
AKT phosphorylation without affecting FDPS protein levels in C4-2B cells while AKT
inhibitor affected AKT phosphorylation only at the higher dose in 22Rv1 cells (Fig. 5c).
Further, we performed AKT specific sSiRNA mediated gene knockdown studies (48 hr) in
two PTEN deficient PCa cells (C4-2B and LNCaP (C-81) to observe its impact on FDPS
expression (Fig. 5d). We found that pharmacological or siRNA treatment against AKT did
not affect FDPS protein expression. Taken together, our data suggest PI3K, rather than direct
AKT pathways, mediates FDPS regulation.

In addition to PI3K signaling, we also observed that AR signaling activation by DHT
treatment increases FDPS level. We performed the DHT treatment on androgen sensitive
LNCaP (C-33) cells as a time course experiment. LNCaP (C-33) cells were initially serum
starved and treated with DHT at 10 nM concentration for 48 hr. As shown in supplementary
fig. S5B, the protein expression of FDPS was elevated by 8-10 folds upon DHT treatment.
To assess the most common gene responsive for AR activation, we checked the expression
of cellular PSA, culture supernatant PSA level in the same lysate analyzed for FDPS protein
expression. We observed a complete activation of PSA in the DHT treatment LNCaP cells
compared to the DHT untreated parental cells. Further, to confirm the influence of p53 (a
well-established player in PCa) upon FDPS expression, we performed transient silencing of
p53 in PTEN deficient PCa cell lines. We observed that FDPS protein expression was
affected upon silencing p53 (72 hr) (Supplementary Fig. S5C). These results suggest that
AR signaling regulating FDPS could be a major factor responsible for the synthesis of
intratumoral androgen within the PCa cells.

Pharmacological inhibition of FDPS using ZOL inhibits AKT and ERK pathways

We examined the growth inhibitory effect of ZOL in time and dose dependent manner on
various human and mouse PCa cell lines using MTT assay. Treatment of PCa cells with
ZOL concentration ranging from 7.5-22.5 UM concentrations exhibited mixed efficacy and
depending on the cell type. Majority of human and mouse PCa cell lines showed ICy5 and
ICsq values of 7.5 and 17.5 pM concentrations (Supplementary Fig. S6). To test whether the
growth inhibitory effect of ZOL was due to direct negative modulation of FDPS protein, we
treated PCa cells with ZOL (ranging from 0-20 uM concentrations) for 24 hr. As shown in
Fig. 5e, ZOL dose-dependently decreased FDPS protein expression at all the tested
concentrations in both PTEN-deficient LNCaP C-81and C4-2B PCa cells, whereas PTEN-
sufficient 22Rv1 cells showed moderate FDPS modulation only at 20 concentration. These
results suggest the reduction in cell viability upon ZOL treatment in PTEN-deficient PCa
cells correlates with FDPS targeting by ZOL. Further, to examine the effect of ZOL on
FDPS downstream targets AKT and ERK, we treated PTEN-deficient and sufficient PCa
cells with 20-uM concentration of ZOL and performed western blot analysis. Our data show
that phosphorylation of AKT and ERK were affected by ZOL along with FDPS protein
reduction (Fig. 5f). In addition, to determine whether statins targeting HMG-CoA reductase
affects FDPS protein expression, we treated the PTEN sufficient and deficient PCa cells with
two different kind of statins (simvastatin and fluvastatin). Dose dependent treatment with
simvastatin and fluvastatin on 22Rv1 cells had no impact on FDPS expression. In contrast, a
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marginal increase in FDPS expression was observed in PTEN deficient C4-2B cells
(Supplementary Fig. S7). These results imply that a marginal increase in FDPS levels could
be associated with compensatory mechanism arise as a result of HMG-CoA enzyme
inhibition which is upstream of FDPS.

Next, we analyzed whether ZOL inhibition of FDPS prevents prenylation of small GTPases
in PCa cells. PCa cells were exposed to various doses (0-20 uM) of ZOL for 24 hr, and
protein lysates were analyzed for the prenylated and unprenylated forms of Rho A, Rho G,
CDC-42 and Ras proteins. As shown in Fig. 5g, ZOL dose-dependently increased un-
prenylated forms while decreasing the prenylated Rho A, Rho G and CDC42 small GTPases
in C4-2B cells. Whereas, ZOL has little effect on small GTPases prenylation in 22Rv1 cells.
H-Ras prenylation was not altered in 22Rv1 cells at all doses of ZOL, whereas 20 uM ZOL
moderately increased H-ras prenylation in C4-2B cells. Thus, decreases in phosphorylation
of AKT and ERK is confirmed by parallel inhibition of small GTPases in PCa cells. These
results were further validated using siRNA specific for FDPS in PCa cells and cell lysates
were analyzed for Rho A, Rho G and CDC42 small GTPases. As expected, FDPS
knockdown increased the ratio of un-prenylated vs prenylated forms of small GTPases (Fig.
5h).

In addition, we further performed immunofluorescence analysis using anti-Rho A and anti-
Rho G antibodies in PCa cells to verify whether inhibition of prenylation by ZOL affects the
subcellular distribution of small GTPases. PTEN deficient C4-2B PCa cells treated with
ZOL (20 uM) showed higher cytosolic accumulation of Rho A and Rho G, while PTEN
sufficient 22Rv1 cells showed only Rho A in the cytoplasmic compartment but not Rho G.
Untreated control PCa cells exhibited majorly membraneous localization of Rho A and Rho
G (Supplementary Fig. S8). Further, we evaluated the similarity in the mode of action of
ZOL and farnesyl transferase inhibitors (Ftases) | and Il in inhibiting small GTPases
prenylation by using western blot analysis. We have found that Ftase 11 inhibitor dose-
dependently inhibited prenylation of Rho A and Rho G in both 22Rv1 and C4-2B PCa cells.
Also, exposure of Ftase | inhibitor to 22Rv1 cells only caused a marginal increase in Rho A
prenylation but not Rho G. In fact, Ftases | treatment in C4-2B does not induce any changes
in prenylation of Rho A and Rho G. In all these Ftases inhibitor treatment conditions, C4-2B
cells treated with 10 and 20 uM concentrations of ZOL was used as positive drug treatment
control. These data also explains the fact that ZOL mediated inhibition of isoprenylation of
Rho A and Rho G is because of inhibition of farnesylation of such small GTPases, which is
similar to that of Ftases Il (Supplementary Fig. S9A). Functionally, Ftases Il inhibitor
demonstrated significant reduction in number and growth of colonies of FDPS high/positive
human and murine PTEN deficient cells as compared to PTEN sufficient cells
(Supplementary Fig. S9B, C). Overall, our data provide mechanistic and functional insight
into the association of FDPS and post-translational modification of small GTPases, in the
promotion of PCa.
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ZOL affects the colony formation, proliferation and growth of PCa cells and 3D PCa

tumoroids

ZOL treatment significantly decreased the number of colonies of human and murine PTEN
deficient PCa cells compared with respective untreated controls, as well as PTENWT 22Rv1
PCa cells (P<0.01) (Fig. 6a, b). Cells treated with ZOL for 48 hr showed reduced growth
from day 1 to day 7, compared to untreated cells (Supplementary Fig. S10A). Further, ZOL
treatment decreased the proliferation of PCa cells at both 24 and 48 hr (Supplementary Fig.
S10B). Similarly, prostate tumoroids were treated with ZOL and assessed for growth
inhibitory effects. Tumoroids treated with ZOL were more susceptible to growth inhibition
compared to untreated controls (P<0.02) (Fig. 6c, d). Viable cells were detected in control
tumoroids and necrotic cells were observed in ZOL-treated tumoroids using hematoxylin
and eosin staining (Fig. 6e). Our results suggest that ZOL could serve as a novel therapeutic
intervention for PCa. Based on the expression profile of FDPS in tumoroids (Fig. 1g), FDPS
expression was analyzed in tumoroid sections treated with ZOL. A complete reduction of
FDPS was observed in ZOL-treated tumoroids compared to untreated control tumoroids
(Fig. 6e). These results suggest that inhibition of small GTPases protein prenylation via
FDPS by ZOL will account for the reduced colony number, growth inhibition and reduced
proliferative capacity of PCa cells and 3D tumoroids. Thus, targeting FDPS might be an
indirect mechanism to ameliorate PTEN-deficient PCa.

Discussion

The mevalonate pathway integrates all the metabolic pathways in cancer cells and plays a
crucial role in cancer cell survival. FDPS is one of the molecules in the mevalonate pathway
shown to be upregulated in rat prostate [27], and human PCa tissues compared to benign
prostate tissues [13]. The five major findings from this study are as follows: (a) loss of
PTEN in mouse prostate resulted in aberrant expression of FDPS, but not with MY C-driven
prostate cancer, (b) FDPS was overexpressed in PTEN-inactive PCa cells, but not in PTEN-
sufficient cells, which further supports a direct relationship between the PI13K pathway and
FDPS, (c) FDPS expression in clinical PCa specimens indicates that FDPS is likely required
for the initiation and progression of PTEN-deficient PCa tumors, (d) protein prenylation was
identified as the key mechanism linking PTEN deficiency with FDPS elevation and (e)
targeting FDPS in PTEN deficient or PI3K activated status could reduce the number of
colonies and inhibit proliferation of PCa cells through its effect on downstream AKT and
ERK pathways. Collectively, our in vitro and in vivo evidence suggests that FDPS might be
a novel target for PTEN-deficient PCa patients.

Previous studies demonstrate that elevated levels of FDPS correlate with PCa progression
and tumor recurrence [13, 28], and a recent study also documents that FDPS mediated
proliferation of glioblastoma cells [29]. Our observation of FDPS expression in PCa tissues
is consistent with a recent global transcriptome analysis of PCa tissues demonstrating FDPS
as one of five gene signatures specifically associated with PCa promotion [14]. We observed
that FDPS was exclusively overexpressed in an autochthonous tumor from PTEN-deficient
mice compared to Hi-CMYC mice. Our results also demonstrated high FDPS expression at
both protein and transcript levels in the majority of PTEN-deficient PCa cells, which
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correlated with AKT activation. Our analysis using publicly available databases showed
FDPS was highly expressed in primary and metastatic PCa tissues, and that its gene
frequency was altered in ~3-30% of PCa cases in which PTEN was either deleted or mutated
at a frequency ~17.5- 40% cases in the same cohort [30]. Recently, Chen and colleagues
showed that SREBP-dependent lipogenic signatures transform the minimally invasive
PTEN-deficient prostate tumors into the metastatic disease [31]. In an /7 vivo model of PCa,
FDPS was shown to be dysregulated along with the SREBP family of proteins [28]. In line
with these studies, FDPS was differentially expressed among murine PCa and normal
prostate cells [8] and their derived organoids in our study.

How mevalonate pathway-associated genes are activated during oncogenesis and whether
such activation affects its downstream targets and its biological consequences are largely
unknown. In the current study, we observed that ectopic overexpression of FDPS
significantly accelerated growth and colony-forming ability of PTEN-deficient cells rather
than PTEN-intact PCa cells by modulating the phosphorylation of AKT, ERK, and Cyclin
B1, all critical for proliferation and survival of cancer cells. Of note, FDPS was shown to
mediate the proliferative effect of sterols on hepatoblastoma cells [32], implying that FDPS
alteration in the cancer cell may promote growth and proliferation. Loss of STAT1 has been
associated with the pathobiology of several malignancies, including PCa [25], and we found
that overexpression of FDPS reduced STAT1 phosphorylation at ser727 and Y701 in PCa
cells. Based on the literature [15, 33, 34], we postulated that ectopic overexpression of FDPS
could influence protein prenylation of small GTPases. Indeed, FDPS overexpression induced
prenylation of small GTPases such as Rho A, Rho G, CDC-42 and H-Ras, which in turn is
known to activate MAPK together with AKT signaling [35-38]. FDPS knockdown in
glioblastoma cells affected the active forms of AKT, ERK and STAT3 [29]. Consistent with
these data, our FDPS knockdown studies showed inhibition of PCa cell growth via activation
of AKT and ERK pathways. Of interest, forced overexpression of FDPS rescued the
inhibitory effects of FDPS-targeting siRNAs. Thus, our data and previous studies raise the
possibility of targeting FDPS to attenuate activation of ERK, AKT, and STAT1 signaling in
aggressive prostate cancer.

Previously, a study demonstrated that upregulation of mevalonate pathway genes along with
activation of the PI3K/AKT pathway supported growth in colon cancer stem cells [39].
Hence, we verified that direct inhibition of PI13K, but not AKT phosphorylation, is sufficient
to reduce FDPS expression. ZOL, a nitrogen-containing bisphosphate (NBP), was previously
used to treat bone resorption in prostate and breast cancer cells and known to aid in reducing
and delaying bone complications [40, 41]. ZOL was later shown to function as an anti-tumor
agent by inhibiting proliferation and promoting apoptosis [20]. Recent studies show that
ZOL could inhibit FDPS by directly binding to active enzyme sites [12, 18, 42]. Building on
those studies, we observed ZOL inhibited growth and colony formation to a greater extent in
PTEN-deficient PCa cells than in PTEN-sufficient cells through inhibition of
phosphorylation of AKT and ERK in human and mouse PCa cells. The recent development
of syngenic cell lines and 3D organoids/tumoroids from genetically modified mice has made
preclinical studies easier to develop [43]. Our data on mPCa tumoroids showed decreased
growth rate following 24 h exposure to ZOL. These observations are in agreement with the
in vitro efficacy of ZOL in renal cell carcinoma cells [44]. Overall, these molecular and
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functional actions of ZOL may predict its synergy if combined with chemo or radiation
treatment.

Our study demonstrated both the clinical and translational relevance of FDPS in PCa.
Primarily, the increased expression of FDPS along the continuum from non-neoplastic to
prostate tissue suggests prolonged activation of AKT/ERK and suppression of STAT1 may
be facilitating the inflammatory process underlying disease progression. In the future, this
work could be extended to investigate the role of FDPS in PCa metastasis, as well as its
correlation with PSA level and survival in PCa patients. Second, our data suggest a
mechanism by which PTEN deficient cells mediates cancer cell survival by its ability to
activate metabolic oncogene FDPS. In fact, these metabolic changes within a tumor may
also contribute to therapy resistance by increasing intra-tumoral androgens [4, 45]. Finally,
this is the first work supporting re-purposing of ZOL to target FDPS in PTEN-deficient PCa,
which would be a novel approach to enhance PCa combination therapies in the future (Fig.
7).

Materials and Methods

Tissue microarray and immunohistochemistry

Specimen details, clinical information and pathological scoring are given in the
supplementary materials and methods. Immunohistochemistry procedures were adapted
from our previous report [46].

Generation of mouse models of PCa and their derived tumoroids

PTEN conditional knockout (cKO), Hi-Myc and littermate wild-type mice generation,
characterization and their derived organoids and syngenic cell lines were described in
supplementary materials and methods. Primers used for PCR genotyping are listed in
supplementary table.S5. The tumoroids generation procedure was adapted from previous
publications [47].

Cell culture and reagents

All PCa cell lines were cultured and maintained as previously described [48]. See
supplementary materials and methods for details about human and mouse PCa cell lines
[49], their genomic identity details, and treatments with ZOL, 5a.-dihydrotestosterone
(DHT), PI3K inhibitor (P1-103), AKT inhibitor (MK-2206), Simvastatin, Fluvastatin,
Farnesyl trasferase inhibitors | and Farnesyl trasferase inhibitors Il drugs.

RNA isolation and quantitative real-time PCR analysis

RNA isolation and real-time PCR were performed as described in our previous publication
[50].

Primer details are described in supplementary table.S5.
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Western blot analysis

Descriptions of ZOL treatment in PCa cells, cells harvesting, and routine western blot
analysis are given in supplementary materials and methods. Primary antibodies with
respective dilutions are listed in supplementary table.S6.

Databases analysis

Detailed methods adapted for database analysis are given in supplementary materials and
methods.

Overexpression and siRNA constructs and transfection

For overexpression construct design(FDPS) and siRNA transient (FDPS, PI3K, AKT, P53)
and stable transfection procedures, see supplementary materials and methods.

Confocal microscopy

Confocal analysis was performed as described in our earlier publication [50] and
summarized in supplementary materials and methods.

Colony formation assay

Colony formation assay was performed as described in our previous publication [46].

MTT cytotoxicity assay for ICy5 determination

MTT assay was performed as per the standard procedure [12].

Growth kinetics and proliferation assays

Growth kinetics assay was performed in 22Rv1, C4-2B and cE2 human and mouse PCa cells
as per our previous publication [50]. For additional details see supplementary materials and
methods.

Statistical analysis

Statistical analysis of the groups were briefly described in supplementary materials and
methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
FDPS expression in prostate tissues and 3D organoid culture derived from normal and

prostate cancer tissues of PTEN cKO mouse model. a Development of mouse models of
prostate cancer to detect FDPS levels. PTEN cKO mouse model-derived prostate tissues,
organoids and tumoroids were subjected to immunohistochemical analysis by staining with
antibody specific for FDPS as indicated in material and methods. b Murine urogenital
organs such as bladder, seminal vesicle and prostate were excised from 15 weeks old PTEN
cKO and PTENWT control mice and examined for gross morphology. The asterix represents
the seminal vesicle. Dotted lines show normal and enlarged prostate excised from the wild-
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type (yellow) and PTEN cKO (red) mice. c Histological analysis of mouse prostate cancer
model. Representative images showing hematoxylin and eosin staining in mouse prostate
dorsolateral lobes of PTENWT and PTEN cKO mice at 7 and 15 wks of age. d Box plot
shows an increase in mean composite score of FDPS expression in mouse prostate of PTEN
cKO mice compared with age-matched prostate tissues of PTENWT animal. e
Immunohistochemical detection of FDPS protein in various lobes of mouse tissues. FDPS is
highly expressed in epithelial cells of PTEN cKO prostate cancer tissues compared to
PTENWT. f, g Representative image of a normal prostate organoid stained with hematoxylin
and eosin (left) and FDPS antibody (right). g Positive immunoreactivity is shown for FDPS.
Serial section of the same tumoroids and organoids used for FDPS staining were evaluated
with non-specific isotype control antibodies (Insert). h Representative histological sections
with hematoxylin and eosin staining of prostate tissues of wild-type (left) and Hi-Myc-
driven transgenic mouse (right) at 7 and 15 wks of age. i Western blot analysis of FDPS,
pAKT and total AKT expression in the total lysates isolated from prostates of 15 weeks old
WT, PTEN cKO and Hi-Myc-driven mice. j Schematic diagram showing the application of
tumoroids isolated from prostate-specific PTEN cKO mouse model to be used for FDPS
expression analysis.
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FDPS is differentially regulated in prostate adenocarcinoma and PTEN-deficient human and
murine prostate cancer cells as compared to respective normal tissues/PTENWT
counterparts. a-d FDPS mRNA and protein expression were screened in a panel of human
and mouse prostate cancer cell lines differing by PTEN mutation/deletion status. Total RNA
was isolated from indicated human and mouse normal and prostate cancer cells lines and
subjected to semi-quantitative RT-PCR. a Relative fold change of FDPS expression in a
normal immortalized prostate epithelial cell line and a panel of prostate cancer cell lines was
normalized with the Ct value of GAPDH. The error bar represents the average of triplicate
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samples. b FDPS relative mRNA expression was analyzed by semi-quantitative RT-PCR in
normal prostate-derived cells and PTEN cKO mouse-derived syngeneic cell lines. ¢, d
Western blot analysis of FDPS and phosphorylated AKT expression in a panel of human and
mouse prostate cancer cell lines. e Bar graph showing concordance of FDPS gene
amplification and PTEN deletion/mutation status in same PCa cohorts using CBioportal. f
Box plot shows a significant increase in the mean FDPS intensity in prostate
adenocarcinoma tissues and PIN lesions compared to hyperplasia and normal prostate
tissues (P<0.001). g-j Images represent FDPS immunohistochemical staining in prostate
tissues, g normal prostate, h hyperplasia, i PIN and j prostate adenocarcinoma.
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Fig. 3.

Ectopic overexpression of FDPS in PTEN-deficient PCa cells increases proliferation and
growth advantage. a Schematic representation of predicted FDPS-mediated mechanism(s) in
PCa cells. b and ¢ p3Xflag-CMV-10-FDPS construct and empty vector were stably
transduced with similar units in PTEN-sufficient 22Rv1 and PTEN-deficient C4-2B PCa
cells. Subsequently, stably transfected cells were cultured with selection medium containing
G418 at 300 pg/ml and clones were selected and analyzed for FDPS positivity using b,
Western blot and ¢, confocal analysis. d Box plot shows an increase in the average number
of colonies in C4-2B PCa cells stably transfected with FDPS cDNA as compared to 22Rv1
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cells. e Cells with FDPS overexpression or vector transduction were assessed for
proliferative kinetics by a growth kinetics assay. Cells were measured for 7 days using a
cellometer auto 1000 cell counter. The average number of FDPS-overexpressed cells was
significantly higher compared to vector-transduced PCa cells.
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J B-actin

SiB + CMV-FDPS
SiC + CMV-FDPS

FDPS-mediated oncogenic signaling was more pronounced in PTEN-deficient prostate
cancer cells than PTENWT cells. a The p3x-FLAG-CMV-10-FDPS and CMV-10 vector-
transduced cells were seeded at a density of 1x10° in a 60 mm dish and analyzed for
signaling molecules (AKT, ERK, JAK1/STAT1 and FDPS) with respective phospho forms
by Western blot. Beta actin served as an internal loading control. Immunoblot analysis
detected the un-prenylated and prenylated forms of RhoA, Rho G and CDC-42 proteins. Top
band is the un-prenylated form and bottom band represents the prenylated proteins. b PCa
cells were transiently transfected with 3 siRNAs targeting FDPS. After 48 h transfection,
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cell lysates were harvested and analyzed using Western blot for expression of FDPS,
phosphoAKT, and ERK with respective total forms. ¢ Effect of gene silencing of FDPS on
clonogenicity was tested in 22Rv1 PCa cells. Bars represent the average number of colonies
in siRNA-transfected cells, relative to scramble siRNA-transduced cells (N=3/group). d
Representative images depict the reduction in the number colonies upon FDPS knockdown.
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Fig. 5.

Pharmacological and genetic inhibition of PI3K or FDPS affects small GTPases/AKT axis. a
and b PTEN-deficient C4-2B and PTEN-sufficient 22Rv1 cells were treated with and
without PI13K-specific PI-103 or PI3K specific siRNA for 24 and 72 hr, respectively. Total
lysates were immunoblotted and probed with PI3K subunits anti-p110a., anti-p1106 and
anti-p85, anti-phospho AKT, anti-phospho ERK and anti-FDPS antibodies. c, d Effect of
AKT specific MK-2206 inhibitor or sSiRNA alone treatment in PCa cells. e Dose-dependent
effect of ZOL on 22Rv1, C4-2B and LNCaP C-81 PCa cells. After 48 hr exposure to ZOL,
cells were lysed and subjected to Western blot to detect FDPS protein expression. ZOL
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induces a dose-dependent decrease in FDPS protein, specifically at 20 and 40-uM
concentration in PCa cells. f Effect of ZOL on inhibition of FDPS levels with ERK and AKT
phosphorylation determined using Western blot in 22Rv1, C4-2B and cE2 sublines. g PCa
cells were cultured in the presence of indicated doses of ZOL, and total protein lysates were
analyzed for ZOL-mediated inhibition of prenylation of RhoA, Rho G, CDC-42 and H-Ras
proteins. h FDPS siRNA- and scramble siRNA-transfected PCa cells were analyzed for
suppression of protein prenylation using indicated antibodies.
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Fig. 6.

Effects of ZOL in 2D and 3D tumoroid /n vitro models. a Colony formation assay was
performed in human and mouse PCa cells. PTEN-deficient C4-2B, E2 and cE2 and PTEN
sufficient 22Rv1 cells were treated with and without ZOL (N=3/treatment group) at
indicated concentrations for 24 hr. After 14 days of incubation in complete medium,
colonies were fixed with methanol, stained with crystal violet and counted. Colony counts
are expressed relative to untreated controls. Bar graphs represent data as mean + SE of
triplicates. P values are denoted by asterisks (P< 0.01). b Representative images showing
colonies formed by human and mouse PCa cells treated with and without ZOL. ¢ The bar
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graph depicts average tumoroid growth with and without (control) ZOL treatment. d Light
microscope images of representative tumoroids treated with and without ZOL on days 0, 3
and 9. e H&E (Insert) and FDPS staining analysis on the tumoroids treated with and without
ZOL.
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Fig. 7.
Schematic diagram showing the critical role of FDPS in normal prostate and prostate cancer

and its associated potential mecahnism (s). (i) FDPS is a crucial intermediate enzyme
required for cholesterol and sterol biosynthesis. This enzyme catalyzes production of geranyl
pyrophosphate and farnesyl pyrophosphate from isopentenyl pyrophosphate and dimethyl
allyl pyrophosphate. Apart from enzyme catalysis, FDPS is involved in posttranslational
modifications (protein prenylation) of GTPases. Inactivation of FDPS through interferon
disrupts specialized cell membrane-associated microdomains, such as lipid rafts, required
for protein and receptor trafficking, cell signaling, and neurotransmission regulation. (ii)
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FDPS is overexpressed in prostate cancer and associated with tumor recurrence. FDPS also
regulates intra-tumoral androgens, which further interferes with ADT therapy in the
localized and locally advanced stages of prostate cancer. (iii) Flow diagram describes
various mechanisms associated with FDPS overexpression in prostate cancer cells. FDPS
may be stimulated by androgens and ectopic overexpression of FDPS resulted in activation
of AKT and ERK signaling for sustained proliferative signals, but deactivates STAT1
pathway, disrupting its tumor suppressive function. ZOL potentially inhibits FDPS thereby
modulating the prenylation of small GTPases resulting in deactivation of AKT, ERK and
STAT signaling in prostate cancer cells.
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Table.la

Number of pathological tissue types and percentage

Tissuetype N | Percent
Malignant 35 28.46
PIN 42 34.15
Hyperplasia/Inflammation | 32 26.02
Normal/NAT 14 11.38
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Relative comparison between groups and statistical significance

Table.1b

Hyperplasia/
Malignant vs PIN vs Inflammation
Malignant | Hyperplasia/ Malignant vs | Hyperplasia/ PIN vs Vs
p-value vsPIN Inflammation | NAT/Normal | Inflammation | NAT/Normal | NAT/Normal
Unadjusted | <0.0001 <0.0001 <0.0001 0.0208 0.043 0.90
Adjusted * | <0.0001 <0.0001 <0.0001 0.12 0.26 1.0

*
P-values adjusted for multiple comparisons with Bonferroni method.
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