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•• Introduction to osteoclastsIntroduction to osteoclasts

•• Culture and analysis of osteoclasts Culture and analysis of osteoclasts in vitroin vitro

•• Mechanism of action of bisphosphonatesMechanism of action of bisphosphonates

•• Mechanism of action of Mechanism of action of phosphonocarboxylatephosphonocarboxylate
analogues of bisphosphonatesanalogues of bisphosphonates

•• Localisation of these compounds in boneLocalisation of these compounds in bone
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Identifying features of osteoclastsIdentifying features of osteoclasts
• Multinucleated
• Have high levels of TRAP (Have high levels of TRAP (tartratetartrate--resistant acid resistant acid 
phosphatasephosphatase))
•• Abundance of acidic vesicles Abundance of acidic vesicles 
•• ααvvββ33 integrinintegrin ((vitronectinvitronectin receptor) on the cell receptor) on the cell 
surfacesurface
•• Expression of cExpression of cathepsinathepsin K K 

Staining for TRAP Staining for TRAP 
activityactivity

vitronectinvitronectin receptor (green)receptor (green)
acidic vesicles (red)acidic vesicles (red)

Phase contrastPhase contrast

CathCath K activity (red) K activity (red) 
(live osteoclast)(live osteoclast)



Identifying features of resorbing osteoclastsIdentifying features of resorbing osteoclasts

•• Formation of distinct membrane domains (e.g. ruffled border)Formation of distinct membrane domains (e.g. ruffled border)
•• PolarisationPolarisation of cytoskeleton into an Fof cytoskeleton into an F--actin ring  actin ring  
•• Resorption of bone!Resorption of bone!

Resorption pits on  Resorption pits on  
bone surface bone surface 

visualisedvisualised reflected reflected 
lightlight microscopmicroscopyy

Actin rings Actin rings visualisedvisualised by by 
staining with fluorescent staining with fluorescent 

phalloidin conjugatesphalloidin conjugates



Osteoclasts are specialised boneOsteoclasts are specialised bone--resorbing cellsresorbing cells

BONEBONE

H+

CK
H+

H+
CK

FF--actin actin ‘‘ringring’’
sealing zonesealing zone

Bone is resorbed by the secretion of acid and Bone is resorbed by the secretion of acid and 
cathepsincathepsin K (CK) at the ruffled border of the K (CK) at the ruffled border of the 

osteoclastosteoclast

ruffled borderruffled border



Analysis of resorbing osteoclasts

• Osteoclasts need to be cultured on a 
mineralised substrate
– Dentine
– Cortical bone
– Hydroxyapatite discs

hOsteoclasts on dentine
axial views:

hOsteoclast on glass

30µm

10µm



SaloSalo et al. 1996 J Cell et al. 1996 J Cell SciSci 109109, 391, 391

VesicularVesicular
stomatitisstomatitis virusvirus

-- basolateral domain basolateral domain 
in epithelial cellsin epithelial cells

InfluenzaInfluenza
virusvirus

-- apical domain in apical domain in 
epithelial cellsepithelial cells

apicalapical

Unusual membrane domains in osteoclastsUnusual membrane domains in osteoclasts

VitronectinVitronectin
receptorreceptor

LAMPLAMP--22

PalokangasPalokangas et al 1997 J Cell et al 1997 J Cell SciSci 110110, 1767, 1767

Ruffled border:Ruffled border:
Properties of an Properties of an 
endosomal/lysosomal endosomal/lysosomal 
membranemembrane

basolateralbasolateral

apicalapical

basolateralbasolateral
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Unique membrane domains in osteoclasts
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Vesicular trafficking routes in osteoclasts
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Sources of osteoclast culturesSources of osteoclast cultures



Isolation of mature osteoclastsIsolation of mature osteoclasts

Mince and Mince and 
scrape the scrape the 

bones to release bones to release 
osteoclastsosteoclasts

Mixed culture of Mixed culture of 
osteoclasts/other osteoclasts/other 

bone cellsbone cells

Pure culture of TRAP Pure culture of TRAP 
++veve osteoclastsosteoclasts

washing or
digestion

• relatively low numbers
• impure cultures
• useful for resorption assays or 
single cell studies



Generation of osteoclasts in vitroGeneration of osteoclasts in vitro

flush bone flush bone 
marrow from marrow from 

long boneslong bones Isolate Isolate PBMCsPBMCs from from 
human bloodhuman blood

Day 15Day 15
Day 0Day 0

Day 3Day 3

Seed cells in Seed cells in 
petripetri--dishesdishes

MM--CSFCSF
MM--CSFCSF MM--CSF +CSF +

RANKLRANKL
MM--CSF +CSF +
RANKLRANKL

MM--CSF +CSF +
RANKLRANKL

Day 9Day 9 Day 12Day 12Day 6Day 6
ReRe--seed on to seed on to 

resorbableresorbable substratesubstrate
e.g. dentinee.g. dentine

cortical bonecortical bone

ResorbingResorbing osteoclastsosteoclasts

• high numbers
• fairly pure cultures
• useful for formation assays or 
biochemical analyses



Generation of osteoclasts in vitro- before RANKL!Generation of osteoclasts in vitro- before RANKL!

~ 8 Days~ 8 Days

CoCo--culture cells culture cells 
in the presence in the presence 
of 1,25(OH)2D3of 1,25(OH)2D3

flush bone flush bone 
marrow from marrow from 

long boneslong bones
Osteoclast

Isolate Isolate 
osteoblastsosteoblasts

from from calvariacalvaria

Useful for assessing osteoblast-osteoclast interactions in osteoclast formation
e.g. whether a defect is in the osteoblast or osteoclast lineage



Pure culture of Pure culture of 
VNRVNR+ve+ve osteoclastsosteoclasts

Isolate  osteoclasts Isolate  osteoclasts 
using antibody to using antibody to 

surface marker (e.g. surface marker (e.g. 
VNR) and magnetic VNR) and magnetic 

bead separationbead separation

Isolation of osteoclasts ex vivoIsolation of osteoclasts ex vivoIsolation of osteoclasts ex vivo

Useful for assessing the effect of a drug on osteoclasts in vivo



BisphosphonatesBisphosphonates
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Bisphosphonates bind calcium ions and target bone mineralBisphosphonates bind calcium ions and target bone mineral



Localisation of a fluorescent BP (RIS) in mouse vertebraLocalisation of a fluorescent BP (RIS) in mouse vertebra

Green = FAM-RIS

Blue = nuclei

Bone

cartilage

trabecular bone
Bone

marrow

0.1 mm0.1 mm



Osteoclasts engulf bisphosphonate into intracellular vesiclesOsteoclasts engulf bisphosphonate into intracellular vesiclesOsteoclasts engulf bisphosphonate into intracellular vesicles

green = bisphosphonate green = bisphosphonate 
red = actin cytoskeleton red = actin cytoskeleton 

resorption pitresorption pit

dentine surfacedentine surface

osteoclastosteoclast

zx
Green- F-ALN
Red- F-actin
Blue-VNR

CoxonCoxon et al et al 2008, 2008, BoneBone 42:84842:848--6060



Bisphosphonates are selectively internalised from 
mineralised surfaces by osteoclasts

Green- F-ALN
Red- F-actin
Blue-VNR

Green- dextran
Red- F-actin
Blue-VNR

**

*
*

*

*

*

Bisphosphonate dextran
(endocytic marker)

Rabbit osteoclasts cultured on dentine labelled with fluorescent alendronate



resorbingresorbing
osteoclastosteoclast

cytoskeleton cytoskeleton 
(F(F--actinactin ring)ring)

+ RIS+ RIS

Effects of BPsEffects of BPs onon osteoclast morphologyosteoclast morphology

Ruffled borderRuffled border
in vivoin vivo

Sato Sato et al et al 1991,1991, J J ClinClin InvestInvest 88, 209588, 2095

cell morphologycell morphology
in vitroin vitro

apoptosisapoptosisretractionretraction



Two groups of bisphosphonates with different modes of actionTwo groups of bisphosphonates with different modes of action
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geranylgeranyl diphosphatediphosphate

Bisphosphonates inhiBisphosphonates inhibitbit farnesylfarnesyl diphosphatediphosphate synthasesynthase in in 
the the mevalonatemevalonate pathwaypathway

dimethylallyldimethylallyl diphosphatediphosphate isopentenylisopentenyl diphosphatediphosphate

mevalonatemevalonate

farnesylfarnesyl diphosphatediphosphate

geranylgeranylgeranylgeranyl
diphosphatediphosphate

squalenesqualene

HMGHMG--CoACoA

cholesterolcholesterol

phosphomevalonatephosphomevalonate

mevalonatemevalonate diphosphatediphosphate

FPP synthaseFPP synthase

N-BPs e.g.
pamidronate
alendronate
Ibandronate
risedronate
zoledronate

LuckmanLuckman et alet al, 1998, 1998
Fisher Fisher et alet al, 1999, 1999

Van Van BeekBeek et alet al, 1999, 1999
Keller Keller et alet al, 1999, 1999

Bergstrom Bergstrom et alet al, 2000, 2000
Grove Grove et alet al, 2000, 2000

Dunford Dunford et alet al, 2001, 2001

x



Most small GTPases are modifiMost small GTPases are modified by prenylationed by prenylation

farnesyl diphosphatefarnesyl diphosphate

geranylgeranylgeranylgeranyl
diphosphatediphosphate
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Effector

Small GTPases act as molecular switchesSmall GTPases act as molecular switches

PiPi GAP

GTPase activating proteinGTPase activating protein
(GAP)(GAP)

downstreamdownstream
signallingsignalling

GTPase

GTPGTP GDPGDPGEF

Guanine nucleotide exchange factor (GEF)Guanine nucleotide exchange factor (GEF)

GTPGTP

““OnOn””
RhoRhoGDP

GDI

REP

RabRabGDP

GTPaseGDP

““OffOff””

TranslocationTranslocation
to membraneto membrane

RasRasGDP



Bisphosphonates inhibit protein prenylationBisphosphonates inhibit protein prenylation

isopentenylisopentenyl diphosphatediphosphatedimethylallyldimethylallyl diphosphatediphosphate

farnesylfarnesyl diphosphatediphosphate

Rho familyRho family
Rap1Rap1

GeranylgeranylGeranylgeranyl
diphosphatediphosphate

RasRas
FTase

GGTase I Rab GGTase

[[1414C] C] RasRas proteinsproteins

[[1414C] Rho C] Rho 
proteinsproteins

Rap1Rap1

[[1414C] RabC] Rab
proteinsproteins

Rho SRab S
S

Ras S

HMGCoAHMGCoA

[[1414C]mevalonateC]mevalonate
A- Rab GTPases
B- 21 kDa GTPases

A
B

CtlCtl

FPPFPP
synthasesynthase

geranylgeranyl diphosphatediphosphate



Bisphosphonates inhibit protein prenylationBisphosphonates inhibit protein prenylation

isopentenylisopentenyl diphosphatediphosphatedimethylallyldimethylallyl diphosphatediphosphate

FTase

GGTase I Rab GGTase

RhoRab

Ras

HMGCoAHMGCoA

[[1414C]mevalonateC]mevalonate
A- Rab GTPases
B- 21 kDa GTPases

A
B

CtlCtl RISRIS

BPsBPs
e.g. RISe.g. RIS

FPPFPP
synthasesynthase



RIS disrupts the localisation of Rab6 in rabbit osteoclasts

Rab6Rab6 WGA (Golgi)WGA (Golgi) mergemerge
CtrlCtrl

RIS



cytoskeletoncytoskeleton
disruption disruption 

Loss of prenylated small GTPases disrupts osteoclast function

Loss of theLoss of the
ruffled borderruffled border

Induction of apoptosisInduction of apoptosis

loss of loss of 
prenylated prenylated 

small GTPasessmall GTPases

Rho, Rac, Cdc42Rho, Rac, Cdc42
(regulate the (regulate the actinactin

cytoskeleton)cytoskeleton)

RabsRabs
(regulate vesicular(regulate vesicular

Transport)Transport)

Rho, Rho, RacRac
(regulate cell survival)(regulate cell survival)



FPP synthase catalyses the condensation of isoprenoid lipid 
chains

FPP synthase catalyses the condensation of isoprenoid lipid 
chains

DMAPP
substrate

IPP
substrate
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Risedronate co-ordinates with 3 magnesium ions in  the 
GGP binding site of FPPS

Risedronate co-ordinates with 3 magnesium ions in  the 
GGP binding site of FPPS

KavanaghKavanagh et al et al 2006,2006, Proc. Natl. Acad. Proc. Natl. Acad. SciSci 103, 7829103, 7829--78347834



Courtesy of JeanCourtesy of Jean--Michel Michel RondeauRondeau, Novartis, Novartis
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0.00010.0001 0.0010.001 0.010.01 0.10.1 11

Lowest effective dose (Lowest effective dose (mgPmgP/kg) /kg) in vivoin vivo

ICIC5050 ((nMnM))
for inhibition for inhibition 

of of rhFPPrhFPP synthasesynthase

Correlation between inhibition of FPP synthase in vitro
and anti-resorptive potency in vivo

Correlation between inhibition of FPP Correlation between inhibition of FPP synthasesynthase in vitroin vitro
and antiand anti--resorptive potency resorptive potency in vivoin vivo

DunfordDunford et alet al, , J J PharmPharm Exp Exp TherTher 20012001

r=0.95, p<0.0001



The nitrogen in the side chain of risedronate or zoledronate
interacts with a conserved threonine and lysine residue in FPP 

synthase

The nitrogen in the side chain of risedronate or zoledronate
interacts with a conserved threonine and lysine residue in FPP 

synthase

Kavanagh et al 2006
Proc. Natl. Acad. Sci

3.843.84AlendronateAlendronate

4.034.03IbandronateIbandronate

2.972.97RisedronateRisedronate

2.962.96ZoledronateZoledronate

ideal 
distance 
is ~3Å

RondeauRondeau JM JM et al 2006et al 2006
ChemChem Med Med ChemChem

Risedronate Zoledronate

This interaction 
enables ‘slow tight 

binding’ of the 
enzyme



PPhosphonocarboxylatehosphonocarboxylate analogueanalogue of RISof RIS

Risedronate (RIS)Risedronate (RIS)

HOHO
NN

OO

PP

OO

PP
OHOH
OHOH

OHOH
OHOH

NE10790NE10790
(3(3--PEHPC)PEHPC)

NN
CC

OHOH

OOHOHO

OO

PP
OHOH
OHOH

PhosphonocarboxylateBisphosphonate

50x lower50x lower affinity for boneaffinity for bone
5,000x lower5,000x lower antianti--resorptiveresorptive potencypotency



NE10790 is a novel inhibitor of Rab GGTaseNE10790 is a novel inhibitor of Rab GGTase

Rab GGTase

GeranylgeranylGeranylgeranyl
diphosphatediphosphate

(GGPP)(GGPP)

farnesylfarnesyl diphosphatediphosphate
(FPP)(FPP) FTaseFTase

GGTase I GGTase I 

FPP
synthase

DMAPP/IPPDMAPP/IPP

Rho S

Ras S

[[1414C] C] RabRab
proteinsproteins

Rab S
S

CoxonCoxon et al et al 2001 2001 J J BiolBiol ChemChem 276276, 48213, 48213

Rho S

Ras S

Rab S
S

[[1414C]mevalonateC]mevalonate

[[1414C] C] RasRas

[[1414C] Rho proteinsC] Rho proteins
Rap1Rap1

RISRIS

A- Rab GTPases
B- 21 kDa GTPases

A
B

CtlCtl



NE10790 is a novel inhibitor of Rab GGTaseNE10790 is a novel inhibitor of Rab GGTase

Rab GGTase

GeranylgeranylGeranylgeranyl
diphosphatediphosphate

(GGPP)(GGPP)

farnesylfarnesyl diphosphatediphosphate
(FPP)(FPP) FTaseFTase

GGTase I GGTase I 

FPP
synthase

DMAPP/IPPDMAPP/IPP

Rho S

Ras S

CoxonCoxon et al et al 2001 2001 J J BiolBiol ChemChem 276276, 48213, 48213

Rab
Rab

Rab

Rho S

Ras S

NE10790NE10790

[[1414C]mevalonateC]mevalonate

[[1414C] C] RasRas

[[1414C] Rho proteinsC] Rho proteins
Rap1Rap1

RISRIS

A- Rab GTPases
B- 21 kDa GTPases

A
B

CtlCtl NE10790NE10790



NE10790 disrupts localisation of Rab6 in rabbit osteoclastsNE10790 disrupts localisation of Rab6 in rabbit osteoclasts

NE10790NE10790

CtrlCtrl

Rab6Rab6 WGA (Golgi)WGA (Golgi) mergemerge



The Rab family of small  GTPasesThe Rab family of small  GTPases

Rab GTPases are crucial Rab GTPases are crucial 
regulators of vesicle regulators of vesicle 

trafficking:trafficking:
••Vesicle formationVesicle formation
••Vesicle motilityVesicle motility
••Vesicle docking  Vesicle docking  

••Membrane fusionMembrane fusion
Try Schwartz?Try Schwartz?

Schwartz et al  (2007) J Cell Schwartz et al  (2007) J Cell SciSci 120: 3905120: 3905--39103910

Family of small Family of small 
GTPases (21GTPases (21--28kDa) 28kDa) 

with more than 70 with more than 70 
human isoformshuman isoforms



NE10790 inhibits bone resorption NE10790 inhibits bone resorption in vitro in vitro without without 
affecting the cytoskeletonaffecting the cytoskeleton
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CoxonCoxon et al et al 2001, 2001, J J BiolBiol ChemChem 276, 48213276, 48213--4822248222

1mM  NE10790

Inhibition of Rab prenylation alters vesicular trafficking 
in osteoclasts in vitro

Control



ControlControl
CoxonCoxon et al et al 2001, 2001, J J BiolBiol ChemChem 276, 48213276, 48213--4822248222

1mM  NE107901mM  NE10790

*

Inhibition of Rab prenylation alters vesicular trafficking 
in osteoclasts in vitro

SEM

confocal
(axial views)



Do these drugs inhibit protein prenylation in Do these drugs inhibit protein prenylation in 
osteoclasts osteoclasts in vivoin vivo??



Purified osteoclast Purified osteoclast 
pelletpellet

In vitroIn vitro prenylation assay using prenylation assay using rhrh RabRab GGTaseGGTase
Assay for Assay for unprenylatedunprenylated Rap1ARap1A

24 hrs24 hrs

23c6 & anti23c6 & anti--
mouse mouse IgGIgG--

coated coated 
DynalDynal beadsbeads

Do these compounds inhibit protein prenylation in vivo?Do these compounds inhibit protein prenylation Do these compounds inhibit protein prenylation in vivoin vivo??

2mgP/kg2mgP/kg
NE10790NE10790

or RIS or RIS 

VNRVNR+ve+ve

osteoclastsosteoclasts



unprenylatedunprenylated
Rap1ARap1A

++veve --veve ++veve --veve ++veve --veve

CTLCTL PCPCRISRIS

actinactin

western blotting for western blotting for 
unprenylated Rap1A:unprenylated Rap1A:

BPs and PCs inhibit protein prenylation in osteoclasts in vivo

Unprenylated Rabs detected Unprenylated Rabs detected 
by by prenylatingprenylating with [with [33H]GGPP H]GGPP 

in vitro:in vitro:

Rab proteinsRab proteins
prenylatedprenylated in vitroin vitro

J774 cellsJ774 cells
in vitroin vitro

CtlCtl NE10790NE10790 ++veve --veve ++veve --veve ++veve --veve

CTLCTL
45mg/kg45mg/kg

PCPC
0.5mg/kg0.5mg/kg

RISRIS

++veve: osteoclast fraction: osteoclast fraction
--veve: non: non--osteoclast bone marrow osteoclast bone marrow 
cellscells

S
SRabRab

S
SRabRab

S
SRabRab

in vitroin vitro prenylation assayprenylation assay

S
SRabRab

S
SRabRab

S
SRabRab 3H

S
SRabRab 3H

S
SRabRab

RabRab RabRab



Are the effects of Are the effects of BPsBPs really due to really due to 
inhibition of FPPS?inhibition of FPPS?



Fisher Fisher et al et al 1999, 1999, Proc Proc NatlNatl AcadAcad SciSci, , 96:133-138; CoxonCoxon et alet al 2000, 2000, J Bone Miner ResJ Bone Miner Res 15:146715:1467--14761476
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CoxonCoxon et alet al 2000, 2000, J Bone Miner ResJ Bone Miner Res 15:146715:1467--14761476
CoxonCoxon et al 2003, et al 2003, CalcifCalcif Tissue Tissue IntInt 72:8072:80--8484

farnesylfarnesyl
diphosphatediphosphate

geranylgeranylgeranylgeranyl
diphosphatediphosphate

BPsBPs

GeranylgeranylatedGeranylgeranylated
Rho proteinsRho proteins

mevalonatemevalonate

farnesylated farnesylated 
proteinsproteins

Loss of geranylgeranylated proteins accounts for inhibition of 
resorption by BPs

GeranylgeranylatedGeranylgeranylated
Rab proteinsRab proteins

00
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0.10.1

CtrlCtrl
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Osteoclast resorption:Osteoclast resorption:

Osteoclast polarisation:Osteoclast polarisation:



Summary

• Assays using osteoclasts in vitro and ex vivo have enabled 
us to determine the mechanism of action of 
bisphosphonates and the related phosphonocarboxylates

– Inhibition of prenylation of small GTPases

• Morphological analysis of osteoclasts treated with these 
compounds has also shed light on the importance of 
prenylated small GTPases for osteoclast function



Localisation of Localisation of BPsBPs and PCs in boneand PCs in bone



Bisphosphonates have different affinities for hydroxyapatiteBisphosphonates have different affinities for Bisphosphonates have different affinities for hydroxyapatitehydroxyapatite
NancollasNancollas et alet al 2006, 2006, Bone Bone 38: 61738: 617--627627

Lawson, Lawson, TriffittTriffitt, , EbetinoEbetino & Russell & Russell 
ASBMR  & ASBMR  & DavosDavos 2005 & 20062005 & 2006

ZOLZOL

ALNALN

RISRIS

The RThe R22 sideside--chain of chain of BPsBPs also contributes to bone affinityalso contributes to bone affinity……
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Are Are osteocytesosteocytes exposed to bisphosphonates exposed to bisphosphonates in vivoin vivo??

Lower affinity BPs should be able to gain access to more sites in 
bone than higher affinity BPs which will get ‘stuck’ at sites of first 
contact

Photo by Lilian Plotkin and Lynda Bonewald



Anti-apoptotic effect of BPs on osteocytes (MLO-Y4 cells)

BPsBPs can open can open ConnexinConnexin
43 43 hemichannelshemichannels and and 
activate antiactivate anti--apoptotic apoptotic 
signallingsignalling pathways  via pathways  via 
ERKSERKS

Plotkin, Manolagas, Bellido, Bone 39 (2006) 443-452
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IC50 values in the nM
range! 



Methods

• Mice or rats injected subcutaneously with fluorescently 
labelled conjugates (fluorescein, rhodamine or 
AlexaFluor 647) of RIS and 3-PEHPC

• Animals sacrificed 24h later and tibiae fixed and 
embedded in MMA resin

• Resin blocks cut transversely and bone examined 
directly by confocal microscopy



Vascular channelVascular channel

osteocyteosteocyte

FF--RIS localises to RIS localises to osteocyteosteocyte lacunae in mouse cortical bonelacunae in mouse cortical bone

Green- F-RIS
Blue-nuclei

Red- wheat germ 
agglutinin
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