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Abstract

Nitrogen bisphosphonates, such as zoledronic acid, target the enzyme farnesyl diphosphate synthase (FDPS) in the isoprenoid biosynthetic
pathway (IBP), and are the frontline treatment for osteolytic bone diseases. A strong affinity of these agents for bone limits their distribution
out of the skeleton. Geranylgeranyl diphosphate synthase (GGDPS) is directly downstream to FDPS in the IBP and novel GGDPS inhibitors
such as RAM2061 have been shown to have key drug-like features including prolonged half-life, metabolic stability, and systemic distribution.
Furthermore, RAM2061 exerts anti-neoplastic benefits in mouse models of multiple myeloma and Ewing sarcoma. Therefore, we are interested
in determining the potential impact of RAM2061 on osteoclast biology and bone remodeling. Studies utilizing undifferentiated RAW264.7 cells
demonstrated that treatment with RAM2061 depletes cells of geranylgeranyl diphosphate, impairs protein geranylgeranylation, and induces
markers of the unfolded protein response pathway and apoptosis. Differentiation of RAW264.7 cells to mature osteoclasts is disrupted by
RAM2061, resulting in decreased numbers of mature osteoclasts, altered morphology, and decreased tartrate-resistant acid phosphatase activity.
Treatment of fully differentiated RAW264.7 cells with RAM2061 led to decreased resorptive activity. Confocal microscopy studies revealed that
RAM2061 disrupts Cdc42 localization, inhibiting proper actin ring formation in osteoclasts. No significant impact on bone turnover markers or bone
histomorphology was observed following a 3-week treatment of CD-1 mice with RAM2061, although decreased numbers of osteoclasts were
observed. Liquid chromatography-tandem mass spectrometry studies confirmed accumulation of RAM2061 in bone from the in vivo studies as
well as hydroxyapatite binding in vitro. In conclusion, these studies are the first to demonstrate the anti-osteoclastic activity of GGDPS inhibitor
treatment and support future studies exploring the therapeutic benefit of this novel therapy in the setting of pathological bone remodeling.
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Lay Summary

Nitrogen bisphosphonates (NBPs) are the frontline treatment for bone diseases characterized by excessive bone loss. Laboratory studies have
suggested NBPs have anti-cancer effects as well, but due to these agents very strongly binding to bone, significant anti-cancer activity has not
been observed in animal or human studies. Our novel drug (RAM2061) targets an enzyme called geranylgeranyl diphosphate synthase that is
closely related to the target of the clinically used NBPs and shares some structural similarities. However, our prior studies have shown that
RAM2061 does penetrate tissues throughout the body and has anti-tumor activity in a variety of mouse models of cancer, including multiple
myeloma, which is a cancer associated with bone destruction. In this study we investigate whether RAM2061 has any direct effects on the
bone cells (osteoclasts) that control bone resorption. These studies reveal that RAM2061 impacts the cellular growth and differentiation of
osteoclasts as well as impairs their resorptive ability. Mouse studies using normal, young mice were performed in which animals were treated
with RAM2061 for 3 weeks. These studies demonstrated accumulation of RAM2061 in the bone, as well as a decrease in osteoclast number,
but did not show a significant impact on bone turnover markers or bone volume. These studies are the first to show that this novel treatment
impacts osteoclast activity as well as accumulate in the bones and form the basis for future studies exploring the effects of RAM2061 in mouse
models of bone disease.

Received: July 17, 2024. Revised: October 15, 2024. Accepted: October 21, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of the American Society for Bone and Mineral Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https:/creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0002-9342-5635

 9104 20955 a 9104
20955 a
 
mailto:sarah.holstein@unmc.edu
mailto:sarah.holstein@unmc.edu
mailto:sarah.holstein@unmc.edu
mailto:sarah.holstein@unmc.edu
mailto:sarah.holstein@unmc.edu
mailto:sarah.holstein@unmc.edu
mailto:sarah.holstein@unmc.edu
mailto:sarah.holstein@unmc.edu

Graphical Abstract

JBMR Plus, 2025, Volume 9 Issue 1

Isoprenoid Biosynthesis Pathway

o<\ HMG-CoA
( )
A — 4 statins— HMGCR
pre-osteoclast
proliferation
mevalonate

cell migration
cell-cell fusion

«—
T -
v

’

NBPs— Fpps
cell-cell fusion

—

N
GPP
NBPs — FDPS

actin ring formation

l polarization

RAM2061
(NaOy(0)P .
(Na0),(0)P” AN = o\
~60% hydroxyapatite
binding affinity
V7 \\
(@)
A 4
pre-osteoclast
GGSI osteoclast
(RAM2061) i differentiation
v
S ——

— — v
_ \ GGDPS o

[ ¢
/’ 4 &
/ ’l n\m\e\
// | transcytosis

00

late
* endosomal 1
trafﬂckmg ]

.\\

\
. O .
. . dlsruptlon of actln,

ring formatlgn 1 \
)]
= ( \)
- | ~ N 0O\ -
= LU) (U U U ( /LN QU
" s 7 U degraded () b°"$ decreased bone '\(\\ )
ol_;vf) cfds /. matrix ’) o fesorption resorption -
oo v/ ‘l% ,3’/‘ ||, 2:* L
Normal osteoclast e e RAM2061-treated osteoclast
Introduction

The isoprenoid biosynthesis pathway (IBP) is currently tar-
geted clinically by 2 major classes of drugs: the statins (choles-
terol lowering agents) and nitrogen bisphosphonates (NBPs,
bone targeting agents). The pathway is responsible for the pro-
duction of the 15-carbon farnesyl pyrophosphate (FPP) and
20-carbon geranylgeranyl diphosphate (GGPP), which serve
as substrates for the posttranslational modification (prenyla-
tion) of small GTPases in the Ras, Rab, and Rho subfamilies.
When prenylation is impaired, these proteins cannot localize
or function properly.! With Ras, Rab, and Rho proteins all
serving essential roles in cellular function, inhibiting produc-
tion of these isoprenoid donors can impact cell activity and
survival.”»3

NBPs, such as zoledronic acid (ZA), inhibit the enzyme
farnesyl diphosphate synthase (FDPS), which is responsible
for the production of FPP that is utilized for the farnesylation
of Ras proteins. FPP is also utilized by the enzyme geranyl-
geranyl diphosphate synthase (GGDPS) for production of
GGPP, which serves as the substrate for geranylgeranylation of
proteins in the Rab and Rho subfamilies. The bisphosphonate
moiety of NBPs contains a phosphorous-carbon-phosphorous
(P-C-P) backbone that facilitates chelation of calcium ions,
conferring a strong affinity for binding hydroxyapatite (HAP)
crystals in bone. This promotes NBPs accumulation in the

bone matrix where they are endocytosed by osteoclasts during
bone resorption and induce apoptosis.* NBPs have an overall
bone-strengthening benefit in skeletal diseases that are charac-
terized by excessive osteoclast-mediated resorption, exempli-
fied by their efficacy in reducing skeletal morbidity in a variety
of osteoresorptive and metastatic bone diseases.’~” In vitro
studies have suggested additional anti-neoplastic properties;
however this has yet to be replicated in vivo due to lack
of systemic distribution, with ZA primarily accumulating in
the bone and remaining drug cleared unmodified through the
kidneys.3-12

Of note, the anti-resorptive effects of NBPs in osteoclasts
are attributed to depletion of intracellular GGPP, independent
of FPP depletion.®>!3 This is due to the essential role of ger-
anylgeranylated Rho proteins in cytoskeletal rearrangement
necessary for proper osteoclast differentiation and resorp-
tion.!* As intracellular depletion of GGPP is the primary
mechanism of NBPs anti-osteoclastic effects, selective inhibi-
tion of GGDPS itself would provide a more targeted approach
without potential off-target effects from FDPS inhibition, such
as FPP depletion and disruption of cholesterol biosynthesis.

GGDPS inhibitors (GGSIs) are under investigation as poten-
tial anti-cancer agents, with specific focus on malignancies
characterized by aberrant protein production.’>~17 We have
focused on the development of a class of novel GGSIs that are
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isoprenoid triazole bisphosphonates.!*>18-20 From extensive
structure-function studies, a lead GGSI, named RAM2061 («-
methyl homoneryl triazole bisphosphonate), was identified,
with key drug-like features (prolonged half-life and systemic
distribution) and anti-tumor effects in vivo.'5~17:21-23 From
these studies we found GGDPS inhibition to represent a
novel therapeutic approach by targeting protein trafficking
leading to ER-stress induced apoptosis.'® 1724 For example,
in multiple myeloma cells, RAM2061 disrupts intracellular
monoclonal protein trafficking as a consequence of inhibi-
tion of Rab protein geranylgeranylation, leading to induc-
tion of the unfolded protein response (UPR) pathway and
apoptosis.2*

While previous efforts have focused on the direct anti-
cancer effects of RAM2061 and other GGSIs, we were inter-
ested in determining whether this novel drug strategy has
a direct impact on osteoclast function and bone biology. In
this study we found that RAM2061 demonstrates direct anti-
osteoclastic effects through inhibition of protein geranylger-
anylation and disruption of cytoskeletal processes necessary
for proper differentiation and function in vitro. To repli-
cate the physiological setting of normal bone remodeling, we
utilized outbred female CD-1 mice at 6-8 weeks of age. In
vivo evaluation of limited duration RAM2061 treatment did
not substantially alter bone morphology, but did decrease
osteoclast numbers. This work supports the need for future
studies to determine the impact of RAM2061 on osteolytic
diseases such as myeloma bone disease (MBD).

Materials and methods

Chemicals

Dr. David Wiemer (University of Iowa) provided RAM2061.
Compound purity was determined as>95% by high-
performance liquid chromatography and verified by nuclear
magnetic resonance.?’ Zoledronic acid was obtained from
Pfizer. Compound structures are shown in Figure 1A.
Lovastatin and GGPP were obtained from Sigma-Aldrich.

Cell lines

RAW264.7 cells (ATCC) were grown in DMEM high glucose
media with L-glutamine supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 1% penicillin-
streptomycin at 37 °C and 5% CO».

HAP binding affinity

A 1 mg/mL HAP slurry was prepared in 0.05 M Tris-HCI
buffer. HAP suspension (0.8 mL) and RAM2061 (1 or 10 uM)
were added to an Eppendorf tube, while calibration standards
(0.14-500 ng/mL) and quality controls (lower limit of
quantification [0.13 ng/mL]), low quality control (0.5 ng/mL),
middle quality control (125 ng/mL), and high-quality control
(375 ng/mL) were prepared simultaneously. Samples were
shaken at room temperature (RT) for 1 h to allow for com-
pound binding. Following incubation, tubes were spun down,
and supernatant was collected to quantify residual abundance
of drug. Internal standard (IS; RAM1147 1 ug/mL) was
added to all samples.”> RAM2061 samples (100 uL) were
diluted in ammonium carbonate buffer (10 mM, 400 uL)
with 0.1% NH4OH in duplicate. Solid phase extraction (SPE)
and liquid chromatography with tandem mass spectrometry

(LC-MS/MS) were conducted following the workflow
described below for bone homogenate samples.

Intracellular FPP/GGPP analysis

Intracellular concentrations of FPP and GGPP were quanti-
fied using a validated LC-MS/MS methodology as previously
described.2® RAW264.7 cells were seeded (2 x 107 cells/well)
in 6-well plates and incubated in the presence or absence
of RAM2061 or ZA. Following 48 h treatment, cells were
counted using trypan blue staining and a Bio-Rad TC20
automated cell counter. Cells were pelleted, washed in PBS,
and stored at —20 °C prior to processing by SPE for LC-
MS/MS analysis. Isoprenoid concentrations were normalized
to total number of viable cells. Samples in which levels of
GGPP were below the limit of quantitation (>0.04 ng/mL)
were reported as ND (not detected).

MTT cytotoxicity assay

Cells were seeded (5 x 103 cells/well) in 96-well flat-bottom
plates and incubated in the presence or absence of RAM2061.
Following 24, 48, or 72 h incubation, 35 uL of a MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 2) solution (5§ mg/mL
in PBS) was added to each well. Following incubation at
37 °C for 4 h, 100 uL of solubilizing solution (0.01 M
HCl/10% SDS) was added and plates were left to shake at
37 °C overnight. Absorbance was measured using a 2017
Tecan microplate spectrophotometer. Data were normalized
to solvent-treated control wells defined as having an MTT
activity of 100%.

Immunoblot

RAW264.7 cells were incubated in the presence or absence of
RAM2061, or in some studies incubated with either lovas-
tatin, ZA, or GGPP. Following specified time periods, cells
were washed in PBS and lysed using RIPA buffer (1% sodium
deoxycholate, 0.15 M NacCl, 0.1% SDS, 1% (v/v) Triton-X-
100, 0.05 M Tris HCL, pH 7.4) supplemented with protease
and phosphatase inhibitors to generate whole cell lysate. Pro-
tein content was determined using the BCA method. Protein
(15 ug) was loaded on an SDS-PAGE gel and transferred to
polyvinylidene difluoride membrane.

Mandible and long bones from CD-1 mice were homoge-
nized in 15% EDTA solution using a TissueLyserIl (Qiagen)
and 3 mm tungsten carbide beads (Qiagen). An aliquot of
bone homogenate (100 uL) was lysed 1:1 in T-PER (Invit-
rogen) supplemented with protease inhibitors using a hand-
held tissue homogenizer. Lysed homogenate (30 ul) was
supplemented with 6x Laemmli buffer and heated at 95 °C
for 10 min. Samples were loaded on an SDS-PAGE gel and
transferred to a polyvinylidene difluoride membrane.

Blots were incubated overnight at 4 °C in primary antibody
and for 1 h RT in secondary antibody. Blots were imaged using
Bio-Rad Chemidoc MP imaging system following addition of
ECL chemiluminescence reagent.

Information regarding the antibodies used in the
immunoblotting experiments can be found in Supplemental
Materials (Table S1).

Quantitative real-time polymerase chain reaction
Cells were seeded (2 x 10° cells/well) in 6-well flat-bottom
plates and incubated in the presence or absence of RAM2061

or ZA. Subsequently, RNA extraction was performed using
Omega Bio-Tek EZNA RNA total isolation kit. RNA content
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Figure 1. RAM2061 demonstrates on-target activity and cytotoxic effects in undifferentiated RAW264.7 cells. (A) RAM2061 and zoledronic acid chemical
structures. (B) Levels of intracellular farnesyl pyrophosphate (FPP) and geranylgeranyl diphosphate (GGPP) in RAW264.7 cells following 48 h incubation
in the presence or absence of RAM2061 (200 or 400 nM) or zoledronic acid (ZA, 20 «M) (n= 3 biological replicates, data are displayed as mean + SD;
ND = not detected; *** denotes p<.001 per t-test). (C) Immunoblot analysis for unmodified Rap1a (Rap1a) and B-tubulin (loading control) following 24, 48,
or 72 h incubation with varying concentrations of RAM2061 in RAW264.7 cells. Immunoblots are representative of 3 independent experiments. (D) MTT
assays were performed following a 24, 48, or 72 h incubation period with RAM2061 in RAW264.7 cells (n=4, data are displayed as mean £ SD).

and purity was measured using a Nanodrop spectrophotome-
ter. Complementary DNA (cDNA) was prepared using the
iScript cDNA synthesis kit (Bio-Rad). iTaq Universal SYBR
Green Supermix (Bio-Rad) was mixed with cDNA and gene
specific primers according to manufacturer’s instructions.
Quantitative real-time polymerase chain reactions (qRT-
PCR) were performed in triplicate using a Bio-Rad CFX96
real time machine. Bio-Rad CFX manager 3.1 software was
used for data analysis and gene expression was normalized
to housekeeping gene B2 microglobulin (B2M). Primer
sequences can be found in Supplemental Materials (Table S2).

XBP1 splicing

Following incubation of cells in the presence or absence
of RAM2061, RNA extraction was performed as described
above and cDNA was prepared. PCR was performed using
XBP1- specific primers (Supplemental Materials). PCR prod-
ucts were separated on a 2% agarose gel, stained with ethid-
ium bromide, and visualized using a Bio-Rad Chemidoc MP
imaging system.

Osteoclast differentiation

RAW264.7 cells were cultured in MEM alpha (1x) media
without phenol red and supplemented with 10% heat-
inactivated FBS and 1% penicillin-streptomycin at 37 °C
and 5% CO,. Cells were plated at 3.125 x 103 cells/cm? and
treated with 30 ng/mL macrophage colony stimulating factor
(M-CSF) (R&D). Cells were then treated with 40 ng/mL
receptor activator of nuclear-«B ligand (RANKL) (R&D)
consecutively for 4 days to attain mature osteoclasts.

Tartrate-resistant acid phosphatase staining

RAW265.7 cells were differentiated in a 96-well plate until
the designated time point. For the analysis of secreted

tartrate-resistant acid phosphatase (TRAP) activity, 30 uL of
cell culture media was collected and incubated with 170 uL
of tartrate buffer mixed with chromogenic substrate supplied
by the Cosmo Bio. Co. LTD TRAP staining kit. Following 3 h
incubation at 37 °C, absorbance was measured at 540 nm and
normalized to control wells. For the identification of TRAP+
osteoclasts, cells were fixed at their designated time point
during the differentiation period and stained in 50 uL of the
tartrate buffer with chromogenic substrate for 1 h at 37 °C.
Following incubation, cells were washed and imaged using an
EVOS cell imaging microscope at 20x.

Bone resorption assay

RAW264.7 cells were plated 2.5 x 103 on 48-well bone
resorption plates obtained from Cosmo Bio. Co. LTD. Cells
were differentiated over the span of 4 days. On day 3,
RAM2061 or ZA was added and after 48 h incubation, cells
were removed by adding 5% sodium hypochlorite to each
well for 3-5 min. Pit areas were imaged using an EVOS cell
imaging microscope at 2x magnification and resorptive area
was measured using Image Lab software.

Immunofluorescent microscopy

RAW264.7 cells were differentiated on glass coverslips over
the span of 4 days. On day 3, cells were fixed with 4%
paraformaldehyde for 15 min, permeabilized in 0.5% Tween-
20 for 1 h, and blocked in 5% goat serum for 1 h RT.
Cells were then stained 1:300 with Cdc42 primary antibody
in 5% goat serum overnight at 4 °C. Following incubation,
coverslips were washed in 1x PBS and stained with fluorescent
secondary antibody (Alexa Flour 594) for 1 h RT. Similarly,
differentiated cells on day 5 were permeabilized and stained
1:300 with Flash Phalloidin Green 488 (Invitrogen) in 1x PBS
for 30 min. Coverslips were washed 4 times in PBS, let to dry,
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and mounted with DAPI medium. Images were obtained using
a Zeiss 710 confocal laser scanning microscope. Table S1
summarizes the antibodies used in these microscopy studies.

Animals

A total of 15 female CD-1 mice (Charles River) between ages
of 6 and 8 weeks were housed in the University of Nebraska
Medical Center (UNMC) Comparative Medicine facility at
a temperature of 23-25 °C, relative humidity of 50%-70%,
and 12/12 h light/dark cycles. Mice were socially housed in
individually ventilated cages and fed autoclaved Envigo 7012
diet ad libitum. The UNMC Institutional Animal Care and Use
Committee approved all studies (protocol no. 16-132-11-FC).

Drug administration

Mice were divided into control and treatment groups (7=3
per group) and treated 2x weekly with PBS (solvent con-
trol) administered intravenous (IV) via tail vein, RAM2061
(0.08 mg/kg, IV), or ZA (125 ug/kg) administered subcuta-
neously for a total of 3 weeks. Mice were euthanized via
carbon dioxide asphyxiation 96 h post final dose and nec-
essary tissues were collected. Investigators were not blinded
during animal handling nor while conducting downstream
experimental readouts.

Blood analysis

Blood samples were obtained post-mortem from the heart and
collected in lithium-heparin coated tubes. Following centrifu-
gation, plasma was collected and stored at —80 °C. Com-
mercial ELISA kits (Novus Biologics) were utilized for mea-
suring plasma levels of TRAPSb (NBP2-76463), c-terminal
telopeptide (CTX) (NBP2-82400), and procollagen type I N-
propeptide (PINP) (NBP2-76466). Assays were performed
according to the manufacturer protocols.

Quantification of RAM2061 accumulation in the
bone

Bone marrow was flushed from long bones and bone weight
was recorded. All bones were homogenized 1:100 (w/v) based
on weight in 15% EDTA solution using a TissueLyserlI (Qia-
gen) and 3 mm tungsten carbide beads (Qiagen). Following
homogenization, samples were stored at —20 °C for 2 weeks
for decalcification. Bone homogenate (100 wL) was used for
quantitation of RAM2061. Samples were diluted in ammo-
nium carbonate buffer (10 mM, 400 uL) with 0.1% NH4sOH
in addition to 10 pL of IS RAM1147 (1 ug/mL)2> The
extraction and analysis procedure was followed as previously
reported by Chhonker et al.”>> Samples were centrifuged at
5000 g for 5 min, and the supernatant was collected. SPE was
conducted using a Strata X-AW, 30 mg extraction cartridge
(30 mg/1 mL; Phenomenex, Inc, Torrance, CA). SPE cartridges
were preconditioned with 1 mL of methanol followed by 1 mL
of ammonium carbonate buffer. Samples were then loaded
on the SPE cartridge and washed with 1 mL of ammonium
carbonate buffer. SPE cartridges were dried under a stream
of nitrogen gas and diazomethane (100 uL) solution was
added for 15 min. The analytes were eluted with (2 mL) of
methanol and dried under nitrogen in a water bath at 50 °C.
Dry residues were reconstituted in 100 uL of 0.1% acetic
acid-methanol acetonitrile mixture (65:17.5:17.5) and (5 uL)
injected into the LC-MS/MS system using previously reported
conditions.>’

Bone microCT analysis

MicroCT analysis was conducted using a Skyscan 1172 X-
ray-computed tomography (Skyscan). Imaging was carried
out at a voltage of 55 kV and a currency of 181 A with
a medium camera resolution of 2000 x 1000, an aluminum
filter of 0.5 mm and pixel size was set to a dimension of
9 pm. Scanning of the left proximal tibia was completed
for each sample followed by reconstruction in NRecon soft-
ware. Acquired images were properly aligned in Dataviewer
(Bruker) and uploaded into CTAn (Bruker). The growth plate
in the proximal tibia was identified and regions of interest
were manually drawn and calculated covering 1 mm starting
50 pum distal to the growth plate. Trabecular parameters
such as bone volume fraction (BV/TV), trabecular thickness
(Tb.Th), trabecular separation (Tb.Sp), and trabecular num-
ber (Tb.N) were quantified and representative 3D images were
constructed in CTAvol (Bruker).

Histology

Mouse bones were fixed in 10% buffered formalin for 24 h
at 4 °C, washed in PBS, and decalcified in 15% EDTA for
2 weeks. Bones were embedded and sectioned by the UNMC
Tissue Science Facility, then deparaffinized and hydrated
through a series of ethanol gradients. For TRAP staining,
slides were incubated for 30 min at RT in buffer solution
(0.2 M sodium acetate buffer pH 5.2, 50 mM sodium
tartrate dihydrate). Following addition of naphtol AS-BI
substrate (0.5 mg/mL buffer) and Fast Red Salt TR (1 mg/mL
buffer), slides were incubated in staining solution for 1 h at
37 °C protected from light. Slides were washed in ddH,O
and counterstained in hematoxylin for 1 min. Slides were
mounted with permount and images were collected using a
Zeiss Axioscan 7 whole slide imaging system. To quantify
osteoclast numbers, the most distal part of the growth plate
was identified and from there a distance of approximately
1000 um was established in which osteoclast (TRAP+ cells
with >2 nuclei on the bone surface) numbers were recorded.

Statistical analysis
Two-tailed t-tests were utilized for calculating statistical sig-
nificance. An « of 0.05 was set as the level of significance. ICsg

values were determined using Compusyn software version
1.0.1.

Results

RAM2061 depletes intracellular GGPP levels and disrupts
protein geranylgeranylation in undifferentiated RAW264.7
cells in a concentration-dependent manner.

To elucidate the effects of GGSI RAM2061 (structure shown
in Figure 1A) on osteoclast biology, we first examined whether
RAM2061 binds to bone. We conducted HAP binding
experiments from which we determined RAM2061 to have
59+5.9% binding affinity compared with >95% binding
affinity reported for ZA.2” Having confirmed that our GGSI
has bone affinity we next set out to evaluate on-target
activity using the mouse macrophage RAW264.7 cell line,
which, when stimulated with osteoclast differentiation factor
RANKIL, develops into mature multinucleated osteoclasts.”®
Using a previously developed LC-MS/MS methodology,® we
confirmed that RAM2061 treatment significantly depletes
intracellular GGPP levels to below the level of quantitation,
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with a trend toward increasing FPP levels following 48 h treat-
ment (Figure 1B). Using ZA as a positive control (Figure 1A),
we confirmed depletion of GGPP with a corresponding
trend toward decreased FPP, consistent with activity as an
FDPS inhibitor. To establish that depletion of GGPP results
in impairment in protein geranylgeranylation, immunoblot
analysis was performed using an antibody specific for the
non-geranylgeranylated form of Rapla. We determined that
RAM?2061 disrupts geranylgeranylation in undifferentiated
cells in a concentration-dependent manner (Figure 1C), which
was also evident following ZA treatment (Figure S1B).
MTT cytotoxicity assays revealed a concentration-dependent
response following 48 or 72 h treatment (Figure 1D). The 48 h
ICs5p was 307 %49 nM and 510 +43 nM at 72 h. Therefore,
for all additional in vitro studies, we used either 200 or
400 nM, as these concentrations yielded on-target effects
without inducing substantial cytotoxicity. Similarly, MTT
assays were conducted using ZA to determine appropriate
concentrations (Figure STA).

Disruption of geranylgeranylation induces the UPR pathway
and apoptosis in undifferentiated RAW264.7 cells.

To investigate further the consequences of disrupting protein
geranylgeranylation, we analyzed changes in expression of
UPR-specific genes. Using IBP inhibitors lovastatin and ZA
as controls for disruption of geranylgeranylation, qRT-PCR
analysis revealed that incubation with RAM2061 for 24 h sig-
nificantly upregulates transcription of multiple UPR markers,
including activating transcription factor 4 (ATF4), inositol-
requiring enzyme 1 (IRE1), and protein kinase RNA-like ER
kinase (PERK) (Figure 2A). Similarly, 48 h incubation was
associated with increased expression of ATF6 and IRE1, as
well as C/EBP homologous protein (CHOP), which is respon-
sible for the apoptotic arm of the UPR pathway. Analysis of x-
box binding protein 1 (XBP1) splicing, which is a downstream
process in the IRE1 arm of the UPR, revealed evidence of
splicing at both 24 and 48 h time points in RAM2061-
treated cells (Figure 2B). UPR pathway activation was further
confirmed with immunoblot analysis, which demonstrated
upregulation of ATF4 and phosphorylation of eukaryotic
translation initiation factor 2« (eIlF2«a), with a robust activa-
tion at the 48 h timepoint (Figure 2C). To confirm whether
UPR induction leads to apoptosis, we examined poly-ADP-
ribose polymerase (PARP) and caspase cleavage. Cleavage
of PARP and caspases-3, -8, and -9 was observed at 48 h
(Figure 2C). We next conducted a GGPP co-incubation exper-
iment to confirm that the effects of RAM2061 on the UPR
and apoptosis are a consequence of depletion of intracellular
GGPP. As shown in Figure 2D, co-incubation of RAM2061
with GGPP restored protein geranylgeranylation, abrogating
induction of UPR activation and apoptosis. In conclusion,
we found RAM2061 to demonstrate on-target activity in
undifferentiated RAW264.7 cells by depleting intracellular
GGPP, disrupting protein geranylgeranylation, activating the
UPR, and inducing apoptosis.

GGSI treatment disrupts osteoclast differentiation leading to
decreased osteoclast numbers and abnormal osteoclast mor-
phology.

We next focused on understanding the effects of GGDPS inhi-
bition on osteoclast differentiation and function.
Treatment of RAW264.7 cells with osteoclast differentiation
factor RANKL is known to induce mature osteoclast
formation.2?>30 While differentiation of RAW?264.7 cells in
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vitro does not require the addition of exogenous M-CSF, we
determined that the addition of M-CSF on the day of plating
increased osteoclast yield. Therefore, cells were seeded in
the presence of recombinant M-CSF followed by the daily
addition of recombinant RANKL for 4 days. We treated
cells with RAM2061 or ZA on day 1 (D1) and on day §
(DS) cells were fixed and stained for TRAP activity. TRAP
is an enzyme secreted by osteoclasts during bone resorption,
and TRAP expression is a widely used marker for osteoclast
lineage and activity.’! The addition of RAM2061 on D1
of differentiation significantly decreased TRAP-positive
osteoclast formation, with resulting osteoclasts being smaller
and lacking a continuous, round outer ring (Figure 3A and B).
Analysis of secreted TRAP activity in the cell culture
media indicated decreased activity following GGSI treatment
(Figure 3C), suggesting potential for diminished osteoclast
resorptive ability comparable with ZA. We evaluated effects
on osteoclast-specific marker expression via QqRT-PCR. While
demonstrating no statistically significant effects on gene
expression at the 200 nM concentration, 400 nM RAM2061
treatment significantly decreased expression of not only
TRAP (ACPS) but also osteoclast-specific protease cathepsin
K (CTSK) and osteoclast-master transcription factor nuclear
factor of activated T-cells 1 (NFATc1) (Figure 3D).

We also investigated whether adding RAM2061 on day 3
(D3) during differentiation impacted osteoclast numbers and
activity. Similar to osteoclasts treated on D1, we observed
statistically significant decreases in TRAP-positive osteoclast
numbers and TRAP activity in the media, although to
a lesser extent than what was seen with D1 treatment
(Figure S2A,B, and C). D3-treated osteoclasts receiving
400 nM RAM2061 also demonstrated decreased expression
of ACPS, CTSK, and NFATc1 (Figure S2D).

RAM2061 demonstrates on-target activity in fully differenti-
ated osteoclasts and anti-resorptive effects.

Next, we were interested in determining the effects of GGSI
treatment on fully differentiated osteoclasts. Following the 5-
day differentiation period, osteoclasts were incubated with
varying concentrations of RAM2061 and MTT cytotoxicity
assays and immunoblot analyses were performed. RAM2061
exerts concentration-dependent effects with a more robust
response at 48 and 72 h compared with 24 h (Figure 4A).
We confirmed on-target activity of RAM2061 in mature
osteoclasts with evidence of disruption of protein geranylger-
anylation at 48 h following either sub-ICsy concentrations
200 or 400 nM treatment (Figure 4B). Additional MTT assays
were conducted to confirm ZA activity in mature osteoclast
cells (Figure STA).

We then determined the impact of RAM2061 treatment
on osteoclast activity. Following osteoclast differentiation,
cells were treated with RAM2061 or ZA for 48 h. On day
7 (D7) cells were fixed and stained with TRAP. We found
that RAM2061 treatment reduced TRAP-positive osteoclast
numbers in a concentration-dependent manner (Figure 4C,D).
Similarly, levels of secreted TRAP were significantly reduced
following RAM2061 treatment (Figure 4E). To confirm cor-
responding anti-resorptive effects, we utilized commercially
available HAP-coated plates on which RAW264.7 cells were
differentiated and then treated with RAM2061 or ZA for
48 h. Following drug treatment, cells were removed from
the plate and pit formation was quantified using Image Lab
software (Figure 4F). We found that RAM2061 disrupts
osteoclast resorption in a concentration-dependent manner
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Figure 2. Geranylgeranyl diphosphate synthase (GGDPS) inhibitor (GGSI) treatment of undifferentiated RAW264.7 cells induces unfolded protein response
(UPR) activation and apoptosis. (A) Quantitative real-time polymerase chain reaction analysis of UPR markers ATF4, ATF6, CHOR IRE1, and PERK following
incubation of RAW264.7 cells in the presence or absence of lovastatin (5 ©M), zoledronic acid (ZA) (15 ©M), or RAM2061 (200 or 400 nM) for 24 or 48 h.
Data represent fold-change normalized to control (n=3 biological replicates, data are represented as mean 4 SD; * denotes p<.05, ** denotes p<.01,
*** denotes p<.001). (B) Analysis of XBP1 splicing following incubation of RAW264.7 cells in the presence or absence of lovastatin (5 M), ZA (15 uM), or
RAMZ2061 (200 or 400 nM) for 24 or 48 h. Images are representative of 3 independent experiments. (C) RAW264.7 cells were incubated in the presence
or absence of lovastatin, ZA, or RAM2061 for 24 or 48 h. Immunoblot analysis for unmodified Rap1a (Rap1a), UPR markers (ATF4, IRE1, p-e1F2«,
e1F2a), apoptotic markers (PARP [arrow = cleaved PARP], cleaved caspases 3, 8, and 9) and B-tubulin (loading control) was performed. Immunoblots are
representative of 3 independent experiments. (D) RAW264.7 cells were incubated in the presence or absence of RAM2061 (400 nM) and/or exogenous
geranylgeranyl diphosphate (GGPP, 10 uM) for 48 h. Immunoblot analysis for unmodified Rap1a (Rap1a), UPR markers (ATF4, IRE1, p-e1F2«, e1F2a), and
apoptotic markers (PARP (arrow = cleaved PARP), cleaved caspases 3, 8, and 9). B-tubulin is shown as the loading control. Immunoblots are representative
of 3 independent experiments.
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Figure 3. GGSI treatment disrupts osteoclast differentiation. RAW264.7 cells were differentiated over a span of 5 days in the presence or absence of
RAMZ2061 (200 or 400 nM) or ZA (20 M) (added on day 1 (D1)) (schema in A). On day 5 (D5), cells were fixed and stained with tartrate resistant acid
phosphatase (TRAP) to evaluate TRAP-positive osteoclast formation. (A) Images were taken on an EVOS cell imaging microscope at 20x magnification
(images are representative of 3 independent experiments; scale bar = 100 um; arrows indicate multi-nucleated osteoclasts). (B) Total osteoclast number
per well was quantified based on TRAP+ staining and the presence of 3 or more nuclei (n=3 biological replicates, data are represented as mean =+ SD,
*** denotes p<.001 per t-test). (C) On day 5, media was collected in order to measure levels of secreted TRAP activity (n= 3 biological replicates; data
represent secreted TRAP enzymatic activity as percent control + SD, *** denotes p<.001 per t-test). (D) Quantitative real-time polymerase chain reaction
analysis of osteoclast markers ACP5, CTSK, and NFATc1 following incubation in the presence or absence of RAM2061 (200 or 400 nM) or ZA (20 uM)
added on day 1 during the differentiation period. On day 5, RNA was extracted and expression was quantified as fold change normalized to control (n=3

biological replicates, data are represented as mean + SD; ** denotes p<.01, ** denotes p<.001 per t-test).

and that the effects were comparable with ZA, but at
nearly 50-100-fold lower concentration compared with ZA.
Therefore, we determined that RAM2061 demonstrates anti-
osteoclastic effects, disrupting both cell differentiation and
resorptive function.

RAM2061 disrupts Rho GTPase localization, inhibiting
proper actin ring formation.

The anti-osteoclastic effects of NBPs are attributed to
disruption of Rho cytoskeletal processes, ultimately disrupt-
ing F-actin ring formation and osteoclast resorption.’>!3
Therefore, we investigated whether GGSI treatment induced
similar effects. Utilizing immunofluorescent microscopy,
we differentiated RAW264.7 cells on glass coverslips for
the standard 5-day period. Cells were differentiated in the
presence or absence of RAM2061 or ZA and on DS cells
were fixed and stained for identification of the Rho GTPase
Cdc42. In control (untreated) osteoclasts, Cdc42 is seen
localizing to the edges of the basolateral membrane where the
actin ring has formed (Figure 5A). Following treatment with
RAM2061, localization of Cdc42 to the outer membrane is
lost with resulting accumulation in the cytosol. The effects
on actin ring morphology were evaluated with phalloidin
staining. The RAM2061-treated osteoclasts lacked cohesive
outer actin ring formation and were much smaller in size
with around 2-3 nuclei compared with control with >10
nuclei (Figure 5B). ZA-treated osteoclasts demonstrated a
similar phenotype being much smaller in size with around
3-4 nuclei. This suggests that GGSI inhibition of Rho protein
geranylgeranylation leads to mislocalization of the proteins
with subsequent loss of actin regulatory function.

When examining the effects of GGSI treatment on fully
differentiated osteoclasts, 48 h RAM2061 treatment also
resulted in mislocalization of Cdc42 to the cytosol with
osteoclasts being much smaller in size (Figure 5C). However,
the effects on actin ring formation were less pronounced
(Figure 5D) relative to the effects observed when drug was
present throughout the differentiation period (Figure 5B). Of
note, we also investigated the effects of adding drug in the
middle of the differentiation period. RAM2061 treatment
led to Cdc42 mislocalization and inconsistent outer ring
formation when the drug was added on D3 (Figure S3). These
osteoclasts usually had around 3-4 nuclei, suggesting that
duration of treatment throughout the differentiation process
may have different impacts on actin ring formation and
morphology.

Assessing the impact of GGSI treatment on normal bone
remodeling in vivo.

To elucidate whether the observed anti-resorptive effects are
recapitulated in vivo, we injected 6-8 week old female CD-1
mice with either PBS (vehicle), RAM2061 (0.08 mg/kg IV), or
ZA (125 ug/kg SC) 2x weekly for 3 weeks (Figure 6A). No
adverse events were noted during the treatment period. Mice
were sacrificed 96 h post-final dose at which point plasma,
tibias, femurs, and mandibles were collected. Plasma was used
for the analysis of bone turnover makers including TRAPSb
and CTX (indicative of bone resorption) and PINP (indica-
tive of bone formation). We did not observe any significant
changes in plasma concentrations of bone turnover markers
across all treatment groups (Figure S4A). Following homoge-
nization and decalcification of the bone samples, immunoblot
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Figure 4. GGSI treatment of mature osteoclasts disrupts protein geranylgeranylation and decreases osteoclast number and resorptive function. RAW264.7
cells were differentiated over a span of 5 days and then either RAM2061 or zoledronic acid (ZA) was added on day 5. (A) MTT assays were performed
following a 24, 48, or 72 h incubation with RAM2061 (n =4, data are displayed as mean & SD). (B) Immunoblot analysis for unmodified Rap1a (Rap1a) and
B-tubulin (loading control). -RL = RAW264.7 not stimulated with receptor activator of nuclear factor«B ligand (RANKL); +RL =RAW264.7 differentiated
with RANKL. Immunoblots are representative of 3 independent experiments. (C) Schema of differentiation showing timing of RANKL and macrophage
colony stimulating factor (MCSF) treatment as well as drug treatment. Following the addition of RAM2061 (200 or 400 nM) or ZA (20 ©M) on day 5,
cells were fixed on day 7 (D7) and stained with tartrate resistant acid phosphatase (TRAP) to evaluate TRAP-positive osteoclast formation. Images were
taken on an EVOS cell imaging microscope at 20x magnification (images are representative of 3 independent experiments; scale bar = 100 um). (D) Total
osteoclast number per well was quantified based on TRAP+ staining and the presence of 3 or more nuclei (n =3 biological replicates, data are represented
as mean + SD, * denotes p<.05, ** denotes p<.01 per t-test). (E) On day 7 media was collected, and secreted TRAP activity was measured and normalized
to control (n= 3 biological replicates; data are displayed as mean + SD, * denotes p<.05 per t-test). (F) RAW264.7 cells were differentiated over the span of
5 days on hydroxyapatite-coated plates with the subsequent addition of RAM2061 (200 or 400 nM) or ZA (20 M) on day 5. On day 7, cells were removed
and the resorptive area was quantified using ImagelLab. Representative images of the resorptive areas taken on an EVOS cell imaging microscope at 20x
magnification) (n= 4 biological replicates, data represented as mean £ SD, * denotes p<.05, ** denotes p<.01 per t-test). The arrows indicate resorbed
areas; * indicate pits where the entire hydroxyapatite coating was resorbed.
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Figure 5. GGSI treatment disrupts Cdc42 GTPase localization and subsequent regulation of actin dynamics necessary for osteoclast differentiation and
actin ring formation. RAW264.7 cells were differentiated on glass coverslips over a span of 5 days and RAM2061 (200 or 400 nM) or zoledronic acid (ZA)
(20 uM) was added on day 1. (A) On day 5 (D5), osteoclasts were fixed and stained with an antibody against Cdc42 and DAPI (nucleus label) or (B) stained
with phalloidin for identification of actin and DAPI (nuclei). (C) Fully differentiated D5 osteoclasts were treated with RAM2061 (200 or 400 nM) or ZA
(20 uM) for 48 h. On day 7 (D7), osteoclasts were fixed and stained with an antibody against Cdc42 and DAPI (nucleus label) or (D) stained with phalloidin
(actin) and DAPI (nuclei). Images were obtained using a Zeiss 710 LSM at 40x magnification. Images are representative of 3 independent experiments

(scale bar=20 pum).

analysis was performed to confirm disruption of geranyl-
geranylation, as evidenced by the presence of unmodified
Rap1la (Figure 6B). We confirmed accumulation of RAM2061
in the bone samples by utilizing LC-MS/MS quantification
(Figure 6C).

To characterize the effects of RAM2061 on bone density
and morphometry, we conducted microCT analysis of the left
proximal tibia specimens. ZA significantly increased trabec-
ular bone volume (BV/TV) (p=.02) and trabecular number
(Tb.N; p=.004) compared with control, while RAM2061
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Figure 6. RAM2061 does not significantly impact normal bone remodeling in CD-1 mice. (A) Schematic representation of drug administration/dosing
and downstream readouts conducted. Abbreviations: procollagen type 1 N-propeptide (PTNP); C-terminal telopeptide (CTX), tartrate resistant acid
phosphatase 5b (TRAP5b). (B) Immunoblot analysis of unmodified Rap1a and GAPDH (loading control) using 30 uL of bone homogenate from long
bones of mice; positive control = cell lysate from RAW264.7 osteoclasts (D5) treated with 400 nM RAM2061 for 48 h). (C) Quantification of RAM2061
accumulation in long bones and mandibles of CD-1 mice (n=5 per group, data are represented as mean + SD). (D) MicroCT analysis portraying
morphometric analysis of the proximal tibia specimens. Individual data points are shown with mean + SD (PBS n=5; RAM2061 n=5; zoledronic acid
(ZA) n=4; * denotes p<.05, ** denotes p<.01 per t-test). (E) The growth plate in the distal femur of tartrate resistant acid phosphatase (TRAP)-stained
sections were identified and 1000 um from the most distal area was used to encapsulate the area of interest. Quantification of osteoclast numbers in
the defined area per femur was performed. Individual data points are shown with mean + SD (PBS n=5; RAM2061 n=4; ZA n=4, * denotes p<.05,
*** denotes p<.001 per t-test). (F) Representative images of TRAP-stained sections of distal femurs (scale bar =50 um). The arrows indicate TRAP+
osteoclasts (Tb = trabecular bone, BM = bone marrow).

demonstrated no statistically significant changes in these  effects comparable with the frontline bone-strengthening
parameters (Figure 6D). Statistically significant changes in agent ZA. These studies support an underlying mechanism
other measures of trabecular bone structure such as trabecular ~ involving disruption of Rho protein geranylgeranylation
thickness (Tb.Th) and trabecular separation (Tb.Sp) were  preventing regulation of actin dynamics necessary for
not observed in either treatment group. Representative cross osteoclast differentiation and function. We also demonstrate
sections and 3D models of each treatment visually recapitulate ~ for the first time that the GGSI RAM2061 has affinity for
the increase in bone volume demonstrated by the ZA group ~ HAP and accumulates in the bone following administration

(Figure S4B and C). We also conducted TRAP staining of  in vivo. Following a 3-week treatment period in young CD-
the femur specimens (Figure 6F and F). Quantification of 1 mice, RAM2061, unlike ZA, did not significantly impact
osteoclast numbers in the distal femur revealed a significant ~ morphological parameters of bone remodeling. However,
decrease in TRAP-positive numbers in both RAM2061- and TRAP staining of distal femora revealed RAM2061 does

ZA-treated mice (Figure 6E). significantly decrease TRAP+ osteoclast numbers, warrant-
ing investigation of its effects in osteolytic diseases such

Di . as MBD.
Iscussion Osteoclast cells are a highly specialized cell type that rely
These studies are the first to report the effects of GGSI treat-  heavily on Rho GTPases for proper differentiation and func-

ment on osteoclast function and bone remodeling. Ourinvitro  tion. Various knockout and loss of function experiments have
studies revealed that GGSI treatment induces anti-osteoclastic found GTPases Cdc42 and Racl to be essential for osteoclast
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viability and function, with Rac1 primarily recognized for its
role in early cell-cell fusion events necessary for osteoclast
multinucleation, and Cdc42 primarily regulating osteoclast
polarization and sealing zone formation.’’=3% It is noted
that the undifferentiated RAW264.7 cells were more sensitive
to the cytotoxic effects of RAM2061 compared with the
differentiated cells, similar to what was observed with ZA.
While the observed effects of RAM2061 (or ZA) on osteoclast
differentiation and function may in part be due to decreased
numbers of osteoclast precursors and/or osteoclasts secondary
to apoptosis, it is also evident that GGSI treatment led to direct
effects on osteoclasts secondary to impaired GTPase function.
Our microscopy studies demonstrated that GGSI treatment
resulted in mislocalization of Cdc42 and disruption of actin
ring formation. It is also noted that Rab GTPases play roles in
osteoclast intracellular trafficking necessary for acidification
of the sealing zone and for release of resorbed proteins.>®~3%
While we did not specifically evaluate the effect of RAM2061
on localization of specific Rab proteins, we predict that these
processes would also be impaired following GGSI treatment,
given the global disruption of geranylgeranylation induced by
inhibition of GGDPS.

It is important to recognize that osteoclast cytoskeletal
dynamics vary based on the substrate they are cultured on,
with the interaction of bone itself initiating the resorption
process. Therefore, the osteoclasts evaluated in the confocal
microscopy studies were not undergoing active resorption.>’
Our studies evaluating GGSI treatment effect on osteoclasts
grown on HAP-coated plates more directly addressed the
impact on resorptive activity, particularly the impact on the
acidification process that occurs during bone resorption.

While we did not specifically focus on the effects of GGSI
treatment on osteoblast differentiation and function, previ-
ous studies have found NBPs to provide a pro-osteoblastic
effect attributed to depletion of GGPP.>»*0-4* However, stud-
ies involving the GGSI digeranyl bisphosphonate (DGBP) in
MC3T3-E1 cells have suggested that resulting FPP accumu-
lation leads to glucocorticoid receptor activation, ultimately
inhibiting osteoblast differentiation and mineralization.*> Tt
is important to note that RAM2061 is a significantly more
potent GGSI than DGBP in cell culture experiments (eg, in
myeloma cells, >25 nM of RAM2061 vs >10 uM of DGBP
is required to exert effects)’’>>**> and that only in vitro
experiments were conducted with DGBP,*? suggesting need
for further investigation into the effects of RAM2061 on
osteoblast biology in vivo.

Previous work done in 6-week old BALB/c mice demon-
strated that a single clinically relevant dose of ZA could
significantly increase trabecular bone volume in as early as
3 days post-administration, with such effects maintained for at
least 10 days.*® As our previous preclinical studies established
dosing in 6-8 week old outbred CD-1 mice, we used this ani-
mal model as a preliminary assessment of the impact of GGSI
treatment on bone remodeling. Interestingly, while this model
did confirm the anti-resorptive properties of ZA, we found
GGSI treatment to have no statistically significant effects on
bone resorption or bone formation parameters, although a
decrease in osteoclast number was observed (Figure 6). Since
our in vitro experiments revealed RAM2061 to have anti-
osteoclastic effects comparable with ZA at nearly 50-100-fold
lower concentrations, we hypothesize that such differences
in vivo are due to variation in bone affinity, pharmacokinet-
ics, and biodistribution parameters. To evaluate RAM2061’s
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bone affinity we conduced HAP binding experiments and
determined that RAM2061 exhibits 60% HAP affinity com-
pared with the >95% reported for ZA.*” Extensive structure-
function studies have revealed the importance of chemical
makeup on bone affinity and extent of antiresorptive effects.
While the P-C-P backbone of BPs is essential for binding
to the calcium HAP of the bone, other structural factors
such as the presence of an a-hydroxy group on the geminal
carbon, the number and position of nitrogen atoms, and
the addition of alkyl substituents or methylene groups all
impact NBP bone affinity and binding.*’~*’ For example,
the relationship between structure and bone affinity has pre-
viously been assessed by manipulating the structure of the
NBP risedronate in which loss of the a-hydroxy group was
found to decrease HAP binding by approximately 60%.48:%0
RAM2061 is also an NBP, with the nitrogen-containing ring
being a triazole, while having a methyl group at the a-position
and a homoneryl tail (Figure 1A). These structural differences
not only likely account for the reduced HAP affinity rela-
tive to ZA, but also contribute to its unique pharmacoki-
netic and biodistribution properties.!> Our histology studies
from the in vivo experiment revealed a decrease in osteoclast
number similar to ZA, suggesting the observed differences
in effects on bone remodeling parameters may be due to
factors such as binding to the bone matrix, rates of drug
turnover in the bone, and impact on other types of bone
cells.

ZA is eliminated by a triphasic process with an initial rapid
biphasic clearance, with 40% of the total dose recovered in the
urine 24 h post-infusion, followed by a long terminal elimina-
tion phase with a half-life of up to half a year.'> During this
terminal elimination phase, ZA undergoes a cycling between
plasma and the bone as bone remodeling takes place. This is
a slow process with only 60% of ZA cleared after 12 months
suggesting long-term retention in bone.!? In contrast, we have
found RAM2061 to have a prolonged plasma half-life of
29.2 + 6 h with systemic distribution to various tissues.!> We
did confirm accumulation of RAM2061 in bone following the
3-week treatment course (Figure 6C), but future studies will
be needed to determine whether there is a prolonged terminal
elimination phase. Overall, these factors likely account for
the disparate results observed following short-term treatment
with RAM2061 vs ZA.

While we did not observe significant anti-resorptive effects
from RAM2061 treatment in the process of normal bone
remodeling in young mice, the effects may be different with
more prolonged treatment and/or in the setting of bone dis-
ease. A limitation to our in vivo model could be due to the age
of the mice. Unlike humans, bones of mice continue to grow
after sexual maturity, therefore these 6-8 week old mice were
still undergoing significant bone remodeling.’! This could
explain the observed variation in the bone turnover markers
and architecture of the control mice, possibly impacting the
bone turnover changes in mice treated with RAM2061.

Bone-related diseases such as MBD and some bone
metastatic cancers are known to result from disruption of
the normal bone remodeling cycle. In the case of osteolytic
diseases specifically, such disruption leads to diminished bone
mineral density increasing risk of pathological fracture. Since
we have previously found RAM2061 to have anti-neoplastic
effects, specifically in the case of multiple myeloma, it will be
important to determine whether GGSI treatment is able to
restore balance in the remodeling cycle through apoptosis of
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the malignant cells responsible for disrupting the normal bone
microenvironment. These effects would be unique compared
with NBPs, which, while demonstrating anti-neoplastic effects
in vitro, lack sufficient anti-cancer activity in vivo as a
result of appreciable systemic distribution.8=10-12:52 Efforts
to achieve distribution to tumor have focused primarily on
formulation of NBP nanoparticles, but drug loading capacity
and premature release problems have been challenges.’?>* In
addition, the drawback of ZA’s very high bone affinity and
prolonged bone exposure is the development of osteonecrosis
of the jaw. Thus, there are potential advantages to the
development of agents, which are characterized by both
moderate bone affinity and direct anti-osteoclastic activity
in addition to having sufficient systemic distribution to yield
direct anti-neoplastic activity.

In conclusion, these studies have demonstrated that GGSI
treatment exerts anti-osteoclastic effects in vitro, suggesting
potential for anti-resorptive effects in vivo. Future studies will
focus on further defining the pharmacokinetic properties of
RAM?2061 with respect to the bone compartment, including
initial uptake, release, and redistribution parameters. Further-
more, evaluation of GGSI treatment in models of MBD and
osteolytic bone metastatic cancers will be required to delineate
both the direct (due to effects on osteoclasts) and indirect (due
to anti-neoplastic effects) impact on bone disease.
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