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4 ABSTRACT

Jonas Nyman

POTENTIAL OF THE OSTEOCLAST’S PROTON PUMP AS A DRUG TARGET
IN OSTEOPOROSIS

Institute of Biomedicine, Department of Cell Biology and Anatomy, University of Turku
Annales Universitatis Turkuensis, Medica-Odontologica, Turku, Finland, 2011

ABSTRACT

Decreasing bone mass during aging predisposes to fractures and it is estimated that every
second woman and one in five men will suffer osteoporotic fractures during their lifetime.
Bone is an adaptive tissue undergoing continuous remodeling in response to physical and
metabolic stimuli. Bone mass decreases through a net negative balance in the bone
remodeling process of bone, in which the new bone incompletely replaces the resorbed
bone mass. Bone resorption is carried out by the osteoclasts; the bone mineral is
solubilized by acidification and the organic matrix is subsequently degraded by proteases.
Several classes of drugs are available for prevention of osteoporotic fractures. They act by
different mechanisms to increase bone mass, and some of them act mainly as
antiresorptives by inhibition of osteoclast formation or their function.

Optimally, a drug should act selectively on a specific process, since other processes
affected usually result in adverse effects. The purpose of this study was to evaluate
whether the osteoclastic vacuolar adenosine trisphosphatases (V-ATPase), which drives
the solubilization of bone mineral, can be selectively inhibited despite its ubiquitous
cellular functions. The V-ATPase is a multimeric protein composed of 13 subunits of
which six possesses two or more isoforms. Selectivity for the osteoclastic V-ATPase could
be provided if it has some structural uniqueness, such as a unique isoform combination.
The a3 isoform of the 116kDa subunit is inevitable for bone resorption; however, it is also
present in, and mainly limited to, the lysosomes of other cells. No evidence of a structural
uniqueness of the osteoclastic V-ATPase compared to the lysosomal V-ATPase was
found, although this can not yet be excluded. Thus, an inhibitor selective for the a3
isoform would target the lysosomal V-ATPase as well. However, the results suggest that
selectivity for bone resorption over lysosomal function can be obtained by two other
mechanisms, suggesting that isoform a3 is a valid target. The first is differential
compensation; bone resorption depends on the high level of a3 expression, and is not
compensated for by other isoforms, while the lower level of a3 in lysosomes of other cells
may be partly compensated for. The second mechanism is because the bone resorption
process itself is fundamentally different from lysosomal acidification because of the
chemistry of bone dissolution and the anatomy of the resorbing osteoclast. By this
mechanism, full inhibition of bone resorption is obtained with more than tenfold lower
inhibitor concentration than those needed to fully inhibit lysosomal acidification. The two
mechanisms are additive.

Based on the results, we suggest that bone resorption can be selectively inhibited if V-
ATPase inhibitors that are sufficiently selective for the a3 isoform over the other isoforms
are developed.

Keywords: osteoclast, V-ATPase, osteoporosis, drug target
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Jonas Nyman

OSTEOKLASTIN VAKUOLAARINEN PROTONIPUMPPU
OSTEOPOROOSILAAKEKEHITYKSEN KOHTEENA

Biolddketieteen laitos, Solubiologia ja Anatomia, Turun Yliopisto

Annales Universitatis Turkuensis, Medica-Odontologica, Turku, Suomi, 2011

YHTEENVETO

Ikddntymisen mydtd luukudoksen médrd vdhenee, minkd seurauksena luusto altistuu
murtumille. On arvioitu, ettd noin puolet naisista ja viidennes miehisti saa osteoporoottisia
luunmurtumia. Luun mikrorakenne muuttuu jatkuvasti muun muassa siihen kohdistuvan
rasituksen mukaan. Osteoklastit hajottavat luuta ja osteoblastit muodostavat tilalle
uudisluuta. Luumassa vidhenee saman mekanismin kautta, mutta till6in uudisluun
kokonaisméird on jatkuvasti pienempi kuin hajoitetun luun kokonaismiéra. Osteoklastit
hajottavat luuta erittdimaélld luun mineraaliainesta liuottavaa happoa sekd orgaanista ainesta
hajottavia proteaaseja luun pinnalle.

Osteoporoosiin  liittyvdn murtumariskin pienentdmiseen on Kkaytettdvissd vaikutus-
mekanismeiltaan erilaisia 14dkkeitd, jotka kaikki lisddvdt luumassaa. Osa lddkkeistd
vaikuttaa padsosin estimilld osteoklastien muodostumista tai niiden toimintaa. Vaikka
useita ladkkeitd luukatoon on olemassa, tavoitellaan yhd parempia ladkkeitd. Hyvéa
ladkeaine on riittdvdn selektiivinen, jolloin sen vaikutus rajoittuu tietyn solun tai
proteiiniin toimintaan ja haittavaikutukset vahenevit.

Téssd tutkimuksessa tarkasteltiin  osteoklastin  vakuolaarisen adenosiinitrisfosfataasi-
entsyymin (V-ATPaasi) soveltuvuutta ladkekehityksen kohteeksi. Talld entsyymilld
osteoklasti erittdd happoa, joka liuottaa luun mineraliaineksen. Ty0ssi tarkasteltiin, onko sen
selektiivinen estdminen mahdollista siitd huolimatta, ettd V-ATPaaseja tarvitaan kaikissa
soluissa. Entsyymi koostuu kolmestatoista alayksikdstd, joista kuudesta on olemassa
isoformeja. Osteoklastin V-ATPaasin selektiivinen estdminen olisi mahdollista jos sen
isoformikoostumus olisi ainutlaatuinen. 116 kDa alayksikon isoformeista yksi, a3, on
vilttiméton luun hajotukselle, mutta se ei vaikuta solujen elinkykyyn. Tétd isoformia 16ytyy
my0s muiden solujen lysosomeista. Tutkimuksessa ei 10ydetty viitteita siité, ettd osteoklastin
V-ATPaasi eroaisi lysosomalisesta V-ATPaasista. Néin ollen a3-selektiivinen inhibiittori
estdisi myds lysosomalista V-ATPaasia. Tutkimuksen perusteella luun hajotus voi kuitenkin
olla lysosomien toimintaa herkempi inhibiitoreille ainakin kahden eri mekanismin kautta.
Ensimmdiinen mekanismi perustuu isoformien kompensaatioon, eli kykyyn korvata estetyn
isoformin toimintaa. Luun hajotus on riippuvainen osteoklastin korkeasta a3-tasosta,
jolloin kompensaatio on riittdimiton, kun taas lysosomikalvon matalampi a3-taso
mahdollistaa riittdvin kompensaation lysosomalisen toiminnan ylldpitdmiseen. Toinen
mekanismi perustuu siihen, ettd matalan pH:n ylldpitimimen lysosomeissa ja luun hajotus
ovat kemiallisesti hyvin erilaisia toimintoja luun mineralin liukoisuudesta ja luuta
hajottavan osteoklastin anatomiasta johtuen. Siksi luun hajotuksen tiydelliseen estoon
tarvitaan vain kymmenesosan siitd V-ATPaasin inhibiitorikonsentraatiosta, jolla
lysosomien happamoittuminen pystytddn estdméén téysin.

Tulosten perusteella luun hajotusta pystyttdisiin selektiivisesti estimdin kehittimalla
riittdvin a3-selektiivisid V-ATPaasi inhibiittoreita.

Avainsanat: osteoklasti, V-ATPaasi, osteoporoosi, lddkekohde
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1 INTRODUCTION

Bone loss starts in the early midlife and continues throughout life, it affects everybody and
may thus be considered a natural process of aging. In addition, bone loss may be
secondary to other diseases and their medication. It is well established that loss of bone
tissue increases the susceptibility to fractures; therefore its prevention by medication is
well justified. Several drugs that increase bone mass exist and these clearly reduce the
number of fractures. On the other hand, bone mass is clearly affected by lifestyle choices,
and most osteoporotic fractures are caused by falls, so reducing the number of falls among
the elderly is clearly another option to reduce fractures.

The mechanism by which bone mass is reduced is fairly well understood. Bone loss occurs
through remodeling by basic multicellular units, in which osteoclasts resorb a small
volume of bone tissue, which osteoblasts subsequently fill with new bone. Bone is lost
when the new bone incompletely replaces the bone mass resorbed. Osteoclasts resorb bone
mineral by acididifying the surface of the bone, and this process is dependent on the
vacuolar ATPase, a multisubunit protein that acidifies many other organelles. The aim of
this study was to determine whether the osteoclast V-ATPase and thus bone resorption can
be selectively inhibited.

A few words about the structure of the thesis may be in place, and especially how the
review of the literature is written. I tried to put special emphasis on putting this work into
its context. In the first place, I think of this work as a target validation, an early phase of
drug development, against bone loss. In fact, it is more of a re-validation, since the V-
ATPase was recognized as target for inhibiting bone loss more than 20 years ago, and
inhibitors that are effective in pre-clinical models of osteoporosis were published already
10 years ago.

Another part of the context is that several good drugs exist. Any potential new drug will be
compared against the existing ones with respect to efficacy and adverse effects. These
drugs act on different components on the bone remodeling unit. I therefore found it
relevant to include rather short chapters of the mechanisms of actions of these drugs,
together with the efficacies to indicate what is expected from a new drug. I also included
one section in the discussion about how a potential V-ATPase inhibitor would be similar
or dissimilar to the existing osteoporosis drugs.

Having read some of Harold Frost’s publications, I think that the principles of
biomechanics of bone must be included. I believe that most of the bone loss can be
explained by adaptation to the decreased use of bone upon aging, rather than some disease
process per se. Finally, to make this thesis easy to read, I tried to avoid sticking it full with
details, and some topics are overviewed rather than reviewed.
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2 REVIEW OF THE LITERATURE
2.1 BONE TISSUE

2.1.1 Overview of bone structure and function

The skeleton, consisting of 206 bones in adults, confers rigidity to the body and together
with the muscles it forms the locomotor system, protects many organs and serves as a
reservoir of minerals. Each bone, or pair of bones, is unique regarding anatomical structure
(i.e. shape, articulations and muscle insertions) and function. For instance, the long bones
of the appendicular skeleton act as lever arms, while the long bones of the legs are in
addition weight bearing. The tarsal bones in the foot act as a unit that together with the
metatarsal bones forms the transverse and longitudinal arches of the foot. The arches act as
shock absorbers allowing distribution of the downward forces during walking on uneven
ground. The main function of the bones of the scull is to protect the brain while the spinal
cord is protected by the spinal canal formed by the vertebral bones, the bodies of which
also are weight bearing.

Bone tissue can be macroscopically divided into compact and cancellous, or trabecular,
bone. All bones have a cortex of compact bone with varying amounts of cancellous bone
inside. Compact and trabecular bone are strategically distributed within bones in a way
that they accommodate the loads encountered. Long weight-bearing bones, such as the
femur and tibia, have thick cortices composed of compact bone and lack cancellous bone
in their diaphyses, i.e. middle parts. The cancellous bone in such bones is limited to the
epiphyses where it appears to distribute the loads and forces from the joints to the cortical
bone (Figure 1).

Figure 1. Illustration showing the distribution of cortical and trabecular bone in the femur.

The vertebral bodies resist axial compression within a limited angle, have thin cortices
with a tight network of trabeculae inside, which constitutes up to 75% of the total bone
mass of a vertebral body. Although referred to as spongy, the plates and rods of bone
tissue that constitute trabecular bone, are not randomly arranged, but provide an
architecture that apparently best resists the forces it encounters. This is evident from
analysis of the microarchitecture of the talus, the bone in the foot through which weight-
bearing load is distributed to the heel and the arches of the foot (Pal and Routal 1998).
Likewise, in the vertebral bodies, the trabeculae in the direction of the axial load are
thicker, and more numerous, than the trabeculi in the transverse or horizontal planes.
Cortical bone is most prominent in the diaphyses of long bones where the forces conduct
primarily unidirectionally. Trabecular bone appears to be favored close to the joints, where
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it transmits and distributes the load applied on the joint to the cortical bone (in the case of
long bones) or to the other joint (for instance in the vertebral bodies).

At the microscopical level, several differences and similarities between compact and
trabecular bone are evident. The compact bone contains entities called osteons, composed
of concentric lamellae, with blood vessels in their central channel, the Haversian canals. In
the long weight-bearing bones, the osteons run in longitudinal direction. Typically, the
osteons are 200-250 pm in diameter, and contain 7-8 concentric lamellae. Comparisons
between species revealed that osteon size scales with body size up to about the size of
10 kg after which it remains stable around the size seen in humans (Jowsey 1966).
Volkman’s canals run perpendicular to the osteons and connect neighbouring Haversian
canals, allowing connections of blood vessels. In addition to Haversian and Volkman’s
canals, bone also contains a minute but extensive channel system composed of lacuna and
canaliculi, of sufficient size to encompass resident bone cells and their processes,
respectively, and a small volume of interstitial fluid. Trabecular bone is also lamellar, but
the lamelli do not form osteons. Accordingly, trabecular bone lacks internal blood vessels
but contain osteocytes inside the lacunae and canaliculi. The trabeculi, which have an
average thickness of 120-140 um, and the endocortex are lined by bone marrow, while a
fibrous sheet containing fibroblastic cells with the capacity to develop into osteoblasts
covers the periosteum.

Chemically, bone is composed of 25% organic matrix, including 2-5% cells, 5% water,
and 70% inorganic mineral. Type 1 collagen is the main protein in bone, it constitutes up
to 90% of the protein contents of bone. Molecules of type 1 collagen are composed of two
al chains and one 02 chain coiled around each other, and collagen molecules assemble
parallel to each other to form collagen fibrils. The lamellar appearance of osteons comes
from the periodic spiral arrangement of collagen fibrils. Within a lamelli, the innermost
layers of fibrils run in the direction of the osteon axis and subsequent fibril layers are
gradually more tilted to reach some 60° (Wagermaier et al. 2006). Collagen fibrils have
great tensile strength but little resistance to compressive and shear forces. The mineral
component of bone provides the mechanical rigidity and resistance to compression. In
addition to type I collagen, small amounts of other collagens are also present in bone. The
non-collagenous proteins in bone is usually subdivided into four groups; proteoglycans,
glycoproteins  containing RGD-motifs, non-RGD-containing glycoproteins, and
gammacarboxylated proteins. Some examples of these are introduced later.

Bone mineral is present in the form of plate-like crystals, 20-80 nm in length and 2-5 nm
thick. The main component is hydroxyapatite, however, carbonate is present at about 5%
(weight percent), and the mineral contains small amounts of sodium and divalent cations
such as magnesium, strontium and cadmium. Compared to pure hydroxyapatite crystals,
the crystals in bone are smaller and more soluble. The precise localization of the crystals
with respect to the collagen fibrils is not known. However, during mineralization, the first
crystals are formed in the gap-regions of end-to-end aligned collagen molecules in a fibril,
and subsequently most of the interfibrillar space is filled with crystals (Rey et al. 2009).
The detailed mechanism for mineralization of the extracellular matrix is unknown; the
theories are presented in chapter 2.2.6.
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2.1.2  Solubility of bone hydroxyapatite

In order to meet up with the functional roles of the skeleton, the mineral crystals deposited
in the bone should be stable in the organism and dissolvable only in a controllable fashion.
The hydroxyapatite crystals fulfill this criterion; they are sparingly soluble in the solution
that surrounds them, because the solution is supersaturated with respect to the ions that
comprise the mineral. Because it is essential to the thesis, the chemical basis of the
stability of calcium hydroxyapatite in physiological conditions is overviewed, and the
chemical principle of its dissolution in acid pH is described. This includes the concepts of
solubility product constant and the ionic product.

The solubilization of bone crystals in water is a thermodynamic process that obeys the
laws of mass action. When a solid compound, such as bone hydroxyapatite, dissolves in
water, there is a limit how much can be dissolved. This is the thermodynamic equilibrium
between the solid and liquid phase. The solubility product constant describes the
concentrations of the constituent ions at which the solid is in equilibrium with the liquid
and indicates the degree to which a compound dissociates in water. In principle, the
solubility product constants can be empirically determined, but for bone mineral, it is clear
that no single solubility product constant can describe its solubility behavior, however, the
approximate values reported, 2,3 x 10”° are about 10" times higher than for pure
hydroxyapatite (Brown 1976; Baig et al. 1999).

In water, calcium hydroxyapatite dissolves into its constituent ions:

[Ca,(PO,),0H],,, ., — 5(Ca*)+3(PO )+ (OH")

SOLID

The ionic product for hydroxyapatite (IPyap) is:
1Py, = (Ca2+)5 (P027)3(0H7)

Correctly, in describing the solubility characteristics, one should use the ionic activity
product (IAPyap):

I4P,,, = (ag, )’ (aPO4 )’ (aor)

in which a denotes activity of the ions in solution. Ionic activity is a dimensionless
quantity, not identical to the ionic concentration, but in addition dependent on some other
factors, such as the presence of other ions. However, to describe the principle of bone
dissolution by acid, I use [Pyap here analogously to IAPyap.

In practical terms, for the dissolution of hydroxyapatite the concentration of Ca™",
phosphate and hydroxyl ions in solution need to be low enough, so that the product of their
concentrations is less than the solubility product constant. If the ionic product is higher
than the solubility constant, the solution is supersaturated and mineral crystals will not
dissolve, but they can potentially grow.

By homeostatic mechanisms, the pH and the Ca®" and phosphate levels in the interstitial
fluid are kept relatively stable. The reference levels for both inorganic phosphate and free
Ca®" in plasma is 1 mM and the interstitial fluid concentrations are considered similar.
However, phosphate is a triprotic acid that is present in four molecular species, of which



REVIEW OF THE LITERATURE 15

the important phosphate ion species is the PO,> ion. The pKa values for the protonation
reactions are 12.2, 7.2 and 2.1. Because of the buffer system, the PO43' ion constitutes
only a small fraction of the total phosphate at physiological pH.

The concentration of the phosphate ion species at a given pH can be calculated from the
Henderson-Hasselbalch equation, here the molar fractions of PO43' were obtained from a
table (CurTiPot freeware).

At pH 7.2, the molar fraction of PO, is 10°*, and at pH 5.2 it is 1071, Accordingly, if
the total phosphate ion concentration is 1 mM (0.001 M) the concentration of PO, is 107
M x 10°%=10"% M (~3.5 nM), and at pH 5.2, analogously, 10"*"* M (~0.7 pM).

At pH 7.2, the IPyap in 1 mM calcium and 1 mM phosphate is thus:
(1073 )5 % (1078,45 )3 % (1076,8) — 10747,15

which is considerably higher than the approximate bone hydroxyapatite solubility
constants reported. Thus in physiological conditions, plasma and interstitial fluid is
supersaturated with respect to the bone mineral ions.

Let us consider what happens to the IPyap if the pH decreases to 5.2, a pH value easily
reached in lysosomes. At pH 5.2 the concentration of OH is decreased to 10™** M and the
concentration of PO43' is 107> M. The IPhap 1S then

(10—3)5 % (10—12.15)3 % (10—848) — 10—60425

This is significantly less than the solubility constant for bone hydroxyapatite and bone
mineral can dissolve.

Thus, in summary, the bone mineral crystals in bone are stable in physiological conditions,
because the interstitial fluid is supersaturated with respect to the constituent ions of bone
mineral. By reducing the pH, the concentrations of the OH™ and PO, ions decrease so that
the IAPyap of the hydroxyapatite constituent ions can be less than the solubility product
constant of bone hydroxyapatite allowing bone to be dissolved. A practical consequence is
that there is a pH-threshold, or a critical pH value, which must be reached before bone
mineral can be dissolved.

2.1.3 Bone cells

The bone cells include four histologically different cell-types (Figure 2). Osteoclasts are of
hematopoietic origin, while osteoblasts, osteocytes and bone lining cells are of
mesenchymal origin.
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Figure 2. Micrograph of a histologic section showing two osteoclasts and a row of osteoblasts on the
surface of trabecular bone. Osteocytes are visible inside lacuna. Bone lining cells are not present in this
image. A sinusoid (s) containing erythrocytes is visible.

Osteoclasts are multinucleated cells formed by the fusion of mononuclear precursors. They
resorb bone. Bone lining cells are flat cells on the endocortical and trabecular surface of
bone that is not undergoing turnover. Many consider them simply nonactive osteoblasts.
Osteoblasts are actively bone-forming cells that are cuboid or polyhedral in shape. They
synthesize bone by laying down osteoid, the organic component of bone, which
subsequently mineralizes. During bone formation, a fraction of the osteoblasts become
embedded in bone and become osteocytes. Osteocytes are the most abundant cell-type.
The cell bodies reside in lacunas and they possess extensive cell processes that radiate out
from the lacuna in canaliculi. Osteocytes in human cortical bone have some 20-100 of
these processes (Beno et al. 2006). Through gap junctions in the processes, the cytoplasm
of neighboring osteocytes are in contact (Doty 1981; Taylor et al. 2007). Thus, osteocytes
constitute a true syncytium, i.e. network of connected interacting cells.

Together, the bone cells are responsible for the modeling and remodeling of bone, the
reshaping of bone during growth, and the adaptation of bone structure to increased or
decreased load.

2.2 BONE AS AN ADAPTIVE ORGAN

Bone has the capacity to adapt to the load it encounters. During the evolution, bone
strength may have been optimized to withstand voluntary physical load without fracturing.
In addition to being rigid, bone tissue is also heavy, so excess bone mass may have been
evolutionary unfavorable by increasing energy expenditure and reducing running speed.
Thus, the evolutionary pressure may have been to use a minimal amount of bone tissue to
achieve sufficient bone strength.

When a load or force applies to bone, the bone will deform, and the amount of
deformation relative to the original length is the bone strain. The three types of
deformation or strain, into which all forces can be resolved, are compressive, tensile and
shear (Rubin 1999). In practice, any skeletal muscular activity will produce a complex
combination of strains on the bones involved. For instance, long bones acting as lever
arms will experience tension at one side of the bone and compression at the other side.
Vigorous exercise cause 0.35% strain in compression, while two-fold higher strain will
cause material damage (i.e. microcracks in bone). The notation that peak strains are very
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similar across a spectrum of vertebrates, ranging from turkeys (7 kg) to elephants (2500
kg), suggests that the adaptation of bones is linked to the peak strain (Rubin and Lanyon
1984).

In addition to the intrinsic (material) properties of bone and bone mass, bone strength is
highly determined by the bone geometry. Important geometrical parameters include the
long-bone curvature, and the perimeter and shape of the cross-sectional area (Rubin 1999).
In the case of hollow tube-like bones, resistance to bending and torsion increases if the
diameter of the tube increases.

Adaptation of the bone architecture and mass is observable in, for instance, individuals
subjected to “’vigorous” use of bones and in bone disuse. For instance, professional male
soccer players of a first division team had 18% higher bone mineral content than age- and
body mass index (BMI)-matched controls performing less than 3 hours of recreational
sport activities per week (Wittich et al. 1998). The difference was due to both a 5.2%
increase in bone size and a 12.3% increase in bone mineral density (BMD) in the bones of
the legs and pelvis. On the other extreme, disuse of bone caused by spinal cord injury-
mediated paralysis cause rapid bone loss; the BMD of the epiphyses of the femur and tibia
decreased 50% and 60%, respectively, while the BMD of the femoral and tibial diaphyses
decreased 35% and 25%, respectively (Eser et al. 2004).

Bones that act as lever arms have to resist the combined action of gravity and muscle
force. Muscle forces generate the largest loads on such bones. It is becoming evident that
lean mass is associated with bone strength parameters of the proximal femur, while BMI
and fat mass is not associated after controlling for lean mass (Travison et al. 2008). In the
adaptation of bone, two processes, bone modeling and bone remodeling are
distinguishable and introduced next.

2.2.1 Bone modeling and remodeling

Bones grow in diameter by appositional growth. This is referred to as modeling, in which
bone is added to an existing structure. In remodeling, bone resorption and formation are
spatiotemporally coupled so that bone formation always follows bone resorption.
Remodeling of bone takes place on the trabecular and endocortical surfaces, and to a lesser
extent, intracortically. In intracortical remodeling, new osteons replace the old bone. In
addition, microfractures in cortical bone heal by remodeling. The remodeling cycle occurs
continuously at distinct sites throughout the skeleton in response to mechanical and
metabolic influences, so that in healthy adults, up to 10% of the bone mass is remodeled
annually. At any time, some 15% of the cancellous bone surface remodels. The
remodeling cycle commences with osteoclast formation, followed by osteoclast-mediated
bone resorption, a reversal period, and then a long period of bone matrix formation
mediated by osteoblasts, followed by mineralization of the organic matrix (Figure 3). Bone
mass and architecture is modified through remodeling; if the eroded bone is incompletely
refilled with bone the bone mass will decrease.
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Figure 3. The bone remodeling cycle. See text for explanation.

2.2.2 The mechanostat

Harold Frost first introduced the mechanostat theory (Frost 1987), in which he postulated
how load-bearing bones adapt to changes in mechanical environment. According to this
theory, the bone tissue acts as a mechanostat that recognizes the strain, so that below a
certain threshold of mechanical load, bone is resorbed, and above another threshold bone
is formed on existing structures to meet up with the increased load. The existence of a
mechanostat is well accepted although the mechanisms behind the mechanostat are not yet
well understood. It is thought that osteocytes sense the strain on bone at a particular site
and signal, potentially through the bone lining cells, to the effector cells at the surface of
the bone. Three key proteins involved are the ligand for receptor activator of nuclear factor
kappa B (RANK-L), osteoprotegerin (OPG) and sclerostin. The nature of the mechanical
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signal and the molecular mechanism, by which osteocytes sense it, remains to be
elucidated. However, it is well recognized that strain causes pressure gradients on the
interstitial fluid in the lacunas and canalicular system, and movement of fluid from sites of
high pressure toward sites of low pressure will impose fluid shear stress on the osteocytes
(Bonewald 2006). Several signaling molecules are reported to be induced within minutes
of mechanical stimulation of cultured osteocyte-like cells, including nitric oxide,
prostaglandins, and adenosine trisphosphate (Ajubi et al. 1999; Bacabac et al. 2004).

Furthermore, there is substantial evidence that osteocytes require mechanical stimulation
for their survival and viability (Bakker ef al. 2004; Mann et al. 2006; Tan et al. 2008). In
addition, lack of mechanical stimulus will lead to apoptosis of the osteocytes in regions
where bone resorption is subsequently initiated (Aguirre et al. 2006; Emerton et al. 2010).
There is some evidence that the load-induced fluid flow is needed to provide the
osteocytes with high molecular weight compounds like proteins, while small molecular
weight compounds may diffuse at a rate sufficient to reach all osteocytes without loading
(Knothe Tate et al. 1998).

While osteocyte apoptosis, for instance due to microfractures, at least in part may
determine where remodeling should take place, it does not explain the fine-tuning of the
mechanostat; the mechanostat should also regulate how much new bone is deposited. The
mechanical stimulus must be integrated with regard to its magnitude, frequency and
duration, and this information must be translated to the surface of the bone, telling the
osteoblasts how much bone should be deposited. One gene, SOST, has been reported to be
regulated by mechanical loading, so that expression of its product, sclerostin, is decreased
by mechanical loading (Robling et al. 2008). Sclerostin has an antagonistic effect on
WNT/B-catenin signaling, which is an important signaling pathway in osteoblast
differentiation. It was recently shown that even short mechanical stimulations of long
bones in mice are able to reduce the expression of sclerostin and increase bone formation
at the same time (Robling e al. 2008; Moustafa et al. 2009). The effect of sclerostin is
evident from a rare genetic disease called sclerosteosis, caused by the loss of sclerostin. It
is characterized by progressive bone thickening producing an “overgrown” skeleton
(Vanhoenacker et al. 2003; Wergedal et al. 2003). Deletion of the SOST gene in mice
results in a similar phenotype (Li et al. 2008).

2.2.3 RANK-L and osteoclastogenesis

During the recent decade, it has become evident that osteoclast formation and, thus, the
bone turnover rate, is regulated through the RANK-L activation of RANK in osteoclast
progenitor cells (Figures 3B and 3C). OPG is a soluble RANK-L receptor and acts as a
decoy receptor. Thus, the RANK-L/OPG ratio at the local microenvironment is important.
The central roles of RANKL, RANK and OPG in determining the level of bone resorption
were demonstrated through the generation of transgenic mice: RANKL ™ and RANK "~
mice were osteopetrotic due to an absence of osteoclasts; OPG '~ mice were severely
osteoporotic and had increased numbers of osteoclasts (reviewed in Blair et al. 2006).
RANK-L and OPG are co-expressed in the same cells, which, by immunohistochemistry
and in situ hybridization, have been shown to include active osteoblasts, early osteocytes,
bone lining cells, maturative and hypertrophic chondrocytes, some bone marrow cells and
sinusoid lining cells (Ikeda et al. 2001; Silvestrini et al. 2005). In osteoblastic cells
RANK-L have been detected on the plasma membrane but also in the lysosomes, and there
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is data to suggest that RANK-L and OPG form a complex in the Golgi apparatus, and
OPG is essential to target the complex to secretory lysosomes (Aoki et al. 2010; Kariya et
al. 2011). Considering that bone resorption precedes bone formation, the role of RANK-L
expression in active osteoblasts appears irrational. In vitro, mechanical stimulation of
osteoblastic cells potently reduces RANK-L expression (Rubin et al. 2000). The osteoclast
progenitor cells could be recruited either from the circulation or directly from the bone
marrow; this has not been conclusively studied. However, RANK-positive monocytic cells
fuse on the very close vicinity of the bone surface. Some authors have provided evidence
for the existence of a bone remodeling compartment, i.e. a space between the bone surface
and an intact layer of bone lining cells, that is in close contact with blood vessels (Hauge
et al. 2001; Eriksen et al. 2007; Andersen et al. 2009).

2.2.4 Resorption and osteoclast physiology

Once osteoclasts are formed, they start to resorb bone (Figure 3D) this phase takes place
over a 6-12 day period (Eriksen et al. 1984) during which also new osteoclasts are formed.
Resorbing osteoclasts form a specialized resorption space in between the bone surface and
the osteoclast itself (Figure 4). This space is limited by a sealing zone, formed by ring-like
arrangement of podosomes (Kanehisa et al. 1990), and dependent on integrin o,fs-
mediated attachment to the RGD-sequence containing proteins of the bone matrix
(McHugh et al. 2000).

= . sealing zone

lacuna H' Cl ruffled border

Figure 4. Schematic illustration of a resorbing osteoclast and the essential ion transport mechanisms
leading to acidification of the resorption lacuna and dissolution of bone mineral.

By reducing the pH of the resorption lacuna, the bone mineral dissolves and organic
matrix is exposed and made accessible to proteases, which the osteoclast also secretes into
the resorption lacuna. Due to the numerous extensions and invaginations of the plasma
membrane inside the sealing zone, it is called the ruffled border membrane (Figure 4). It is
the resorptive organ of the osteoclast. Across this ruffled border membrane protons are
transported into the resorption lacuna by a V-ATPase (Blair et al. 1989; Sundquist et al.
1990; Viininen et al. 1990), accompanied by Cl- flow that allows electroneutral secretion
(Kornak et al. 2001). Inactivating mutations of the genes for the V-ATPase a3 subunit or
chloride channel 7 (CIC7) render the osteoclasts essentially incapable of bone resorption;
in humans such gene defects cause different forms of osteopetrosis (Del Fattore et al.
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2008). While it is clear that the CIC7 is essential for bone resorption and, additionally, for
lysosomal function, its action is not well understood. CIC7 is a voltage-dependent 2C1/H"
exchanger (Graves et al. 2008). It differs from other characterized CI/H" exchangers of
the CIC family inthat it activates and deactivates sluggishly, and this sluggishness appears
of physiologic significance, since some of the mutations that cause osteopetrosis accelerate
its gating (Leisle ef al. 2011).

Protons are generated by carbonic anhydrase activity (Hall and Kenny 1987). Bicarbonate
accumulation is counteracted by Cl/bicarbonate exchange on the basolateral membrane
(Teti et al. 1989), (Figure 4). Osteoclasts are motile on the bone surface. Collagen
fragments resulting from cathepsin K activity, called carboxy-terminal cross-linked
telopeptides of type I collagen (CTX), are released into the circulation and their serum
concentrations are used as markers of the resorption activity. The mineral phase is
resorbed to a deeper aspect than the organic phase, since the resorption phase leaves
lacunas covered with irregular bundles of collagen fibrils (Ren ef al. 2005).

2.2.5 Reversal and recruitment of osteoblastic cells

After osteoclast apoptosis, mononuclear cells populate the eroded bone surface (Figure
3E). These cells degrade the remaining collagen fragments, and lay down a histologically
differentiable cement line, which marks the border between new and old bone. These
events can be mimicked in vitro by addition of osteoblastic cells onto preformed
resorption lacunas (Mulari et al. 2004), suggesting that these cells are of osteoblastic
origin, possibly bone lining cells (Everts et al. 2002). The reversal phase may last for
several weeks (Eriksen ef al. 1984). It is well established that bone formation always
follows resorption, except for in some pathological conditions such as myeloma. The
coupling involves the attraction of cells of the mesenchymal origin, their proliferation,
differentiation to osteoblast precursors, and maturation. Complex interactions of local
growth factors in the bone marrow microenvironment, transcriptional factors, as well as
systemic hormones govern the differentiation of osteoblasts from the mesenchymal
progenitors. The differentation depends on the WNT-signaling pathway which leads to the
translocation of B-catenin to the nucleus and its transcriptional activity (Milat and Ng
2009), and involves two other subsequent transcription factors, Runx2 and osterix (Marie
2008). It is unknown how cells of the osteoblastic lineage are recruited to the resorption
lacuna. Some have identified platelet-derived growth factor secretion by mature
osteoclasts as a chemotactic agent (Sanchez-Fernandez et al. 2008; Kreja et al. 2010).
There is also data to suggest that growth factors, such as transforming growth factor-p and
bone morphogenetic proteins, released from the bone matrix by osteoclast activity may
fulfill some of the coupling functions (Martin and Sims 2005).

2.2.6 Bone formation

Mature osteoblasts, some 100-400 per BMU (Figure. 3F), synthesize and secrete collagen
and other bone matrix proteins, which together are referred to as osteoid. After a time lag
of approximately 10 days, during which the osteoid self-arranges, the osteoid is
mineralized subsequently at a rate of about 0.55 pm per day. This time lag results in a
transient osteoid seam of about 10 pm.



22 REVIEW OF THE LITERATURE

Mineralization of the osteoid starts with nucleation, i.e. formation of an initial crystal,
which may contain a few unit cells in size. Three principally different but not mutually
exclusive modes of nucleation have been proposed. According to the first theory crystals
are actively nucleated from solution by charged proteins in the collagen gap zones without
any intervention of cellular processes (Veis and Perry 1967; Glimcher 1984). Another
theory suggest that the initial nucleation takes place in matrix vesicles budding from the
plasma membrane of the osteoblasts, followed by propagation of the mineral out of the
vesicles into the matrix (Ali et al. 1970; Orimo 2010). Matrix vesicles have been observed
and isolated from woven bone and mineralizing cartilage (Vainénen et al. 1983; Schwartz
et al. 1989). A third more recent theory, in part based on the observation that amorphous,
phosphate-rich material is found in vesicles in osteoblasts, suggests that amorphous
precursor material is formed intracellularly, exocytosed and deposited in the gap zone,
where it is crystallized (Mahamid ez al. 2011).

After nucleation, the initial crystals grow rapidly to reach about 70% of the final density.
This primary mineralization is followed by a secondary mineralization lasting for months,
during which impurities are exchanged and mineral crystals become more perfectly
arranged. Several proteins secreted by osteoblasts are required for proper mineralization.
These include tissue non-specific alkaline phosphatase, the ablation of which results in
hypomineralization of the skeleton and in disordered alignment of the mineral crystal
(Tesch et al. 2003), and osteocalcin, the ablation of which results in slightly impaired
mineral maturation (Boskey et al. 1998). Alkaline phosphatase, preferably the bone-
specific post-translationally modified form of it, procollagen type I N-terminal propeptide
(PINP), and osteocalcin are used as serum markers of osteoblastic activity.

2.3 BONE LOSS AND OSTEOPOROSIS

2.3.1 Age-and menopause-related bone loss

During a normal lifespan, women may lose 50% of the trabecular bone mass and 30% of
the cortical bone mass, the corresponding numbers for men are 30% and 20%,
respectively. For both genders, bone loss typically starts during the fourth decade and
trabecular bone loss starts before cortical bone loss starts; about 40% of the total trabecular
bone loss occurs before the age of 50, while very little cortical bone is lost by this age. For
women, bone loss is accelerated for a period of time following the menopause, at which
the BMD at the total hip and the lumbar spine is lost at an annual rate of 1.6% and 2%,
respectively (Finkelstein et al. 2008). For diagnosis of osteoporosis, the BMD T-score is
used; the actual BMD of a person is measured by dual energy x-ray absorptiometry. The
value is compared against the mean BMD of a reference population consisting of young
healthy adults and the standard deviation thereof. Osteoporosis is diagnosed when the
BMD value is more than 2.5 standard deviations less than the mean BMD.

The pattern of age-related bone loss is by no means tissue-specific; for instance, muscle
mass and strength is also declining in a similar time of onset and magnitude. In cross-
sectional studies comparing young normal subjects in the 20—40-year age range to healthy
subjects in the 70-80-year age range, declines in knee extensor torque and power have
ranged from 20% to 50% (Larsson et al. 1979; Murray et al. 1980; Young et al. 1984;
Murray et al. 1985; Young et al. 1985). To what extent the age-related decline in bone
mass is purely adaptation to the reduced bone strain stimulus during aging, for instance,
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due to loss of muscle strength, remains to be studied. The outcome of successive bone loss
is more dramatic than successive loss of muscle strength, since bone loss will potentially
result in fractures.

2.3.2 Other causes of bone loss

Bone loss can also be secondary to a number of primary diseases or their treatment
including osteolytic bone metastasis, hyperparathyroidism and rheumatoid arthritis. It is
estimated that secondary osteoporosis accounts for 20-30% and 50% of the cases in
women and men, respectively (Fitzpatrick 2002). The mechanisms behind these causes of
bone loss are partly different from those of age and- menopause related bone loss, and
though important, the reviewing is beyond the scope of this thesis.

2.3.3 Anatomical differences of bone loss

The available data on non-load bearing bones, such as the parietal bone of the skull, show
that very little bone is lost with age from parietal bone (Hwang et al. 2000; Torres-Lagares
et al. 2010). This is very different when compared to another flat bone, the ilium, the
trabecular bone volume of which is reduced to 50% in 90 year old subjects compared to
young adults (Thomsen et al. 2002). In addition to the different load-bearing
characteristics of the parietal bone and the ilium, they have a different embryological
origin (the parietal bone forms by intramembraneus ossification, while the ilium forms by
endochondral ossification).

In the diaphyses of long bones, bone is selectively lost from the endocortical surface. The
reason for this may be biomechanical in origin; the endosteal surface, which is closest to
the axis of the bone, is subject to the smallest bending and torsional strains. Another
interesting fact is that there is no negative balance in intracortical bone remodeling, i.e. the
Haversian canal areas do not increase with age (Qiu et al. 2010), as could be expected if
there was a general age- or menopause linked defect in osteoblast differentiation and
function.

2.3.4 Histopathology of osteoporosis

The age-related loss of bone tissue has been shown, by dynamic histomorphometry, to be
due to the following mechanism. Bone formation is reduced in the BMUs, so that the
resorbed bone is bone is incompletely replaced by new bone, in fact there is an inverse
correlation between bone volume formed in the BMU and age (Lips et al. 1978; Vedi et al.
1984; Eriksen 1986). The bone erosion depth and the volume of eroded bone in the BMU
is not increased with age, rather it remains unchanged or it decreases (Eriksen 1986;
Croucher et al. 1991). Furthermore, analysis of femur midshaft osteons from 88 human
cadavers shows that osteon diameter, which is dependent on osteoclast activity, decrease
with age, and female osteons are smaller than male, with no observable effect of the
reproductive status (Britz et al. 2009). However, some have reported a small increase in
erosion depth during the early postmenopausal years (Eriksen et al. 1999). The accelerated
bone loss following the menopause is caused mainly by an increase in the number of
BMUs, i.e. within one year, the BMU activation frequency is doubled, and this higher
turnover rate continues throughout life (Recker et al. 2004). However, compared to the
rate at menopause, the net bone loss a few years after the menopause is somewhat
decreased, when the new steady state at the higher bone turnover rate is reached.
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The higher turnover rate induced by the menopause may explain some of the differences
between bone loss in women and men; in men the trabeculi become thinner, while in
women the trabecular connectivity may be lost and individual trabeculi completely
resorbed (Aaron et al. 1987). Because of the higher remodeling rate in postmenopausal
women, the porosity of cortical bone is higher. Another difference is that the periosteal
apposition of bone is greater in men than in women, and thus it more efficiently
compensates for the endosteal bone resorption.

2.3.5 Incidence of osteoporotic fractures

A bone is likely to fracture when the loads imposed are similar to, or greater than, its
strength. Thus, the consequence of bone loss is an increased susceptibility to fractures.
One in every two white women suffers an osteoporosis-related fracture during their
lifetime (Kanis et al. 2002a; Kanis ef al. 2002b). Fractures of the spine are most common
but may be asymptomatic and thus subclinical. Hip fractures receive most attention
because they are associated with the greatest morbidity and healthcare costs. More than 90
% of the hip fractures are caused by falls (Youm et al. 1999). For the spine fractures, 25%
is caused by a fall (Cooper et al. 1992) and about 50% of the cases are precipitated by
non-traumatic events, which may include lifting rather light objects non-ergonomically
(Silva 2007).

Because of the high impact of osteoporotic fractures on morbidity of individual patients,
and the medical costs for the society, the prevention of fractures is well justified (Harvey
et al. 2010). Treatment of bone loss by medication is an obvious approach to reduce the
risk of fractures. On the other hand, more attention should be paid on preventing falls, as
argued by Jarvinen and colleagues (Jarvinen et al. 2008).

2.4 OVERVIEW OF CURRENT OSTEOPOROSIS MEDICATION

Osteoporosis differs from many other diseases in that bone loss by itself is asymptomatic
until a fracture eventually occurs, and many osteoporotic subjects does not suffer any
fractures at all during their lifetime. This puts special requirements on the medication;
essentially no adverse effects induced by the medication itself are ethically acceptable for
prevention of osteoporotic fractures. For treatment of established osteoporosis, only minor
adverse effects are acceptable.

The current drugs classes are nitrogen-containing bisphosphonates, selective estrogen
receptor modulators (SERMs), parathyroid hormone (PTH) and a neutralizing antibody.
Strontium ranelate is an odd drug, since it consists simply of strontium ions (Sr*") and an
organic carrier, ranelic acid. The drug classes differ considerably concerning the
mechanisms of action, and spectra of adverse effects. Drugs approved for marketing in
EU-countries by the European Medicines Agency (EMA) (www.ema.europa.eu) are listed
in table 1, together with alendronate, which was on the markets before the EMA was
founded.

In addition, hormone replacement therapy (HRT) (estrogen alone or estrogen and
progestin) also has antiosteoporotic effects, however, prevention of fractures alone is not a
primary indication of HRT; it is considered in recently menopausal women when there are
additional menopausal indications. The next sections review the currently available drug
classes with respect to their mechanisms of actions, efficacy on fracture prevention and on
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the BMD. The review of the efficacies is limited to data on the dose approved for treating
postmenopausal osteoporosis. In addition, some unique features are emphasized. Although
not reviewed further, one should note that the subindications and contraindications differ
significantly among the drugs, and the most appropriate treatment depends on the overall
clinical situation.

Active Name Year of Dosing/Route of administration
compound approval
Alendronate Fosamax 1995 (FDA) One tablet weekly
+generics
Raloxifene Evista, 1998 One tablet daily
Optruma
PTH(1-34) Forsteo 2003 Subcutaneous injection once daily
Ibandronate Bondenza, 2004 One tablet monthly, or one intravenous injection
Bonviva every third month
Strontium Protelos, 2004 Orally daily, one sachet is suspended into one glass
ranelate Osseor of water
Zoledronic Aclasta 2005 Intravenous infusion once yearly
acid
PTH(1-84) Preotact 2006 Subcutaneous injection once daily
Lasofoxifene  Fablyn 2009 Tablet once daily
Basedoxifene ~ Conbriza 2009 Tablet once daily
Denosumab Prolia 2010 Subcutaneous injection twice yearly

Table 1. Drugs approved for treatment of postmenopausal osteoporosis by the European Medicines
Agency. FDA, Food and Drug Administration in the Unites States.

2.4.1 The nitrogen-containing bisphosphonates

Pharmacokinetics. Bisphosphonates (alendronate, ibandronate, and zoledronic acid,
Figure 5) have high affinity for hydroxyapatite, this feature is essential to their efficacy as
antiosteoporotic drugs, and gives them a unique pharmacokinetic profile.
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Figure 5. The structure of alendronate (left), ibandronate (middle) and zoledronate (right)

The terminal half-life of alendronate is similar to that of bone mineral, approximately 10.5
years (Rodan et al. 2004). Because of the hydrophilicity, after oral administration typically
less than 1-2% is absorbed and a fraction of the circulating bisphosphonate is very rapidly
taken up by bone tissue, while the remainder is excreted unchanged in the urine within a
few hours. After intravenous administration some 40-70 % of the dose is excreted in the
urine depending on the bisphosphonate side chains (Conrad and Lee 1981; Khan et al.
1997; Mitchell et al. 2001; Chen et al. 2002). Bisphosphonates are circulating in the
plasma only during the administration and they are not metabolized in the liver. Within the
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skeleton, bisphosphonates binds to the surface of bone, especially to sites of active
mineralization and resorption. After continuous dosing, the bisphosphonates accumulate
onto the hydroxyapatite crystals and the cumulative dose is the major determinant of their
effects. Accordingly, the dosing regime has shifted toward higher doses less frequently.

Mechanism of action. The selectivity of bisphosphonates for osteoclasts is because upon
resorption, bisphosphonates will enter osteoclasts and exert intracellular effects only in
osteoclasts. In the cytosol, nitrogen-containing bisphosphonates inhibit the farnesyl
pyrophosphate synthase, an enzyme in the mevalonate biosyntetic pathway, which is
needed for prenylation of members of the small guanosine triphosphatases (GTPase)
including the Ras, Rho and Rab families. Prenylation, i.e. addition of an isoprenoid lipid
chain, is essential for the correct subcellular membrane localization of these small
GTPases. The prenylated small GTPases act as molecular switches, the regulation capacity
of which appears be lost in the absence of a prenylation so that downstream effectors are
inappropriately, probably constitutively, activated (Dunford et al. 2006). Recent data,
reviewed by (Coxon et al. 2006) suggest that the bisphosphonates compete directly for
binding with the natural substrates. This binding is followed by conformational changes
that promote the binding of the second substrate, which itself stabilizes the final complex
of bisphosphonate-bound enzyme resulting in essentially irreversible inhibition. Anyhow,
the essential outcome is that osteoclasts lose the capacity to resorb bone. As measured by
serum markers of bone resorption, bisphosphonate medication decreases bone resorption
to low premenopausal levels. However, after a delay, also bone formation marker levels
decrease.

Long-term alendronate treatment is associated with an increase in the number of
osteoclasts, which include distinctive giant, hypernucleated, detached osteoclasts that are
undergoing protracted apoptosis adjacent to superficial resorption cavities (Weinstein et
al. 2009). The number of osteoclasts increased by a factor of 2.6 in patients receiving
alendronate for 3 years as compared with the placebo group. Moreover, the number of
osteoclasts increased as the cumulative dose of the drug increased (Weinstein et al. 2009).

Efficacy. A meta-analysis demonstrated the efficacy of alendronate against hip fractures in
postmenopausal women with osteoporosis (Papapoulos et al. 2005). This analysis included
6,804 women with a BMD T-score of —2.5 or less from six randomized placebo-controlled
trials. The relative risk of having a hip fracture when taking alendronate was 0.45 and it
was consistent across all studies. Alendronate also reduced the relative risk of vertebral
fractures among women with osteopenia to 0.40 (Quandt et al. 2005). The long-term (10-
year) efficacy and safety of alendronate has been examined in extensions of the clinical
trials; reductions in bone turnover markers remain stable throughout 10 years of
alendronate treatment and are associated with continued gains in lumbar spine and hip
BMD (Bone et al. 2004).

Alendronate increased BMD at all sites studied (Cummings et al. 1998). The effect on
BMD is biphasic; following the onset of effect, the BMD increases rapidly, then the rate
attenuates to a very slow increase in BMD, which may continue as long as the treatment
continues. The rapid increase in BMD is considered to be due to the completion of existing
bone multicellular units while excavation of pits is inhibited, and the slow phase is
considered to be due to the secondary mineralization of preformed bone.
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Discontinuation. Even five years after discontinuation of alendronate treatment, serum
levels of bone turnover marker are still suppressed, and the BMD is decreasing only
slowly (Bone et al. 2004; Black et al. 2006). This sustained effect may be due to the long
terminal half-life of alendronate, and the fact that bisphosphonates detach from bone into
the interstitial fluid and a fraction of this pool may attach anew to the bone being
remodeled.

2.4.2 Parathyroid hormone

Parathyroid hormone is a peptide hormone involved in the homeostasis of the Ca®*
concentration in plasma. Low plasma Ca”" induces PTH secretion. Circulating PTH then
binds to its receptor expressed on cells of the osteoblastic lineage, renal tubular cells and
intestine. PTH induces increased uptake of Ca*" from the intestine, reduces Ca*"-excretion
by the kidney and induces release of Ca®" from bone by increasing bone resorption.
Continuous infusion of PTH results in increased resorption as soon as 6 hours after start,
and the osteoprotegerin mRNA level is decreased and the RANK-L mRNA level is
increased within hours (Ma ef al. 2001). However, somewhat paradoxically, intermittently
administered low dosage of PTH has anabolic properties on bone. It appears that the
duration at which PTH is above a serum threshold level determines whether an anabolic or
a catabolic bone effect is the outcome (Frolik ez al. 2003). Like other peptide hormones,
the half-life of PTH is short, 75-90 minutes (Lindsay et al. 1993). There are several
contraindications to PTH treatment, including disorders of Ca* homeostasis, and, because
of the anabolic effect on bone cells, bone metastasis and osteosarcoma.

Mechanism of action. Although the potential positive effect of PTH on bone volume and
microarchitecture has been known for several decades, the molecular mechanism is not
known in detail. PTH and its analogues mediate their biological effect via a specific, G-
protein-dependent, high-affinity membrane cell surface receptor. Ligand binding activates
multiple intracellular signaling cascades, including cyclic AMP, protein kinase C and
phospholipase C (Dunlay and Hruska 1990; Mahon et al. 2006). The activation of these
pathways results in an increase in the number of active osteoblasts, probably by inducing
differentiation of bone-lining cells to osteoblasts (Dobnig and Turner 1995; Schmidt et al.
1995) and by decreasing osteoblast apoptosis (Jilka et al. 2009). Part of the effect may be
due to reduction of sclerostin expression by osteocytes (Bellido et al. 2005; Keller and
Kneissel 2005), thus promoting osteoblast differentiation. Upon start of the daily
injections, bone formation markers increase rapidly to reach a mean threefold increase
within 3 months, while the markers of bone resorption also increase, but do so more
slowly (Lindsay et al. 1997; Hodsman et al. 2003; Bauer et al. 2006). Thus, there is an
“anabolic window” a period of time when PTH acts as an anabolic skeletal agent, which
has been utilized to increase bone mass. Bone histomorphometry after 18 months of
treatment show that both trabecular number and thickness is increased and that bone
turnover is upregulated (Recker et al. 2009). Trabecular connectivity density was high,
indicating that the new bone forms at relevant sites and contributes to increased bone
strength.

Efficacy. In a large study with postmenopausal women with prior vertebral fractures,
PTH(1-34) treatment reduced the relative risk of new vertebral fractures to 0.31 and
nonvertebral fractures to 0.46, compared to the placebo group (Neer et al. 2001;
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Greenspan et al. 2007). The average time of treatment was 18 months and that of
observation was 21 months. The overall outcome for PTH(1-84) was quite similar. In a
phase III trial comprising women with osteoporosis, in which the incidence of new or
worsening pre-existing vertebral fractures was the primary outcome the relative risk of
such fractures during 18 month treatment with PTH(1-84) was 0.42 compared to placebo
(Greenspan et al. 2007).

Measured by BMD, there appears to be anatomical differences on the response to PTH.
During 18 months of PTH(1-84) treatment, the lumbar spine BMD increased continuously
by 6.5% compared to baseline (Greenspan et al. 2007). In the total hip, BMD was
decreased at 6 months, but increased thereafter, and by month 18 hip BMD was 1% higher
than baseline and significantly higher than for placebo (-1.1% relative to baseline)
(Greenspan et al. 2007). In an open-label extension of this trial, completed by 61 patients,
the lumbar spine BMD increased by 8.5% above baseline at 36 months of PTH(1-84)
treatment, remaining essentially stable during the last 12 months of treatment (Zanchetta e¢
al. 2010). The increases in total hip and femoral neck BMD occurred more slowly,
reaching 3.2% and 3.4%, respectively, above baseline at 36 months (Zanchetta et al.
2010).

However, the BMD of the radius decreased for both PTH(1-34) and (1-84) (Neer et al.
2001; Greenspan et al. 2007; Stroup et al. 2007). A cross-sectional study including
peripheral quantitative computerized tomography analysis of the distal radius, suggests
that treatment with PTH(1-34) induces periosteal mineral apposition and increased
endocortical bone resorption, resulting in higher axial and polar cross-sectional moments
of inertia (Zanchetta et al. 2003). This pattern is also seen in hyperparathyroidism (Chen et
al. 2003). Thus, it is possible that the decreased BMD at the radius represents an
improvement of bone strength by geometrical parameters, not detectable with dual
emission x-ray absorptiometry.

Discontinuation of PTH treatment leads to a rapid decline in BMD); the bone mass gained
during one year of treatment is essentially lost within one year, unless followed by
alendronate treatment, which seems to further increase the BMD (Black et al. 2005).
Combination therapy of alendronate and PTH(1-34) results in an attenuation of the
anabolic effect of PTH, which is also well seen by bone formation markers (Finkelstein et
al. 2010).

2.4.3 Denosumab

Mechanism of action. Denosumab is a human antibody that binds to RANK-L and
prevents its binding to its receptor. As an effect, osteoclast maturation and survival is
inhibited. By histomorphometric evaluation of iliac crest biopsies from patients in a
clinical trial, the median eroded surface was reduced by >80% and osteoclasts were absent
from >50% of biopsies in the Denosumab group (Reid et al. 2010). However, the median
bone formation rate was also reduced by 97%, and while double labeling in trabecular
bone was observed in 94% of placebo bone biopsies, it was observed in only 19% of the
biopsies from those treated with Denosumab.

Efficacy. The clinical trial included 7868 women between the ages of 60 and 90 years who
had a bone mineral density T-score of less than —2.5 at the lumbar spine or total hip.
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Compared to placebo, subcutaneous administration of Denosumab twice yearly for 36
months reduced the relative risk of new radiographic vertebral fracture to 0.32. For hip
fractures and nonvertebral fractures the risk ratios were 0.60 and 0.80, respectively, in the
Denosumab treated group (Cummings et al. 2009). In a phase 3 trial, Denosumab was
compared against alendronate (Brown et al. 2009). In this trial 1189 postmenopausal
women with a T score less than -2.0 at the lumbar spine or total hip were randomized 1:1
to receive subcutaneous Denosumab injections every 6 months plus oral placebo weekly,
or oral alendronate weekly plus subcutaneous placebo injections. Compared with
alendronate, Denosumab treatment resulted in significantly greater increases in BMD at all
measured skeletal sites. At the total hip, Denosumab significantly increased BMD
compared with alendronate at month 12 (3.5% versus 2.6%). Serum markers of bone
turnover were also reduced more by the Denosumab treatment than with alendronate.

Discontinuation of Denosumab treatment results in a rapid decrease of BMD, and most of
the BMD gained during two years of treatment is lost during the following year (Miller et
al. 2008). This period of rapid bone loss is mirrored by an increase of serum bone
resorption markers to levels above both baseline and placebo and slightly above for bone-
specific alkaline phosphatase. Two years after discontinuation, the BMDs appeared to
plateau to levels slightly above the levels for placebo, and serum markers of bone turnover
levels returned close to those of placebo (Miller et al. 2008).

2.4.4 Hormone replacement therapy

Mechanism of action. The postmenopausal increase in bone turnover and accelerated
bone loss is complex and the mechanism poorly understood, however, HRT counteracts it.
By histomorphometry, HRT reduces bone turnover in elderly seen as a 50% reduction in
activation frequency (Steiniche et al. 1989). In early postmenopausal women, HRT was
reported to reduce the resorption rate (Eriksen ef al. 1999). The inhibition of turnover is
also seen as a reduction of both bone formation and resorption markers (Prestwood et al.
1994; Marcus et al. 1999), but less than with alendronate (Evio et al. 2004).

Efficacy. Women’s Health Initiative trial, a massive randomized placebo-controlled trial
in which 16 608 postmenopausal women aged 50 to 79 years either receiving HRT or
placebo were followed up for an average of 5.6 years, a hazard ratio of 0.76 for fractures,
which was a secondary outcome of the trial, was reported (Cauley et al. 2003). Total hip
BMD, as measured in 1024 of these women, increased 3.7% after 3 years of treatment
with HRT compared with 0.14% in the placebo group. However, this trial produced
evidence against the cardioprotective effect of HRT in older postmenopausal women and
highlighted an increased risk of breast cancer associated with extended use (Rossouw et al.
2002). This trial resulted in a global discussion of use of HRT concerning its overall
benefits and risks, and the number of HRT prescriptions has declined.

Discontinuation of HRT was followed by marked increases of serum bone turnover
markers. Osteocalcin, bone alkaline phosphatase, and serum CTX levels increased by 36
%, 23% and 120%, respectively, six months after discontinuation (Sornay-Rendu et al.
2003). Thus, withdrawal of HRT reproduces the accelerated bone loss observed
immediately following menopause.
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2.4.5 SERMs

Raloxifene and the two recently approved drugs Lasofoxifene and Bazedoxifene are
selective estrogen receptor modulators. They were developed to favour estrogen agonism
in bone, but lack agonism in the uterus and breast. The differential effect of SERMs in
different tissues is not completely understood, however, it may be mediated at least
through the genomic action of estrogen receptors (Nilsson and Koehler 2005). The ligand-
activated estrogen receptors interact with transcription factors, thus modulating gene
expression. By definition, different genes are activated in different cell types, so both the
genes available for transcription, and the levels of co-activators and co-repressors of
transcription, as well as the estrogen receptor levels themselves are different. The SERMs
are thought to alter the conformation of the estrogen receptor complex, with the outcome
that in some cell type, a SERM is agonistic, while in the other cell type the context is
different, so the same conformation of the receptor is not active.

Mechanism of action. Raloxifene induces increased levels of osteoprotegerin in serum
(Messalli et al. 2007). By histomorphometry analyses of paired iliac crest biopsies,
raloxifene was shown to have similar effects to HRT; a reduction in the activation
frequency and the bone formation rate compared to the baseline biopsy (Ott et al. 2002;
Weinstein et al. 2003). Raloxifene treatment for one year decreases the levels of bone
alkaline phosphatase and NTx, especially among those that had high-baseline levels of
these markers (Majima et al. 2008), and serum osteocalcin levels were decreased from
baseline by mean 28% (Sarkar et al. 2004).

Efficacy. In the clinical trials with postmenopausal women with osteoporosis, Raloxifene,
Bazedoxifene and Lasofoxifene were shown to reduce the relative risk of new vertebral
fractures to 0.6-0.7 relative to placebo, and increased BMD in the spine by 2-3% and less
in the femoral neck (Ettinger et al. 1999; Silverman et al. 2008; Cummings et al. 2010).
However, the reduction of nonvertebral fractures was not statistically significant for
Raloxifene and Basedoxifene (Silverman et al. 2008), while statistical significance was
reached for Lasofoxifene (Cummings et al. 2010). In an extension of the Raloxifene trial,
administration for 8 years had no significant effect on the risk of new nonvertebral
fractures compared with placebo, except for some high-fracture risk subgroups (Siris et al.
2005). The gains of femoral neck BMD and spine BMD reached by 3 years of treatment
were maintained or slightly increased at the 7 years time point. Women receiving SERMs
had increased relative risk of venous thromboembolus but reduced risk for breast cancer
(Ettinger et al. 1999; Lippman et al. 2006; Cummings et al. 2010).

2.4.6 Strontium ranelate

A beneficial effect of low doses of stable strontium in the treatment of osteoporosis was
reported almost 60 years ago. Currently, the EMA, but not by the FDA, has approved
strontium ranelate.

Pharmacokinetics. The body handles Sr*" in a similar way to Ca”" in that it is absorbed
from the intestine, concentrated in bone, and excreted mainly in the urine. The ionic radius
size of a Sr*" ion (1.13 Angstrom) is greater than that of a Ca®" ion (0.99 Angstrom). Sr**
is present on the bone mineral substance with an heterogeneous bone distribution (i.e.,
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higher concentrations in new than in old bone) (Boivin et al. 1996; Dahl et al. 2001;
Farlay et al. 2005; Roschger et al. 2010). Sr*'is mainly incorporated by exchange onto the
crystal surface, and it appears that very little Sr°* is stably incorporated into the crystals
(Farlay et al. 2005). After treatment withdrawal, Sr*" exchanged onto the crystal surface is
rapidly eliminated, which leads to a rapid decrease in total bone Sr*" levels. In the clinical
trials, the median serum Sr** concentration rose from 0.3 pM to a plateau level of 117.9
pM within 3 months (Meunier et al. 2004).

Mechanism of action. At the third month of therapy, the serum concentration of bone-
specific alkaline phosphatase was slightly higher in the strontium ranelate group than in the
placebo group (a treatment-related increase of 8.1 percent), and this difference persisted at
each evaluation during the three years (Meunier et al. 2004). The concentration of serum
CTX was lower in the strontium ranelate group than in the placebo group at month 3 (a
treatment-related difference of 12.2%) and at each subsequent evaluation during the three
years. This suggests that strontium ranelate modestly increases bone formation and
decreases bone resorption. Histomorphometry data from a small number of samples from
the clinical trials indicate that osteoid thickness, mineralization lag time, and the mineral
apposition rate were not altered by the treatment (Meunier et al. 2004). In vitro,
submillimolar concentrations of Sr*" enhances bone cell replication and bone formation in
vitro and inhibits osteoclastogenesis (Canalis et al. 1996; Bonnelye et al. 2008).
Interestingly, Sr*” enhances osteoprotegerin expression and down-regulates RANKL
expression in human osteoblastic cells in vitro (Atkins et al. 2009; Brennan et al. 2009).

The molecular mechanism of Sr** action is not fully elucidated. However, Ca>" stimulates
osteoblastic functions through receptors (Yamaguchi 2008). There is evidence that the
anabolic effect of Sr*” could be mediated by agonism on the extracellular Ca®"-sensing
receptor (CaR) that is expressed at all stages of osteoblast development and exerts several
actions on bone cells in vitro (Chattopadhyay et al. 2004; Dvorak et al. 2004; Caudrillier
et al. 2010). In human embryonic kidney 293 cells transfected with the bovine CaR, Ca*"
and Sr*" concentration-dependently activated the CaR, and within physiologic Ca®"
concentrations Sr*" induced further CaR activation (Chattopadhyay et al. 2007).
Interestingly, Sr*" was less potent than Ca’" in stimulating inositol phosphate
accumulation but was comparable with Ca®" in stimulating extracellular signal-regulated
kinase phosphorylation, indicating that Sr** and Ca’" differ in their agonistic
characteristics (Chattopadhyay et al. 2007).

Efficacy. In a three year trial comprising 1649 postmenopausal women with osteoporosis
and at least one vertebral fracture, the relative risk of new vertebral fractures in the
strontium ranelate treated group was 0.59 compared to the placebo group. Strontium
ranelate increased the BMD by 14.4% at the lumbar spine and by 8.3% at the femoral neck
(Meunier et al. 2004). In another double-blinded, placebo-controlled trial, with non-
vertebral fractures as the primary outcome, the relative risk for the strontium ranelate
group was 0.81 for major nonvertebral fractures compared to placebo (Reginster et al.
2005). In an open-label, non-controlled extension of this study, including 893 women, the
strontium treatment for § years resulted in further continuous increase in BMD of the
spine, femoral neck and total hip, so that by 8 years the BMDs at these sites had increased
by 26.7%, 10.3% and 10.7%, respectively, from the baseline levels (Reginster et al. 2009).
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However, strontium interferes with the bone density scan, thus, the BMD values may be
somewhat overestimated (Blake and Fogelman 2007).

In summary, there are several options for treating bone loss; the spectrum includes peptide
hormones, one biological drug, more traditional chemical drugs, some of which utilize a
non-conventional tissue-selectivity and even an ion. BMD may increase by several
mechanisms including bone anabolic agents, but also by reducing bone resorption or bone
turnover. It is also evident that increased bone mass obtained by medication reduces the
fracture risk. Medication reduces the risk for vertebral fractures of the spine by up to 70%
and the risk of hip fractures by up to 50%. Another apparent phenomenon is that the BMD
gained by the medication is rapidly lost when the effective concentration of the drug is
decreased suggesting that the bone mass tends to return to the level set by the mechanostat.

2.5 THE V-ATPase

2.5.1 Structure

The V-ATPase is clearly different from the common ion pumps (P-type), which form a
covalently phosphorylated enzyme intermediate and are sensitive to vanadate inhibition.
The V-ATPase has structural similarity to the mitochondrial ATP synthase, which,
powered by an electrochemical H' gradient, in the inner mitochondrial membrane,
generates ATP. The knowledge on the structure of the V-ATPase comes from a variety of
methods including electron microscopy, two hybrid screening, biochemical crosslinking,
and mutational studies. No crystal structure has been obtained for the holoenzyme, and the
structure of only two yeast subunits, C and H, have been resolved to high resolution by X-
ray crystallography. However, the crystal structure and NMR data of the mitochondrial
ATPase Fl-sector (Abrahams et al. 1994) and the holoenzyme, respectively, and the
solved crystal structure of a Na'-transporting vacuolar-type ATPase from the bacterium
Enterococcus hirae (Murata et al. 2005) have provided useful working models for
understanding the V-ATPase structure. Most of the functional studies on eukaryotic V-
ATPase have been conducted with the yeast Sacharomyces cerevisiae and fungus
Neurospora crassa because they can grow without V-ATPase activity at pH 5.5 but not at
pH 7.

The V-ATPase holoenzyme consists of a cytosolic catalytic sector, V1, and a membrane
sector Vo (Figure 6).
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Figure 6. Schematic illustration showing the V-ATPase and its subunits in the membrane. The subunits
constituting the cytosolic sector are indicated by capital letters A-H. The membrane sector is composed of
subunits a and d, and a hexamer of ¢ and ¢” subunits. Two additional integral membrane proteins, which
are not illustrated here are associated with the V-ATPase.

The Vo-sector consists of a six different subunits, a, ¢, ¢’’, d, ¢, and Ac45 in mammals
(and a, ¢, ¢’, ¢, d, and e in yeast). The proteolipid subunits ¢ and c’’ are essentially
composed of four and five transmembrane helices, respectively (Flannery et al. 2004).
Presumably five copies of ¢ and one ¢’’ subunit constitute a highly ordered proteolipid
hexamer ring (Wang et al. 2007). Each proteolipid subunit contains a single essential
buried glutamic acid residue that undergoes reversible protonation during proton transport
(Hirata et al. 1997). Subunit a is a large 116 kDa protein with a cytosolic N-terminal
domain, and a carboxy-terminal half containing several (6-9) putative membrane-spanning
helices. Situated at the periphery of the proteolipid hexamer, the a subunit is thought to
constitute two hemichannels, one facing the cytosolic side and one facing the lumenal
side, that allows protons to reach and leave, respectively, these buried glutamate residues
in the proteolipid (Forgac 2007). In addition, a peripheral membrane 42 kDa subunit (d) is
tightly associated with the Vo-sector on its cytosolic side. Subunits e and Ac45 are integral
membrane proteins associated with the Vo sector (Getlawi et al. 1996; Sambade and Kane
2004).

The catalytic, cytosolic sector V1 consists of at least eight different subunits (denoted with
capital letters A-H), out of which subunits A and B are present in three copies each. The
interphase between A and B contains the ATP-catalytic site, most out of which is
contributed by subunit A (Liu et al. 1996; Liu et al. 1997; MacLeod et al. 1998). The other
interphase between A and B contains a non-catalytic nucleotide binding site that may
regulate activity (MacLeod et al. 1998; Vasilyeva et al. 2000). Thus, one V-ATPase
enzyme has three catalytic sites and three noncatalytic ATP binding sites. The catalytic
sector is connected to the proteolipid ring through a central stalk composed of subunits d,
D and F (Arata et al. 2002a; Iwata et al. 2004). In addition, there exist peripheral stalks,
composed of subunits C, E, and G subunits (Arata et al. 2002b). All subunits are required
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for enzyme activity, and all subunits except subunit H are required for its assembly (Rizzo
et al. 2003).

2.5.2 Mechanism

The V-ATPase is one of a few proteins in nature proven to operate by rotation (Hirata et
al. 2003; Yokoyama et al. 2003). Rotation occurs in 120° steps, which matches the three
catalytic sites per turn. The detailed mechanism of rotation is not solved. With analogy to
the F-ATPase, it has been suggested that hydrolysis of ATP drives the rotation of the
central stalk and the attached proteolipid ring (i.e. the DFcsc”d rotor complex) relative to
the other subunits which is the stator complex (Forgac 2007), (Figure 7).

ADP +P,

Figure 7. The proposed mechanism of proton translocation and rotation. Upon hydrolysis of ATP the
rotor part of the V-ATPase, consisting of the subunits indicated with solid lines, rotates around its axis.
See text for further explanation.

The peripheral stalks may connect and stabilize the stator parts of the V1 and the Vo-
sectors. In the plane of the lipid membrane, the ring of proteolipid hexamer is thought to
rotate around its axis and on the surface of the protein a subunit. The transmembrane
segments of a and ¢’ can be crosslinked (Kawasaki-Nishi ef al. 2003). When exposed to
the hemichannel facing the cytosol during rotation, the glutamic acid residue on the
proteolipid subunit is protonated. When the protonated glutamic acid residue accesses the
hemichannel facing the lumenal side, it is deprotonated. The different environments of the
two hemichannels may cause different pKa values of the glutamic acid residue in the
proteolipid (Forgac 2007). In this respect, a conserved arginine residue in one of the
putative transmembrane helices of subunit a is critical for proton transport, and is thought
to act by stabilizing the glutamic acid residue favouring deprotonation in the lumenal
hemichannel (Kawasaki-Nishi et al. 2001a).

Because a single proton-transporting glutamic acid residue is found in each of the c and ¢”
subunits (and ¢’ in yeast) which form the transmembrane rotor ring, rotation of the csc”
ring likely translocates six protons per 360° rotation. Therefore, the V-ATPase basicly
translocates two protons per one molecule of ATP hydrolyzed. However, there is evidence
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that the coupling efficiency may differ significantly between the two yeast isoforms
(Kawasaki-Nishi et al. 2001b).

2.5.3 Subunit isoforms

In mammals, several of the subunits are represented by different isoforms and splice
variants that are differentially expressed (summarized in table. 2).

subunit kDa isoforms aa expression pattern
identity
A 70
B 56 B1, B2 83% B2 is ubiquitous, B1 in renal intercalated cells,
lung (Nelson ef al. 1992) and epididymis (Miller
et al. 2005)
C 42 Cl1,C2 62% Cl1 is ubiquitous, C2-a contains an 46 aa insertion,

is in type II pneumocytes, C2-b is in renal
intercalated cells (Sun-Wada et al. 2003a; Sun-
Wada et al. 2003b)

D 34
E 31 E1,E2 7% E2 ubiquitous, E1 in sperm, epididymis (Imai-
Senga et al. 2002)
F 14
G 13 Gl1, G2 53-64% G1 is ubiquitous, G2 is expressed in neurons
(Murata et al. 2002) G3 in kidney (Sun-Wada et
G3 al. 2003b)
H 50
a >100 al-a4 47-61% see text for expression pattern and further data
c 17
c’ 21
d dl 68% dl is ubiquitous, d2 is expressed in kidney,
osteoclasts and at lower levels in heart, spleen,
&2 skeletal muscle, and testis (Nishi et al. 2003; Sun-
Wada et al. 2003b; Smith ez al. 2005)
ac45 29

e
Table 2. The mammalian V-ATPase subunits and their isoforms, aa, amino acid.

However, little is known about the functions of the different isoforms. The 116kDa a
subunit has been ascribed two roles; subcellular targeting and coupling efficiency of ATP
hydrolysis and proton transport, the latter is described in the next section. The four subunit
a isoforms have a lower degree of amino acid identity than the other isoforms, especially
in the cytosolic amino terminal half of the protein. The two a isoforms found in yeast are
targeted differentially; one to the Golgi apparatus and the other to the vacuole (Manolson
et al. 1994; Kawasaki-Nishi et al. 2001b). With chimera of these isoforms it was shown
that the targeting signal resides in the amino-terminal cytoplasmic domain (Kawasaki-
Nishi et al. 2001c¢). There is evidence that the mammalian isoforms of subunit a localize
differentially, although the picture is incomplete. However, al has been detected in
synaptic vesicles (Morel et al. 2003) and the endosomal/phagosomal vesicles (Peri and
Nusslein-Volhard 2008). Isoform a2 was found to localize to the early endosomes of
proximal tubule cells (Hurtado-Lorenzo et al. 2006) and to colocalize with a marker for
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the Golgi apparatus (Toyomura et al. 2003). Isoform a3 colocalizes with lysosomal
markers in macrophages (Toyomura et al. 2003). In addition, it localizes to a subset of
secretory vesicles of endocrine cells including those of the Langerhans islets, the adrenal,
parathyroid, thyroid and pituitary glands (Sun-Wada et al. 2006; Sun-Wada et al. 2007).
There is evidence that the al, a2, and a3 isoforms are ubiquitously but differentially
expressed in different tissues. As assayed by semiquantitative RT-PCR, isoform al shows
highest expression in brain, isoform a2 in lung, while a3 is highly expressed in bone
(osteoclasts) (Toyomura et al. 2003). Isoform a4 is prominently expressed in the
intercalated cells of the distal tubules and collecting duct, but also detected in heart, lung,
skeletal muscle and testis (Kawasaki-Nishi et al. 2007). To add to the complexity, splice
variants have been detected for isoforms al, a3 and a4 (Nishi and Forgac 2000; Poea-
Guyon et al. 2006; Kawasaki-Nishi et al. 2007)

2.5.4 Regulation of the V-ATPase activity

Coupling efficiency. Potentially, the isoforms could alter the enzymatic properties of the
V-ATPase. There is evidence that the two yeast subunit a isoforms differ with respect to
the coupling efficiency, i.e. how efficiently protons are transported during the rotation.
The V-ATPase targeted to the Golgi apparatus has a coupling efficiency that is 4-5 fold
lower than the V-ATPase of the vacuole. By analysis of chimera of the yeast a subunits it
was shown that the coupling efficiency is determined by the carboxyterminal hydrophobic
half of the a subunit (Kawasaki-Nishi et al. 2001c). Analogous data for the mammalian a
isoforms is missing due to the lack of suitable model systems and the inability to obtain
isoform-pure preparations. Although in principle the intraorganellar pH could be regulated
by such mechanisms, direct evidence for this is lacking, and several other mechanism may
be more suitable for regulating intraorganellar pH. As evident from the Nernst equation,
any ion pump or ion channel affecting the membrane potential will be as good a regulator
of pH as is the proton pump itself.

Reversible dissociation. Following glucose deprivation of yeast, the holoenzyme is
inactivated by reversible dissociation of V1 from Vo (Kane 1995). Dissociation also
occurs in insect cells during molting (Beyenbach and Wieczorek 2006). Dissociation may
function to minimize cellular ATP consumption during periods of limited nutrient supply.
There is some evidence that the V-ATPase of renal cells also dissociate in response to low
glucose levels (Sautin et al. 2005), although the physiological significance is not as
evident, since the plasma glucose levels in mammals are kept relatively constant.
However, the Vo-sector appears to be expressed in excess relative to V1. This was found
to be the case in vesicles derived from chicken osteoclasts (Mattsson and Keeling 1996).
Furthermore, in attempts to purify the proton pump from lung, only Vo was found (Peng et
al. 1999). These findings possibly support that the assembly and dissociation of V1 and
Vo is dynamic and regulated also in higher eukaryotes, or that the Vo has another function
apart from proton translocation.

V-ATPase dissociation in yeast occurs rapidly, and the ATPase activity of V1 is
inactivated and the Vo does not leak protons (Kane 1995). Subunit C is released from the
rest of the V1 complex, and subunit H is important for inactivating the ATPase activity of
the Vl-sector when it is dissociated from the Vo-sector (Parra et al. 2000). This
inactivation involves conformational changes (Diab et al. 2009), possibly direct bridging
of the central and peripheral stalks (Jefferies and Forgac 2008). Dissociation does not
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require protein synthesis (Kane 1995; Qi and Forgac 2007), but it requires an intact
microtubular network (Xu and Forgac 2001). Assembly, on the other hand, requires a
protein complex named RAVE (Seol et al. 2001), composed of three proteins, that appears
to bind to subunits E, G, and C. In yeast deprived of glucose, reassembly of V-ATPase by
restoration of glucose levels is dependent on the cAMP-protein kinase A pathway (Bond
and Forgac 2008). Also in insect cells, protein kinase A has been shown to stimulate
assembly of the holoenzyme, and to phosphorylate subunit C, although it is not
phosphorylated in the assembled complex (Voss et al. 2007). Recently, also subunit A was
found to be phosphorylated by protein kinase A (Alzamora et al. 2010). Another
observation supporting a tight link between energy metabolism and V-ATPase activity is
that subunit E directly interacts with the glycolytic enzyme aldolase; mutations in aldolase
that prevents this interaction also prevents the assembly of the holoenzyme (Lu et al.
2007). Furthermore, subunit a was reported to interact with phosphofructokinase-1 (Su et
al. 2008).

2.5.5 Functions of the V-ATPase

Acidification of organelles. The V-ATPase is the enzyme responsible for the acidification
of intracellular organelles. Many intracellular organelles are acid to variable extents by V-
ATPase action. Due to the unlimited supply of protons in aqueous environment, it is not
surprising that proton concentration gradients are utilized in a number of different settings
(Nishi and Forgac 2002). Along the endocytic pathway, the pH sinks from slightly acidic
pH in early endosomes to pH less than 5 in lysosomes. The sorting and processing of
endocytosed substances is highly dependent on this pH gradient; a well-studied example of
this is the cellular uptake of iron through the transferrin receptor. Iron loaded transferrin
binds to the receptor on the plasma membrane and is endocytosed. The slightly acidified
pH in the endosome causes release of iron from transferrin, and the transferrin molecule
and receptor are recycled to the plasma membrane, where they dissociate. In an analogous
way, the mannose-6-phosphate receptor mediates transport of lysosomal proteins from the
trans-Golgi network to lysosomes; the release of ligands similarly depends on the more
acidic pH in the destination compartment. Hydrolytic enzymes in the highly acidified
lysosomes usually have a pH-optimum around 5. As with other charged molecules, active
proton transport across a membrane generates an electrochemical gradient, the energy of
which can be used to import and store other molecules. For instance, Ca>" storage in
catecholamine storage vesicles (Terland and Flatmark 2000), adrenalin uptake into
chromaffin granules (Johnson et al. 1982), and uptake of 5-hydroxytryptamine (serotonin)
into parafollicular granules (Cidon ef al. 1991) are powered by the proton gradient.

Acidification of extracellular spaces. In addition to acidifying intracellular organelles,
certain cells need the V-ATPase activity for transporting protons into extracellular spaces.
The most well understood functions are bone resorption by osteoclasts, as presented in
section 2.2.4, plasma acid-base homeostasis by intercalated cells of the distal convoluted
tubules and collecting ducts of the kidney, and maintenance of an appropriately low pH in
the lumen of the epididymus and vas Deferens.

In response to acidosis, a-intercalated cells in the nephron respond by increasing the
number of V-ATPases in the apical membrane (Wagner et al. 2004). This is conducted by
fusion of subapical V-ATPase containing vesicles with the apical membrane, and the a4
isoform is responsible for plasma membrane localization (Smith et al. 2000). Mutations in
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the a4 and B1 isoforms, cause renal tubular acidosis, which is associated with deafness in
the case of Bl-mutations (Karet et al. 1999; Smith et al. 2000). The a4 isoform is also
expressed in B-intercalated cells, which has the opposite polarization compared to o-
intercalated cells, and possibly in other cells of the nephron (Stehberger et al. 2003).

In the epididymis and vas deferens, sperm development depends on a slightly acidic
luminal pH. Analogous to the intercalated cells in the kidney, epithelial clear cells
maintain the lumen acidic. These cells respond to elevated cytoplasmic levels of HCO;™ by
increasing the V-ATPase density in the apical membrane by exocytosis of V-ATPase
containing organelles. By immunohistochemistry, subunit a4 was detected also in these
cells (Smith et al. 2001).

Non-enzymatic functions of the V-ATPase. Based on the observation that Vo subunits
on the docking membranes in vitro can be coimmunoprecipitated, Peters et al. suggested a
role for Vo in the fusion of vesicles (Peters et al. 2001), in the process of which the
hydrophobic nature of the proteolipid could guide the actual fusion of docking lipid
bilayers. In support of this function is the observation that al is present in both synaptic
vesicles and in the presynaptic membranes of nerve terminals (Morel et al. 2003). In
Drosophila melanogaster the al analogue is needed for the exocytosis and fusion of
vesicles (Hiesinger et al. 2005). Here, the fusion of membranes is independent of the
proton transport activity of the V-ATPase, since a mutation in the al analogue that inhibits
proton transport does not inhibit fusion (Williamson et al. 2010). Interestingly, when the
gene encoding for the d2 subunit in mice is disrupted, the fusion of osteoclast precursor to
form multinucleated osteoclasts is severely inhibited (Lee et al. 2006). There are some
interesting findings regarding the proteolipid protein itself. In the arthropod Nephrops
norvegicus, the proteolipid functions as gap junctions (Finbow et al. 1993).

2.5.6 The V-ATPases of the osteoclast

Isoforms al, a2 and a3 isoforms are expressed in the osteoclast, however, during osteoclast
differentiation the levels of a3 mRNA is dramatically upregulated (Toyomura et al. 2003).
By in situ hybridization of sections from bone marrow it was shown that osteoclasts
contain 30-fold more a3 mRNA per nucleus than mononuclear cells do, while the al
mRNA levels does not differ (Manolson et al. 2003). Roughly half of the osteopetrosis
cases are caused by mutations of the TCIRG-gene encoding for a3, resulting in a clinical
picture including high bone density, propensity to fractures, no marrow cavity, and
pancytopenia with extramedullary hematopoiesis causing hepatosplenomegaly and anemia
(Villa et al. 2009). Neurological defects including blindness and deafness due to
compression of the cranial nerves and hydrocephalus, due to skull deformities, are also
observed. However, the neurological deficits are considered secondary to the bone defects
(Villa et al. 2009). A number of mutations in the gene encoding the a3 isoform have been
identified, these include splice site mutations, and point mutations introducing preterminal
stop codons, insertions and deletions causing frameshifts, and two missense mutations of
conserved aminoacid residues (G405R and R444L) (Kornak et al. 2000; Sobacchi et al.
2001; Scimeca et al. 2003).

The spontaneously evolved oc/oc mouse has a gross deletion in the corresponding gene
(Scimeca et al. 2000). The oc/oc homozygote mice usually die around 3 weeks of age, and
the oc/+ heterozygote do not display any particular phenotype. Affected animals (oc/oc)
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exhibit the characteristic radiologic and histologic features of osteopetrosis, including a
generalized increase in skeletal density and absence of marrow cavities. In contrast to
CIC7 deficient mice, oc/oc mice display neither lysosomal storage disease nor neuronal
degeneration (Kasper et al. 2005).

2.5.7 Specific inhibitors of the V-ATPase

Several classes of highly potent V-ATPase inhibitors have been identified. However, due
to lack of structure information of the V-ATPase, the precise interactions of the inhibitors
with the target are only beginning to be understood.

Plecomacrolides. The plecomacrolides Bafilomycin Al and Concanamycin A (Figure 8)
produced by bacteria of the species Streptomyces are potent and specific inhibitors of V-
ATPases with IC50 values in the low nanomolar or subnanomolar range, and can be
considered the prototype V-ATPase inhibitors.

Figure 8. Structure of Bafilomycin A1 (left) and Concanamycin A (right).

Accumulating evidence speaks in favor of the fact that Bafilomycins and Concanamycins
bind to the ¢ subunit, with a small contribution by the a subunit. Early on, using affinity
chromatography with Bafilomycin columns, last protein to be eluated was subunit c
(Rautiala et al. 1993). Subsequently, the long-term culture of the fungus Neurospora
Crassa in the presence of Bafilomycin generated Bafilomycin-resistant clones with
mutations in the gene encoding the ¢ subunit (Bowman and Bowman 2002), and a
semisynthetic reactive derivative of Concanamycin A was shown to specifically bind to
subunit c.

Recently, the crystal structure of the bacterial Na~ V-ATPase was utilized to model the
proteolipid ring of the V-ATPase (Bowman et al. 2006). In this model, the mutations,
which affect Bafilomycin and Concanamycin binding most strongly, cluster in the
interphase between transmembrane helices 1 and 2 in one subunit, and helix 4 in the
neighbouring ¢ subunit in the cytosolic half of the membrane bilayer, suggesting that these
inhibitors intercalate between neighbouring c¢ subunits in the proteolipid ring. However,
point mutations in subunit a also has an influence on binding (Wang et al. 2005). It has
been suggested that plecomacrolides block rotation of the proteolipid ring relative to
subunit a, or prevent internal torsion of the transmembrane helices within the proteolipid
ring (Bowman et al. 2004; Forgac 2007).

Archazolides. Archazolides (Figure 9) are produced by the myxobacteria Archangium
gephyra and Cystobacter violaceus (Sasse et al. 2003; Menche et al. 2007). They inhibit
V-ATPases with IC50 values in the nanomolar range (Huss et al. 2005). The amino acid
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residues that affect archazolid binding are partly different from those affecting
Bafilomycin and Concanamycin, and by modeling archazolid A was suggested to bind to
single ¢ subunits at the outer aspect of the proteolipid ring, and more equatorially than the
plecomacrolides (Bockelmann et al. 2010).

Figure 9. The structure of archazolid A.

Benzolactone enamides. The benzolactone enamides, which includes the salicyli-
halamides, lobatamides (Figure 10), oximidines and apicularens, were isolated from the
sponge Haliclona sp, the tunicate Aplidium lobatum, the gram-negative bacterium
Pseudomonas sp and the myxobacterium Chondromyces sp., respectively (Erickson et al.
1997; Kunze et al. 1998; Kim et al. 1999). However, the benzolactone enamides isolated
from sponges and tunicates are assumed to be metabolites from microbial symbionts
(Boyd et al. 2001). They were identified as V-ATPase inhibitors in screening for
antiproliferative cancer drugs (Boyd et al. 2001).
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Figure 10. The structure of salicylihalamide A (left) and lobatamide A.

When compared for the potency against V-ATPase activity from osteoclastic tumor cells,
kidney and liver, the benzolactone enamides showed some differential inhibition, with
salicylihalamide A showing about tenfold higher selectivity for the osteoclast V-ATPase.
This observation has not been followed up. A unique feature of this class of compounds is
that fungal i.e. Neurospora crassa and yeast Streptomyces cerevisiae V-ATPases are not
inhibited (Boyd et al. 2001). The reason for this species selectivity is still unknown. There
is evidence that the binding site of at least salicylihalamide A is also in the Vo-sector (Xie
et al. 2004), but different from that of the plecomacrolides, since salicylihalamide A and
apicularen do not prevent binding of a reactive Concanamycin derivative to the ¢ subunit
(Huss et al. 2005).
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SB242784. Studies on the structure-activity relationship of Bafilomycin identified the
structural elements that were needed for inhibition and led to the design of synthetic
compounds with a indolyl pentadienamide backbone (Gagliardi et al. 1998a). This lead
was optimized with respect to potency and selectivity between V-ATPase from different
tissues such as osteoclast-rich chicken bone and adrenal gland-derived vesicles (Gagliardi
et al. 1998b). The resulting, most selective and potent compound, SB242784 (Figure 11)
shows a 10-fold selectivity for the V-ATPase activity from osteoclastoma in in vitro
assays (Nadler ef al. 1998b), and in the rat it was effective in preventing osteoporosis
induced by ovariectomy or thyroparathyroidectomy (Visentin et al. 2000). The in vivo data
is reviewed in detail in the next section. The binding sites of these compounds are mostly
contributed by the c subunit, because mutations in the ¢ subunits that decrease the affinity
of Concanamycin also prevented binding of SB242784 (Whyteside et al. 2005). However,
it is reasonable that the selectivity is conferred through interaction with the a subunit
(Whyteside et al. 2005).
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Figure 11. Structure of SB242784.
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FR167356 and FR177995. In a screening assay based on acidification, an
iminidazopyridine hit was found and optimized; the resulting compounds FR167356 and
FR177995 (Figure 12) have an IC50 around 200 nM in in vitro assays and are less potent
than the other inhibitors presented here (Niikura et al. 2004; Niikura et al. 2007).
However, FR167356 was shown to inhibit membrane preparations of osteoclast V-ATPase
tenfold more potently than the preparations of liver V-ATPase (Niikura et al. 2004), and it
has been tested in rat models of osteoporosis, as presented in the next section. Another
related compound developed by the same authors is FR177995, which effectively reduced
retinoic acid-induced hypercalcemia and adjuvant-induced arthritis in the rat (Niikura et

al. 2007).
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Figure 12. Structure of FR167356 (left) and FR177995 (right).
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Diphyllin. In screening of natural compounds in an acidification assay, diphyllin (Figure
13) was identified as a potent V-ATPase inhibitor. In nanomolar concentrations it inhibits
V-ATPase activity and osteoclasts resorption, while it does not inhibit bone formation and
osteoblast viability at concentrations up to 100 nM (Sorensen et al. 2007).
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Figure 13. Structure of diphyllin.

2.5.8 V-ATPase inhibitors in preclinical experiments

Bafilomycin A1, SB242784 and FR167356 have been tested for their effects on bone in
growing or ovariectomized rats. Because these studies are the only ones that give some
clue about the efficacy/safety profile of V-ATPase inhibitors, they are reviewed in more
detail.

Intravenous doses of Bafilomycin A1l higher than 0.3 pmol/kg caused acute toxicity signs,
however, injection of this dose twice daily reduced bone resorption in growing rats as
monitored by urinary excretion of “H-tetracycline (Keeling ez al. 1997). The toxicity signs
were disturbances in locomotor control and piloerection (5 minutes after dosing) and, with
intravenous doses of 1 pumol/kg and above, signs of cyanosis and convulsions (10-15
minutes after dosing). Somewhat higher doses, 1.4 pmol/kg/day, could be administered
subcutaneously without toxic symptoms, and this treatment for 14 days resulted in
increased bone density in growing rats (Keeling et al. 1997).

SB242784 was administered by gavage, i.e. forced feeding, for six months, starting the
day following ovariectomy, and BMD was measured by dual-photon absorptiometry of the
distal femur metaphysis and lumbar vertebrae each month (Visentin et al. 2000). Ten
mg/kg/day fully prevented the ovariectomy-induced loss of BMD on both sites and the
effect was similar to that of estrogen, which raised the BMD to higher values than those of
sham-operated rats. The level of urinary deoxypyridinoline cross-links, a marker for bone
collagen degradation, was also reduced to half of the levels in ovariectomized animals, in
samples taken at 1, 2 and 3 months time points. As shown by histomorphometry of the
proximal tibia, 10mg/kg/day SB242784 totally counteracted the 50 % reduction of
trabecular number and area induced by ovariectomy. Compared to ovariectomized rats, the
percent of eroded perimeter/trabecular bone perimeter was reduced by 67% and similar to
that of sham-operated animals. The osteoid perimeter was lower in the SB242784-group
than that of both sham and ovariectomy-group, but this change was not statistically
significant. Treatment with 10 mg/kg/day had no effect on the urine pH and urine total
acid concentration. However, the ovariectomy-induced weight gain decreased by the
SB242784 treatment to a level similar to that of sham-operated animals.

In the study on FR167356, it was partly compared with SB242784 (Niikura et al. 2005).
This study included static histomorphometry and measurement of some blood parameters
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to assay adverse effects. Following ovariectomy, FR167356 or SB242784 was
administered to the rats by gavage once daily for 27 days. By the end of the experiment,
the highest doses reported (FR167356 at 100 mg/kg/day or SB242784 at 10 mg/kg/day)
inhibited 75% of the ovariectomy-induced loss of BMD at the distal femur metaphysis.
Both compounds also slightly reduced the ovariectomy-induced weight-gain. Among the
plasma parameters assessed, blood urea nitrogen, creatinine, (which are renal parameters)
glutamic oxaloacetate transaminase, glutamic pyruvic transaminase (which are hepatic
parameters) and triglyceride levels did not significantly change when compared to animals
that received vehicle. However, total cholesterol was increased and glucose levels were
reduced in mice treated with SB242784. Histomorphometric parameters were reported
only for FR167356; the ovariectomy-induced decreases in bone volume per tissue volume
and trabecular thickness were both abolished by FR167356. Osteoblast and osteoclast
surfaces per bone surface were also reduced to the levels of sham-operated rats. FR167356
for 27 days also increased the BMD in non-ovariectomized 5-week-old rats. FR167356 did
not cause any changes in the acid-base balance.

In summary, two structurally non-related V-ATPase inhibitors appeared to be well
tolerated in that no signs of toxicity were evident and they prevented ovariectomy-induced
bone loss, and neither caused any side effects on kidney function, which was examined in
detail in both studies.
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3 AIMS OF THE PRESENT STUDY

The study started as a European Commission-supported research project “New therapeutic
approaches to osteoporosis.: targeting the osteoclast V-ATPase” (acromym MIVase,
contract No. QLG-CT-2000-01801). The consortium consisted of contributors from
University of Leeds, Wageningen University, Max-Plank-Institute Gottingen, Glasgow
Caledonian University, and the University of Turku. The general aims of the consortium
included “novel chemical synthesis, analysis of the functional effects of chemical agents
and antibodies, structural analysis of the targeted subunits of the complex to determine
drug interactions and testing of potential leads in in-vivo animal systems”. In practice, the
role of ours in the research consortium was to validate the role of isoform a3 in bone
resorption (I) and characterize the novel modified inhibitors in assay systems (IV).

During the MIVase project, the following specific questions emerged and were
subsequently addressed:

-Does the osteoclast V-ATPase harbour any unique structural properties that would allow
its selective targeting?

-Does the unique function of the osteoclastic V-ATPase, bone resorption, confer increased
sensitivity to V-ATPase inhibition compared to other V-ATPase-mediated functions?
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4 MATERIALS AND METHODS

4.1 REAGENTS

Bafilomycin A1 was from Sigma-Aldrich, Concanamycin A was obtained from Fluka
(Buchs, Switzerland). The inhibitor (2Z,4E)-5-(5,6-dichloro-2-indolyl)-2-methoxy-N-
(1,2,2,6,6-pentamethylpiperidin-4-yl)-2,4-pentadienamide commonly referred to as SB
242784, or INDOLO in (IV) was synthesized according to the literature by Terrence Kee,
Leeds UK). Spin-labeled 5-(5,6-dichloro-2-indolyl)-2,4-pentadienoyl inhibitors INDOL6
and INDOLS5 were synthesized as described (Dixon et al. 2004) by Neil Dixon and
Terrence Kee, Leeds UK. Dimyristoyl phosphatidylcholine was from Avanti Polar Lipids
(Alabaster, AL).

4.2 ANTIBODIES (ILIII)

Two different human V-ATPase isoform a3 peptide-specific antisera were used in this
study. One, provided by Professor John Findlay (Leeds UK), was raised against a peptide
corresponding to amino acids 661-691 and the other, raised against a peptide
corresponding to the carboxy terminus (amino acids 811-829), was provided by Dr. Jan
Mattsson, as was the antibody against subunit A (Frattini et al. 2000). Mouse monoclonal
antibodies used in the immunocytostaining experiments were against lysosome-associated
membrane protein-2 (LAMP-2) (Research Diagnostics, Minneapolis, MN), cathepsin K
(Fuji Chemicals, Tokyo, Japan), early endosomal antigen-1 (Transduction Laboratories,
Lexington, KY), Rabll (Transduction Laboratories), matrix metalloproteinase-9
(NeoMarkers, Fremont, CA), and osteocalcin (3H9, 3HS, 8H12) (Hellman et al. 1996).
The rabbit polyclonal antibody against type I collagen was from Research Diagnostics
(Minneapolis, MN). Secondary antibodies used in the immunocytostaining studies were
either fluorescein isothiocyanate- or tetramethylrhodamine isothiocyanate-conjugated
donkey anti-mouse or donkey anti-rabbit (Jackson ImmunoResearch Laboratories, West
Grove, PA). The antibodies recognizing V-ATPase al and Rab7 were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The production of antisera against
cytoplasmic carbonic anhydrase II (Véadndnen and Parvinen 1983) and mitochondrial
carbonic anhydrase V (Viddndnen et al. 1991) has been described. The horseradish
peroxidase-conjugated secondary antibodies used in immunoblotting were purchased from
Zymed (San Francisco, CA).

43 CELL CULTURES

All cultures were incubated at 37°C in an atmosphere composed of 5% CO, and 95% air.
Osteoclasts have different morphology depending on the substrate. In vivo and when
cultured on bone slices in vitro most osteoclast form a ruffled border and resorb bone.
When cultured on plastic or glass coverlips the osteoclasts do not form a ruffled border,
and the cytoplasm contain a high number of lysosomes, which in resorbing osteoclast may
form the bulk of the ruffled border. This experimental setting is utilized in articles I, II,
and III. The terms inactive or nonresorbing osteoclasts refer to osteoclasts cultured on
glass or plastic, not to osteoclasts cultured on bone that are not actually resorbing.
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4.3.1 Rat primary osteoclasts (I)

To obtain rat osteoclasts, 1-2-day-old rat pups were decapitated and femuri, tibiae and
humeri were isolated, briefly rinsed in 70% ethanol and transferred to cell culture dishes
containing a-Minimal essential medium supplemented with 20mM HEPES; 10% heat-
inactivated fetal bovine serum; 100 IU/ml penicillin, and 100 pM/ml streptomycin (pH
6,9), in which they were split longitudinally. To release osteoclasts, the inner aspects of
the bone were scraped with a scalpell blade. After concentration of the cells by
centrifugation, aliquots of the resulting cell suspension was seeded on glass coverslips or
bovine bone slices, after 30 min incubation the coverslips or bone slices were gently rinsed
in PBS to remove non-attached cells. Experiments were performed in the medium
descibed above.

4.3.2 Human osteoclasts (11, I11)

Human osteoclasts were cultured from peripheral blood monocytes from male blood
donors. The monocyte- and lymphocyte-rich fraction was separated from erythrocytes and
polymorphonuclear cells by Ficoll centrifugation. The monocyte- and lymphocyte-rich
fraction was washed by four sequential centrifugations in PBS. In (III) the monocytes were
purified by Magnetic Cell Sorting (Miltenyi) with a CD14 antibody according to the
manufacturer’s instructions, and 100.000 and 200.000 cells were plated onto cortical bone
slices, or into 8-well chambers with a coverslipbottom for live cell imaging, respectively.

In (II), the monocyte- and lymphocyte-rich fraction was suspended to 20 million/ml a-
MEM and plated at a density of 20,000/mm? either on slices of bovine cortical bone, glass
coverslips, or tissue culture wells, depending on the experiment. After 2 h, nonadherent
lymphocytes were removed by gentle swirling of the plate, and adherent cells were
induced to differentiate to osteoclasts by culturing in a-MEM supplemented with 10%
inactivated fetal bovine serum, 20 ng/ml RANK-L (PeproTech, Rocky Hill, NJ), 10 ng/ml
macrophage-colony stimulating factor (PeproTech), and 10 nM dexamethasone (II) and
100 IU/ml penicillin, and 100 uM/ml streptomycin.

Half of the medium was changed every third or fourth day. This protocol generated
multinucleated osteoclasts with varying portions of non-osteoclastic mononuclear cells.
Before performing the experiments with latex beads (II), the purity of osteoclast cultures
was increased by trypsin treatment to detach mononuclear cells, and the resulting purity of
these osteoclast cultures was >95% (osteoclast nuclei/nuclei of mononuclear cells).

4.3.3 THP.1 Cell line (1I)

The THP.1 monocyte cell line was cultured in RPMI-1640 supplemented with 10%
inactivated fetal bovine serum, 5 mM HEPES, 1 mM sodium pyruvate and 100 IU/ml
penicillin, and 100 uM/ml streptomycin. In all experiments, THP.1 cells were induced to
more actively phagocytosing macrophages by treatment with 10 ng/ml phorbol-12-
myristate-13-acetate (PMA) for 16 h and cultured for additional 24 h in the absence of
PMA and HEPES before use in the experiments with latex beads. Where indicated, THP.1
cells were treated with 20 pM cytochalasin D.
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4.4 RNA EXPERIMENTS (I)

4.4.1 Design and syntesis of sSiRNA molecules

Three small interfering RNA (siRNA) molecules targeting rat a3 (NM 199089) were
designed with Ambion’s design system (www.ambion.com). The siRNA molecules (shown
in Table 3) were synthesized from DNA templates with the Silencer siRNA construction
kit according to the suggested protocol (Ambion, USA). To analyze uptake and
intracellular distribution of siRNA molecules, Cyanine 3 labeling with Silencer siRNA
labeling kit was used (Ambion, USA).

siRNA-1 sense 5’ -CAAGUUCUAUUCAGGGACCUU-3"
siRNA-1 antisense 5’ -GGUCCCUGAAUAGAACUUGUU-3’
siRNA-2 sense 5’ ~-UGGGACAGGAAUAAAAAGCUU-3"
siRNA-2 antisense 5’ -CUUUUUAUUCCUGUCCCAUU-3"

siRNA-3 sense 5’ -UAAAAAGCUGGCUGGCCCAUU-3"
siRNA-3 antisense 5’ -UGGGCCAGCCAGCUUUUUAUU-3"
Scrambled control sense 5’ ~-GCACCUAUGAGAGACUGACUU-3"

Scrambled control antisense 5’ —-UUGCCAUUAGCUGCAGCGUUU-3’

Table 3. siRNA molecules targeted against rat a3.

4.4.2 Transfection of siRNA

30 U of prime RNAse inhibitor (Eppendorf, Germany) was added to each 300 pl of culture
medium 15 min before siRNA additions to inhibit RNAse activity in the medium. All
siRNA molecules were used at 100 nM concentrations. Uptake of labeled siRNA-
molecules into osteoclasts was monitored in samples incubated with siRNA-duplexes at
+4 °C; control samples were kept at room temperature. After 45 min, cells were washed in
PBS and transferred into fresh, warm culture medium. Endocytosis of membrane-bound
siRNA-molecules was allowed to proceed for 0, 1, 2, 4 or 12 h prior to microscopical
evaluation. The effects of siRNA-molecules on osteoclast cytoskeleton were monitored by
incubating cells in the presence of siRNA-molecules for 48 h, rinsed and incubated in
fresh medium for another 24 h.

4.4.3 RNA extraction and RT-PCR

Total RNA was extracted from siRNA-treated cells using GenElute mammalian total RNA
kit (Sigma, USA) and genomic DNA was removed with DNAse (Ambion, USA).
Quantitative RT-PCR was performed using the Opticon DNA Engine (MJ Research, USA)
and DyNAmo SYBR Green 2-step qRT-PCR system according to the suggested protocol
(Finnzymes, Finland). The primer sequences (5’ to 3’) are shown in table 4. Cycle
thresholds were determined and al and a3 fluorescence was normalized with the GAPDH
reference gene fluorescence. All primers were used at 0.5 uM concentrations and the
annealing temperature was +61 °C.
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Forward Reverse
ratal: ACGACCTCCAAATGGTTCTG ACTTCTGCGATCAGGCACTT 172bp product
rata3: ATGAAGGCCGTGTACCTGAC AGCCACAGCACTCACTCCTT 153bp product
rat GAPDH: CAGCAATGCATCCTGCAC TGGCATGGACTGTGGTCA 101bp product

Table 4. Primers for quantitative RT-PCR.
4.5 CELL ASSAYS

4.5.1 Bone resorption (I, I1I)

Bone resorption was measured using the CrossLaps for culture kit (Nordic Biosciences,
Denmark) according to the manufacturer’s instructions.

4.5.2 Cell viability (1)

To monitor cell viability, Live/Dead-system was used according to manufacturer’s
protocol (Molecular Probes, USA). 0.8% sodium azide-treated samples were included in
the assay as a death control group. Cells were incubated with dyes for 45 min, followed by
fluorescence intensity measurements using exitation/emission filter sets of 495/520 nm
(for Calcein) and 530/642 nm (for Ethidium). Viability indexes were counted by dividing
live cell fluorescence by dead cell fluorescence.

4.6 STAININGS AND MICROSCOPY

4.6.1 Live cell imaging (I ,111)

To evaluate the effect of siRNA treatment on organellar acidification (I), Acridine orange
was added to the medium of treated or control cells 48h after start of the experiment, bone
slices and coverslips containing V-ATPase were analysed by fluorescence microscopy.

To analyse the effect of V-ATPase inhibitors on lysosomal pH (III), FITC-TRITC
conjugated dextran (MW 70.000) was added to wells containing osteoclasts at a final
concentration of 0.5 mg/ml, and incubated for 20h. Following four washes with fresh
medium, the inhibitor was added and the cells were incubated 4-6 hours before analysis of
FITC-TRITC fluorescence ratios by live cell microscopy at 37° C and CO,-supply
(Olympus MT microscope equipped with CellR software).

4.6.2 Immunocytostaining protocol (1, 11, I11)

Cells were briefly rinsed in PBS, fixed for 20 min in 3% paraformaldehyde and
permeabilized in ice-cold acetone for 30 seconds. Cells were incubated in PBS containing
2% bovine serum albumin for 30 min to block unspecific binding. Staining was performed
by sequential one hour incubations with primary and fluorochrome-conjugated secondary
antibodies diluted in PBS containing 0.5% bovine serum albumin, separated by four
washes with PBS, 5 min each. When fluorochrome-conjugated phalloidin was used to
stain filamentous actin, it was included in the solution containing the secondary antibody.
After counterstaining of nuclei with Hoechst (Molecular Probes, USA) and three 5-min
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washes, samples were mounted on microscope slides and viewed under a Leica TCS-SP
confocal microscope equipped with Argon-Crypton laser (Leica Microsystems GmbH,
Germany) or an Olympus (Tokyo, Japan) fluorescence microscope.

4.6.3 Other stainings

Bone resorption was evaluated by counting WGA-lectin stained resorption pits (I). For
quantification of osteoclast numbers (I), cells were stained for using Leukocyte acid
phosphatase kit (Sigma, USA) and osteoclasts were counted as tartrate-resistant acid
phosphatase-positive cells with at least 3 nuclei.

4.7 IMMUNOBLOTTING (II)

For whole-cell lysates, THP.1 cells and osteoclasts were collected into lysis buffer (1%
Triton X-100, 10 mM Tris—HCI [pH 7.5], 1 mM EDTA, 50 mM NaCl, protease inhibitor
cocktail [Complete Mini; Roche, Indianapolis, IN]) and briefly sonicated to fragment
DNA. The protein concentration was determined using Bradford reagent, and a 5x sample
buffer (10% SDS, 300 mM TrisCI [pH 6.8] 0.4% bromophenol blue, 50% glycerol) was
added to the samples before 10 pug protein per sample were separated with SDS-PAGE.
For immunoblotting of the latex bead-containing phagolysosomes from osteoclasts and
THP.1 cells, isolated phagolysosomes were collected by centrifugation and 5% sample
buffer was added to the pellets. Out of these samples, aliquots that contained
approximately as much LAMP-2 as did 10 pg of the parental whole-cell lysates were
loaded. After SDS-PAGE, the separated peptides were transferred to nitrocellulose
membrane (Bio-Rad, Richmond, CA) with a semidry transfer system. Unspecific binding
was blocked by incubating the membrane for 1h in PBS containing 5% skim milk.
Primary antibodies, diluted in PBS containing 3% skim milk and 0.3% Tween-20, were
incubated overnight at 4°C. On the next day, membranes were washed four times for
5 min each time with PBS containing 0.3% Tween-20 and incubated for 1 h with PBS
containing secondary antibody, 2% skim milk, and 0.3% Tween-20. After four washes,
5 min each, in PBS containing 0.3% Tween-20, bands were detected with Immun-Star
reagents (Bio-Rad) and X-ray film (Kodak, Rochester, NY).

4.8 ACIDIFICATION AND V-ATPase ASSAYS

4.8.1 Isolation of Chicken Bone and Brain Microsomes (11, IV)

Regular egg-laying hens, housed by the University of Turku, were killed and the
medullary bone from the femora and tibiae was collected into an isolation buffer (250 mM
sucrose, 1 mM EGTA, 1 mM NaHCO;, 10 mM Tris—HCI [pH 7.0], 1 mM dithiothreitol,
and protease inhibitor cocktail [Complete Mini]). After brief homogenization in Ultra
Turrax, the tissue was further homogenized with a glass—glass dounce homogenizator.
Pieces of bone, unbroken cells, mitochondria, and nuclei were pelleted by centrifugation
of the homogenate for 15 min at 10,000xg, and the resulting supernatant was subjected to
ultracentrifugation at 100,000xg for 45 min. The final pellet was dissolved in isolation
buffer and frozen at —=70°C until used. Brain microsomes were prepared according to the
same protocol, except that chicken cerebrum and cerebellum were used as the starting
material.
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4.8.2 Isolation of phagolysosomes from osteoclasts and THP.1 cells (II)

The protocol was essentially adapted from a previously described one (Desjardins et al.
1994) with some modifications. Blue-colored latex beads, 0.8 um in diameter (Sigma-
Aldrich), were diluted 1:100 in the appropriate medium just enough to cover the cells for
the 4-h pulse time. Nonphagocytosed latex beads were removed by rinsing the cells with
PBS until few free-floating beads were visible under the microscope. After the chase time,
the medium was exchanged for ice-cold isolation buffer, and the cells were scraped off the
plates and homogenized in a glass—glass dounce homogenizator. By adding isolation
buffer containing 60% sucrose, the sucrose content of the homogenized solution was
adjusted to 34% (w/w) and loaded under a sucrose gradient of 10, 20, 25, and 30% (top to
bottom). After ultracentrifugation at 100,000xg for 90 min, phagolysosomes were
collected from the 10-20% interphase. The sucrose content was readjusted to <10% and
the phagolysosomes concentrated by ultracentrifugation at 20,000xg for 20 min,
resuspended in isolation buffer, and frozen in aliquots.

4.8.3 Proton Transport Assays (11, IV)

Microsome acidification was assayed by measuring fluorescence quench of acridine
orange (excitation at 485 nm and emission at 535 nm). Assays were performed in 96-well
plates and measured with a Cameleon microplate reader (Hidex OY, Turku, Finland). The
microplate reader was programmed to take fluorescence readings of the wells at 20-, 30-,
or 120-second intervals. The assay mix consisted of 150 mM KCI, 5 mM MgSO,, 1.5 uM
acridine orange, 1 uM valinomycin, and 5 mM Tris/HEPES (pH 7.4). Inhibitors were
added 20-30 min before the start of the assay in 2 pl DMSO, and control contained only
DMSO. To start the tissue vesicle acidification, ATP was added to 5 mM from a 250-mM
stock buffered to pH 7.4 with Tris. To dissipate the proton gradient at the end of the
experiment, nigericin was added to a final concentration of 10 pg/ml. Phagolysosomes
were acidified as with the tissue-derived microsomes, except that the assay volume was
scaled down to 50 pl, the inhibitor was added in 1 ul DMSO, and the reaction was started
with 2 mM ATP. We noted that the amount of microsomes and phagolysosomes affected
the 1Csy values therefore, we used amounts of microsomes and phagolysosomes that gave
a clear quench of fluorescence and were partly inhibited by 0.3 nM Bafilomycin Al,
which was used as a reference inhibitor. Moreover, since at room temperature the
acidification activity of all preparations decreased with time, the experiments were
performed with both inhibitors simultaneously, and representative results are presented.

4.8.4 Measurement of V-ATPase activity in yeast (IV)

The Saccharomyces cerevisiae W303-1B vatc cells (MATa ade2, ura3, leu2 his3, trpl,
Avma3:LEU2) were a kind gift of Nathan Nelson, University of Tel-Aviv. V-ATPase was
purified from yeast vacuolar membranes solubilized in dodecyl maltoside on
discontinuous glycerol gradients. ATPase activity was assayed at 30°C by colorimetric
development of phosphate release using ammonium molybdate.
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4.9 SPIN-LABEL STUDIES (1V)

4.9.1 Isolation of 16-kDa membranes and vacuolar membranes

Endogenous membranes containing the 16-kDa channel proteolipid were prepared from
the hepatopancreas of the decapod Nephrops norvegicus by extraction with n-lauryl
sarcosine, or with 20 mM NaOH, according to the procedures in the literature ((Finbow et
al. 1984) and (Hertzberg 1984), respectively). These membranous preparations contain the
endogenous lipids, but the amount of lipid is strongly reduced in the preparations extracted
with N-lauroyl sarcosine (Pali et al. 1995). EDTA-washed yeast vacuolar membranes
transfected with Nephrops 16-kDa proteolipid were prepared as described (Uchida et al.
1985).

4.9.2 Spin-labeling

Membranes, either Nephrops 16-kDa membranes or yeast vacuolar membranes, were
suspended in 50 mM borate buffer with 10 mM NacCl, pH 9.0, or in 50 mM HEPES buffer
with 10 mM NaCl and 10 mM EDTA, at pH 7.8, respectively. Spin-labeled inhibitors were
added to membranes (~1 mg membrane protein) in 500 ul of buffer from concentrated
solutions in <10 ul dimethyl sulfoxide (DMSQO). Nominal spin-labeled inhibitor to protein
mole ratio was 1:1 or less (for 16-kDa membranes). When required, Concanamycin A was
added similarly in concentrated DMSO solution. After incubation for 30 min, membranes
were packed in 1-mm (internal diameter) glass capillaries by pelleting in a benchtop
centrifuge. Sample length was trimmed to 5 mm, excess supernatant was removed, and the
capillary was flame-sealed.

4.9.3 EPR spectroscopy

EPR spectra were recorded on a Bruker EMX 9-GHz spectrometer (Rheinstetten,
Germany). Sample capillaries were accommodated in standard quartz EPR tubes that
contained light silicone oil for thermal stability. Temperature was regulated by
thermostated nitrogen gas-flow, and measured with a fine-wire thermocouple situated in
the silicone oil at the top of the microwave cavity. Analysis of two-component EPR
spectra was performed as described (Pali ef al. 1995). In spectral addition, the whole of the
two-component experimental spectrum was fitted first, and then the relative weights of the
two components were optimized on the low-field hyperfine lines.

4.10 SEQUENCE ALIGNMENTS (IV)

Amino-acid sequences were taken from the PIR Database. Sequence alignments were
performed with CLUSTAL W and displayed with the PIR alignment viewer.

4.11 STATISTICAL ANALYSIS

Analysis of variance (ANOVA) followed by Student’s ¢ test was used for statistical
analysis. Means and standard deviations (S.D.) were calculated and are shown in the
Figures. P < 0.05 was considered statistically significant.
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5 RESULTS

5.1 INHIBITION OF BONE RESORPTION BY siRNA-MEDIATED
KNOCK-DOWN OF ISOFORM a3 (I)

5.1.1 Isoform a3 mRNA can be down-regulated by siRNA

The critical role of isoform a3 in bone resorption was confirmed by knock-down
experiments in primary rat osteoclast cultures. Following addition of Cyanine-3 labelled
siRNA molecules into the osteoclast medium Cyanine-3 fluorescence could clearly be
detected intracellularly in a significant fraction (8-16%) of the osteoclasts. This method of
detecting siRNA uptake is rather insensitive and another fraction of the osteoclasts may
have taken up siRNA molecules at levels below the detection limit.

siRNA molecules targeted to the coding region of a3 mRNA down-regulated the relative
a3 mRNA levels, as detected by quantitative RT-PCR at timepoints 24, 48 and 72 hours
posttransfection. The effect was time dependent and increasing with time for up to 72
hours for the most efficient siRNA molecule. Normalized to a housekeeping gene, the
siRNA treatment increased the cycle threshold for a3 cDNA 3.5-6 fold, implying an
approximate 12 to 64-fold decrease in a3 mRNA levels at timepoints 12-72 hours post
transfection. Importantly, the effect was sequence-dependent, since it was not seen with
siRNA of scrambled nonsense sequence. Equally important, the isoform al mRNA level
was unaffected by siRNAs targeted against a3. Furthermore, treatment with 5 nM
Bafilomycin A1 had no effect on the a3 mRNA level.

5.1.2 Reduction of a3 mRNA results in reduced resorption

The down-regulation of a3 mRNA was associated with a reduction of bone resorption as
assayed by two methods. First, the number of pits formed per osteoclast, was significantly
reduced at 48 hours post transfection by the two siRNA molecules that reduced a3 mRNA
most. Secondly, the same siRNA treatment reduced the release of CTX into the medium.
The onset of effect on the resorption may be delayed compared to the effect on a3 mRNA
reduction depending on the half-life of the a3-containing V-ATPase in the osteoclasts.
Morphologically, the inhibition of resorption was associated with an increased fraction of
osteoclasts with disrupted actin rings.

5.1.3 The siRNA effect is not due to cytotoxicity

The siRNA-mediated reduction of bone resorption was not due to cytotoxicity, since the
treatment did not significantly reduce the number of osteoclasts at 48 hours and the cell
viability index was not increased. Furthermore, the siRNA-induced increase in the fraction
of osteoclasts with disrupted actin rings appeared to be transient.
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5.2 SUBCELLULAR LOCALIZATION OF V-ATPase a3 (1I)

5.2.1 Localization in resorbing osteoclasts

Assayed by immunofluorescence staining of in vitro differentiated human osteoclasts on
bone, a3 localized mainly within the actin ring. Co-immunostaining of a3 and osteocalcin,
a bone matrix protein, showed that a3 is polarized toward the leading edge of the pit. This
staining pattern suggests a ruffled border localization, with additional sub-ruffled border
vesicular localisation. Only multinucleated cells were heavily a3-positive while no or
weak staining was detected in nondifferentiated mononuclear cells, showing that a3
expression is highly induced during osteoclast differentiation.

5.2.2 Localization in nonresorbing osteoclasts

In osteoclasts cultured on glass coverslips a3 clearly localized to intracellular vesicular
structures. a3 colocalized almost perfectly with LAMP-2, a transmembrane glycoprotein
used as a marker protein of lysosomes and late endosomes, and it colocalized with
cathepsin K, a lysosomal cystein proteinase. a3 did not colocalize with matrix
metalloproteinase-9, a nonlysosomal collagenase or early endosomal antigen-1, indicating
that a3 localization is limited to the late endosomal/lysosomal compartment in
nonresorbing osteoclasts.

5.2.3 Phagolysosomal localization of a3

By immunoblotting, we detected a3 in phagolysosomes isolated from osteoclasts and from
a monocyte/macrophage cell line. However, osteoclast phagolysosomes contained more a3
than THP.1 phagosomes did. The isolated phagolysosomes contained LAMP-2 and Rab7,
a small GTPase involved in lysosomal biogenesis. Both phagosomal fractions were
essentially depleted of the nonlysosomal proteins assayed: Rabll, which is a small
GTPase located to recycling endosomes; cytosolic carbonic anhydrase II; mitochondrial
carbonic anhydrase V; and the clathrin heavy chain, which is a component of coated pits
and vesicles budding from the plasma membrane and the frans-Golgi network.

5.3 PHAGOLYSOSOMES CONTAIN MULTIPLE a ISOFORMS (1I)

By immunoblotting, we found that the phagosomes were positive for al in addition to a3.
The a3/al ratio was 3.8 to 11.2-fold higher in osteoclast phagolysosomes (mean 6.9) than
in THP.1 phagolysosomes. The protein levels of subunit A, a member of the V1-sector of
V-ATPase, mirror a3 levels rather than al levels, indicating that the increased a3 levels on
osteoclast phagolysosomes represent assembled V-ATPase, not only the Vo-sector.

54 PHAGOLYSOSOMES LOCALIZE TO SITES OF OSTEOCLAST-
BONE CONTACT (1)

To prove the relevance of using phagolysosomal V-ATPase as ruffled border V-ATPase,
we expected that the phagocytosed latex beads would localise to the ruffled border area in
resorbing osteoclasts. However, this could not be confirmed because resorbing osteoclasts
on bone did not phagocytose latex beads. However, when we added bone particles to
osteoclasts on coverslips that already had phagocytosed latex beads, the phagolysosomes
relocalized and concentrated to the vicinity of the bone particle in many osteoclasts. This



54 RESULTS

event appeared to be actin-dependent since it was not observed in osteoclasts where bone
particles were without associated actin-filament staining.

5.5 ACIDIFICATION AND INHIBITOR SENSITIVITY OF
ISOLATED PHAGOLYSOSOMES (II)

The phagolysosomes isolated from both osteoclasts and THP.1 cells acidified by a
Bafilomycin Al sensitive V-ATPase. After adjusting the amounts of phagolysosomes so
that 0.3 nM Bafilomycin Al inhibited approximately 50% of the acidification-mediated
fluorescence quench, SB242784 at concentrations of 3, 10, and 30 nM inhibited both
sources of phagolysosomes very similarly, although the relative sensitivity of osteoclast
phagolysosomes to SB242784 appeared to be very slightly higher (Fig. 6, II). This result
shows that phagolysosomal acidification is very sensitive to SB242784 and indicates that
there is very little, if any, selectivity of SB242784 for the V-ATPase of osteoclast
phagolysosomes over that of THP.1 phagolysosomes. However, phagolysosomes from
osteoclasts appeared to acidify more rapidly than those of THP.1 cells did.

5.6 BONE RESORPTION AND LYSOSOMAL ACIDIFICATION ARE
DIFFERENTIALLY SENSITIVE TO V-ATPase INHIBITION (I1I)

5.6.1 [Inhibition of bone resorption by Bafilomycin Al and SB242784

As assayed by the CTX concentration in the culture medium of human osteoclasts after 3
day incubations, both inhibitors dose-dependently inhibited bone resorption and 3 nM
Bafilomycin A1 completely inhibited the release of CTX. For SB242784, 100 nM CTX
almost completely inhibited CTX release. The inhibition of resorption was not due to
cytotoxicity, since the osteoclast numbers were unaltered by Bafilomycin Al up to 10 nM
and SB242784 up to 300 nM (not shown).

5.6.2 Dose-response of Bafilomycin A1 and SB242784 on lysosomal pH in
osteoclasts

Bafilomycin Al concentrations lower than 30 nM did not raise the lysosomal pH above
pH 5.5 and 30 nM raised the lysosomal pH to about 6.3. For SB242784, the highest
concentration that we were able to use, 1000 nM, did not raise the pH above 5.5. Since
SB242784 is a colored compound, we were concerned that the lack of effect was due to
some interference with the FITC-TRITC signal. However neutral osteoclasts were present,
and when cells were treated with both 30 nM Bafilomycin Al and 1000 nM SB242784,
the effect was additive compared to 30 nM Bafilomycin A1, showing that the V-ATPase
inhibitory effect of 1000 nM SB242784 was not blocked by interference with the FITC-
TRITC signal.

5.7 INTRACELLULAR AND EXTRACELLULAR DEGRADATION
OF BONE ARE DIFFERENTIALLY SENSITIVE TO V-ATPase
INHIBITION (I1I)

We hypothesized that the anatomy of the resorbing osteoclast contributes to the

hypersensitivity of bone resorption to V-ATPase inhibition compared with other lysosomal

functions. We tested this hypothesis by examining whether osteoclasts are able to degrade
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phagocytosed bone in the presence of SB242784 at a concentration at which extracellular
bone is inhibited.

5.7.1 600 nM SB242784 inhibits extracellular dissolution of bone mineral

Two days after the addition of 600 nM SB242784 to osteoclasts on bone slices very few of
the osteoclasts were associated with pits as evidenced by lack of exposed collagen
staining, while the in the control, most of the actin rings of the osteoclasts were associated
with extensive collagen staining.

5.7.2 600 nM SB242784 does not inhibit degradation of phagocytosed bone
fragments

We added small (less than five micrometer in diameter) bone particles to osteoclasts on
coverslips and transferred the coverslips to medium with or without 600 nM SB242784.
The phagocytosis and degradation of bone was evaluated on samples fixed at timepoints
1h, 24h and 72h, and stained. At the one-hour timepoint there were large bone particle-
accumulations associated with, but not necessarily phagocytosed by the osteoclasts. 24
hours later, most of the bone particle-accumulations were replaced by discrete intracellular
localization of the bone particles. In both treated and untreated samples from the 72 hours
timepoint, most of the osteoclasts were devoid of collagen staining, and no particulate
matter was observable. Thus, osteoclasts efficiently phagocytosed and degraded bone
particles in both control and SB242784-treated cells.

Furthermore, from the staining intensities of the samples treated with 600 nM SB242784
at the 1 and 24 hours timepoints it was apparent that upon phagocytosis particles lost
calcein fluorescence and gained collagen-staining, indicating that bone mineral is
dissolved and more collagen is exposed. Thus, osteoclasts are capable of degrading bone
particles intracellularly in the presence of 600 nM SB242784.

5.8 STRUCTURE-ACTIVITY RELATIONSHIP OF SPIN-LABELLED
SB242784 ANALOGUES (IV)

We characterized the spin-labelled analogues (Figure 14) of SB242784 with respect to
potency and selectivity in acidification assays with microsome preparations from chicken
brain and bone. The SB242784 (INDOLO) showed a 5-fold selectivity for bone microsome
acidification. The INDOL®6, which closely mimics SB242784, was equally potent, but the
tissue selectivity was essentially lost. The INDOLS derivative optimized for electron
paramagnetic resonance spectroscopy studies was more than two orders of magnitude less
potent than the parental compound. Despite the decreased inhibitor potency, INDOLS
bound to the subunit ¢ analogue of Nephrops norvegicus (which has 80% amino acid
identity with the human c¢ subunit), as assayed by electron paramagnetic resonance
spectroscopy.
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Figure 14. The structure of SB242784 (left), INDOL6 (middle) and INDOLS5 (right).
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6 DISCUSSION

6.1 DOWNREGULATION OF a3 BY siRNA

Our paper (I) was one of the very first to show that gene expression in osteoclast can be
downregulated by siRNA molecules, although osteoclasts are considered resistant to
conventional plasmid transfections. Since year 2005, the number of articles utilizing
siRNA-mediated knockdown of different targets in osteoclasts has been increasing. Our
results support the reported phenotype resulting from nonfunctional a3; a3 is essential for
efficient resorption, but not for cell viability. However, compared to inhibition of V-
ATPase activity by inhibitors, there was a differential outcome of siRNA-mediated
inhibition: a fraction of the osteoclasts showed apparently disrupted actin rings.

RNA interference as a therapeutic treatment of diseases has progressed rapidly into early
stage clinical testing of siRNAs for a variety of diseases. There are, however, problems to
be solved concerning the delivery and uptake; currently the siRNA approach may be
considered promising (Tiemann and Rossi 2009). The V-ATPase may be rate limiting for
bone resorption, as discussed later. Thus, a partial down-regulation of a3 may be sufficient
to obtain a beneficial effect on bone resorption.

6.2 SUBCELLULAR LOCALIZATION OF SUBUNIT a3

The results concering the subcellular distibution of a3 are in agreement with previous
studies showing an lysosomal localization of a3 in macrophages, and ruffled border
localization of a3 in resorbing osteoclasts (Toyomura et al. 2003). However, in pancreatic
B-cells, a3 has been demonstrated in the membrane of insulin-containing secretory
granules, with less perfect colocalization of a3 with LAMP-2 in these cells (Sun-Wada et
al. 2006). Among the five anterior pituitary cell types expressing different hormones, a3
appeared to colocalize with growth hormone (but not with other hormones) (Sun-Wada et
al. 2007), indicating that a3 may not be strictly lysosomal. We observed no colocalization
of a3 with early endosome antigen-1 or with matrix metalloproteinase-9 (II, Fig. 2c, d).
This does not exclude low levels of a3 in these nonlysosomal organelles. However, we can
conclude that the bulk of the a3 protein in osteoclasts is localized to lysosomes/late
endosomes in human osteoclasts. Furthermore, our finding that two a isoforms are present
on phagolysosomes isolated from both osteoclasts and THP.1 cells, suggest that isoforms
may overlap.

6.3 PHAGOLYSOSOMAL V-ATPASE MAY WELL REPRESENT
THE RUFFLED BORDER V-ATPase

The ruffled border has long been considered the analogue of the lysosomes and late
endosomes, and it is thought to mainly be formed by exocytosis and fusion of lysosomes
with the plasma membrane facing the bone surface (Stenbeck 2002). The only previous
study on isolated phagolysosomes from osteoclasts demonstrated that osteoclast
phagolysosomes contain cathepsin K (Sakai et al. 2001), which is secreted into the
resorption lacuna. Encouraged by this study, we speculated that phagolysosomes may
carry the ruffled border V-ATPase, and that the ruffled border acid transport mechanism is
represented by isolated phagosomes
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Three independent facts suggest that the phagolysosomal V-ATPase represents the ruffled
border V-ATPase. First, the high level of a3 expression in the osteoclast was represented
on the isolated phagolysosomes (II, Fig. 4). Second, in living osteoclasts, the latex bead-
containing phagolysosomes relocalized to the close vicinity of subsequently added bone
particles (II Fig. 3b, ¢), mimicking the polarization of a3 in the resorbing osteoclast. Third,
acidification of isolated phagolysosomes was highly sensitive to the SB242784 compound;
in fact, the relative sensitivity to SB242784 was higher for osteoclast phagolysosomes than
for microsomes derived from chicken bone.

6.4 LACK OF EVIDENCE FOR A STRUCTURALLY UNIQUE
OSTEOCLAST V-ATPase

One of the main aims of this study was to find out whether the osteoclast V-ATPase is
structurally unique in some aspect. Such a structural uniqueness, if “drugable”, would
permit selective inhibition of bone resorption without affecting other V-ATPase-mediated
functions. However, if the ruffled border forms by the fusion of lysosomes with the plasma
membrane, it may contain a common lysosomal V-ATPase that is only quantitatively
upregulated, or it may possess a qualitatively unique subunit composition. The
methodology we used allowed us to compare the a3-positive compartment from
osteoclasts with the corresponding compartment from monocytic THP.1 cells. In this
comparison, we found that phagolysosomes from THP.1 cells also contained the a3
isoform (II, Fig. 4), although significantly less than did osteoclast phagolysosomes, and
that the SB242784 compound inhibited acidification of the isolated phagolysosomes from
both sources at similar concentrations (II, Fig. 6.). We believe that the small difference in
relative sensitivity to SB242784 between osteoclasts and THP.1 phagolysosomes is due to
the differential a3/al ratios (II, Fig. 4), rather than representing a true pharmacological
difference. Thus, we have no indication of a qualitative difference between the V-ATPases
from the two sources. Rather than indicating something unique, the high level of a3
expression in the osteoclast and its phagolysosomes may represent the fact that a high
level of lysosomal V-ATPase is needed for efficient bone resorption, while significantly
less V-ATPase is needed to maintain lysosomal pH in other cells.

6.5 PHAGOLYSOSOMES CONTAIN al IN ADDITION TO a3

We were surprised by the observation that isoform al, in addition to isoform a3, was
detected on phagolysosomal fraction, since al was originally found in clathrin-coated
vesicles (Perin ef al. 1991). However, clathrin was abscent from the phagosomal fraction,
as were all the nonlysosomal markers tested, so we do not believe that the presence of al
in the phagolysosomal fraction is a result of contamination. Our finding is supported by a
study in which al was found as a component of late endosomes by proteomic analysis
(Lafourcade et al. 2008). Moreover, by immunostaining, there was some colocalization of
al with LAMP1, although the bulk did not colocalize (Toyomura et al. 2003). One should
consider that the organelles are not static structures; transient but frequent membrane
trafficking events are also represented by the phagolysosomes. A limitation is that we had
no tools to detect wheter both isoforms assembled into active holoenzymes. Nonetheless,
the identification of a3 and al in model phagolysosomes is the first direct piece of
evidence that the a isoforms are not mutually exclusive. The observation could explain
why the a3 mutations affect bone selectively, and it has impact on the validation of the a3
subunit as a drug target, as discussed next.
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6.6 RELEVANCE OF THE FINDING THAT V-ATPase ISOFORMS
MAY OVERLAP

If the V-ATPase isoforms are not mutually exclusive, they could compensate for each
other. However, because bone resorption is dependent on the very high level expression of
a3 in osteoclasts, isoform compensation may be insufficient for proper bone resorption
(Manolson et al. 2003). Compensation would explain why a3-deficient patients do not
have any lysosomal defects (Blair et al. 2004), as would be expected if a3 was the only
isoform in this compartment. Moreover, the oc/oc mice do not develop lysosomal storage
disease, in contrast to CIC7-deficient mice, which have a comparable osteopetrotic
phenotype (Kasper et al. 2005). Compensation would explain why there is some residual
bone resorption left in a3-defective osteoclasts (Taranta et al. 2003; Del Fattore et al.
2006). Evidence of at least a partial functional compensation of a3 by another V-ATPase
comes from macrophages from mice with a disrupted gene for a3, which acidified
phagosomes by a Bafilomycin-sensitive mechanism (Sun-Wada et al. 2009). Moreover,
these cells had normal levels of mature cathepsins and were capable of bacterial killing,
albeit at a significantly slower rate than control macrophages (Sun-Wada et al. 2009).

The phenotype of patients with defective a3 function suggests that a3 is a valid target,
since except for bone resorption, no other obvious vital V-ATPase a3 mediated functions
have been identified. Furthermore, partial inhibition of bone resorption may be sufficient
for a beneficial effect on bone. Therefore, one could expect that the adverse effects
resulting from partial inhibition with an isoform a3-selective inhibitor would be less severe
than the effects resulting from complete lack of a3-protein.

6.7 THE HYPERSENSITIVITY OF BONE RESORPTION TO V-
ATPase INHIBITION

When we compared the V-ATPase inhibitor sensitivity of lysosomal acidification and
bone resorption, which we believe are mediated by identical V-ATPases, we found that
bone resorption is more than tenfold more sensitive as assayed by full inhibition. Our
results are consistent with data from similar assays reported in litterature, Sundquist et al.
reported that osteoclast resorption was fully inhibited by 3 nM Bafilomycin A1 (Sundquist
et al. 1990), wheras 100 nM Bafilomycin was needed to block the acidification of
intracellular vesicles in osteoclasts as assayed by acridine orange fluorescence (Palokangas
et al. 1997; Sorensen et al. 2007). For SB242784 we are not aware of any previous studies
assaying lysosomal acidification.

However, for two other V-ATPase inhibitors, diphyllin and FR167356 there is some data
available. Diphyllin inhibited bone resorption with an IC50 of 14 nM, while intravesicular
acidification of osteoclasts, as assayed by acridine orange fluorescence, was dose-
dependently inhibited at concentrations between 125-1000 nM (Sorensen et al. 2007).
FR167356 inhibited resorption pit formation at with an IC50 of 190nM, wheras the IC50
of two lysosome-dependent processes, cholesterol ester accumulation in macrophages, and
degradation of internalized LDL in hepatocytes were 7800 nM and 5200 nM, respectively
(Niikura et al. 2004). Thus, in cell culture experiments, four structurally non-related
inhibitors with different potencies; Bafilomycin A1, SB242784, FR167367 and diphyllin,
all inhibit bone resorption at significantly lower concentrations than they inhibit lysosome
acidification or lysosomal functions.
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6.8 AN EXPLANATION FOR THE HYPERSENSITIVITY

We could think of several principal differences between bone resorption and lysosomal
function, related to the chemical properties of bone mineral and the anatomy of the
osteoclast that together may explain this hypersensitivity. The explanation is presented and
discussed below.

To start with, the primary role of the ruffled border V-ATPase is to dissolve bone mineral.
The main component of bone mineral, calcium hydroxyapatite, is dissolved by acid,
according to the equation:

[Ca,,(PO,) (OH),] ., +14H* =10Ca* +6H,PO; +2H,0

solid

However, as presented in the review of the literature, bone dissolution is governed by the
law of mass action, from which follows that the ionic activity product must be lower than
the solubility product constant, for bone to dissolve. Reducing the pH dramatically reduces
the concentration of PO,” in addition to OH™ so that in practice, a pH-threshold exists,
below which the pH must be kept for mineral dissolution to proceed. In the rest of the
discussion, I refer to this pH-threshold and for simplicity, I anticipate that the quantity of
bone dissolved is directly proportional to the quantity of exess protons, according to the
above equation.

The primary role of the V-ATPase in the lysosomal membrane is to maintain a proton
equilibrium according to (1):

Keq — [Hl%osome] (1)

cytosol
in which the Keq is empirically known to be in the range of 2,4 pH units (i.e. pH 7,2-7,4 in

the cytosol and pH 4,8-5,0 in the lysosome). Proton transport into and out of the lysosome
determines the equilibrium according to (2):

k ! [H :ymsol ] =k, [ l;sasame] ()

in which % and %, represents transport rates in (e.g. V-ATPase activity), and out of the
lysosome (e.g. proton leakage), respectively. By rearranging (2) to (3)

kf _ lH;rsosomeJ
b ]

and combining (3) with (1), we get equation (4), in which the impact of inhibiting the V-
ATPase on lysosomal pH can be theoretically calculated.

kf
- K, 4)

I
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One can think of the resorption lacuna as an organelle, in which the proton transport rates
in and out maintain the proton gradient at equilibrium. However, the proton transport rates
are more complex than for lysosomes, since the resorption space is fundamentally
different from lysosomes. The resorption lacuna is hemivacuolar in structure, limited by
the bone surface and the osteoclast and its sealing zone.

Thus, we think that, of the total ruffled border V-ATPase activity at a given situation, a
certain fraction of the activity maintains the pH threshold, which is opposed by the leakage
of protons out of the resorption lacuna. Furthermore, because the pH threshold always
must be reached before bone resorption can take place, only the excess V-ATPase activity
is used to dissolve bone. Thus, ultimately, the proton leakage rate and the pH threshold, at
which the fluid in the resorption lacuna is undersaturated with respect to the bone mineral
ion constitients, are important determinants of bone resorption. If the proton diffusion rate
out of the resorption lacuna is considerable and the pH threshold is low, i.e. difficult to
reach, the excess V-ATPase activity that actually dissolves bone could be considerable
small. If, for instance, 50% of the ruffled border V-ATPase activity is needed to maintain
the equilibrium, inhibition of the V-ATPase by 50% would result in full inhibition of bone
resorption. This is because the remaining activity is only sufficient to maintain the
equilibrium and there is no exess V-ATPase activity for actual bone mineral dissolution.
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Figure 15. The response of lysosomal pH (solid line) and bone resorption to V-ATPase inhibition in the
hypothetical situations where 100% (dashed line) and 50% (dotted line) of the ruffled border V-ATPase
activity is used to dissolve bone.

In order to illustrate that V-ATPase inhibition affects bone resorption and lysosomal pH
differentially, we have plotted bone resorption and lysosomal pH as functions of the
percentage of V-ATPase inhibition in Figure 15. The dashed and dotted lines represent
bone resorption in the hypothetical situations where 100% and 50%, respectively, of the
ruffled border V-ATPase activity is used to dissolve bone. Lysosomal pH is calculated
from equation 4 in a situation where lysosomal and cytosolic pH is 4.9 and 7.3,
respectively. Because the pH scale is logarithmic, this curve is exponential. Figure 15
shows that compared to the situation where all the V-ATPase activity would be used for
bone dissolution, in the situation where 50% of the V-ATPase activity is consumed in the
maintenance of pH threshold, the dose response curve of bone resorption is shifted to the
left, i.e. sensitized to V-ATPase inhibition. Furhermore, inhibition of the V-ATPase by 50
% reduces the proton gradient by half, however on the logarithmic pH scale, this results in
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an increase in lysosomal pH from 4.9 to 5.2, an increment that may not be too dramatic in
terms of consequences on lysosomal function. We suggest that the hypothesis that only a
fraction of the total ruffled border V-ATPase is available for bone resorption explains the
relative hypersensitivity of bone resorption to V-ATPase inhibition. Furthermore, we
suggest that the fraction is determined by the total ruffled border V-ATPase activity,
proton diffusion rate and the dissolution properties of bone mineral. However, direct
evidence that this is the main mechanism behind the hypersensitivity is difficult to
provide, since it would require that the ruffled border V-ATPase activity, proton diffusion
rate out of the resorption lacuna could be measured in situ.

6.9 ANOTHER DIFFERENCE BETWEEN BONE RESORPTION AND
LYSOSOMAL FUNCTION

Another principal difference is that the V-ATPase activity is rate limiting for bone
resorption, while the role in the lysosomal membrane is to provide an appropriately low
pH for the degradative enzymes. Furthermore, it may be speculated that lysosomal
function may possess a reserve capacity, analogous to the overcapacity of the liver at the
organ level, where up to 74% of the liver may be removed before the risk of severe hepatic
dysfunction increases significantly (Schindl et al. 2005). The practical impact of this
scenario would be that a small decrease in lysosomal enzyme reaction rate caused by an
increase in lysomal pH may have no effect on overall physiology and thus, adverse effects
on lysosomal function would not be a problem.

6.10 FUTURE ASPECTS

As presented in the preceeding discussion, we suggest that selectivity for bone resorption
could be obtained by developing V-ATPase a3 isoform selective inhibitors. Currently it is
hard to imagine any V-ATPase a3-mediated function other than bone resorption that
would be particularly sensitive to inhibition. However, for many drugs, adverse effects are
not identified until clinical trials are performed.

The V-ATPase is very “drugable”, as shown by the rather high number of inhibitors
identified, and the data indicating different binding sites for these inhibitors. Is it possible
to achieve highly isoform a3-selective inhibitors? The development of isoform-selective
synthetic inhibitors has been hampered by the lack of detailed structural information on
the V-ATPase, especially concerning the a subunit. Furthermore, the natural inhibitors
may not have evolved to inhibit a particular V-ATPase isoform. However, the tissue
selectivity of SB242784 is likely to be mediated through the a isoform. It was developed
based on structure-activity studies of the plecomacrolides, the binding site of which is in
the outer aspect the proteolipid ring, allowing interaction with the a subunit. The lack of
isoform-pure V-ATPase preparations has hampered the screening of isoform-selective
compounds.

Compared to the existing drugs for osteoporosis, a V-ATPase inhibitor would be classified
as an antiresorptive agent like the bisphosphonates and Denosumab. A critical question is
whether it can be expected that a V-ATPase inhibitor would be a better drug than the
existing ones.
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6.11 THE V-ATPase INHIBITOR IN OSTEOPOROSIS -COMPARISON
TO ESTABLISHED DRUGS

As presented in the review, the current osteoporosis drugs differ considerable with respect
to their targets and mechanisms of action. A V-ATPase inhibitor as a drug for preventing
osteoporosis would be similar to bisphosphonates and Denosumab in that bone resorption
is inhibited. However, significant principal differences are obvious. Denosumab acts
mainly by preventing the formation of osteoclasts, i.e. earlier than a V-ATPase inhibitor,
which would act on mature resorbing osteoclasts. Bisphosphonates also acts on resorbing
osteoclasts, since resorption is needed for the uptake of bisphosphonates. However, the
nitrogen-containing bisphosphonates used in osteoporosis inhibit all prenylation-
dependent cell functions, not specifically bone resorption. A V-ATPase inhibitor would
inhibit only bone resorption, leaving other cell functions intact. It has been shown that
inhibiting bone resorption through the V-ATPase or chloride channel actually increases
the life span of the osteoclasts in vitro (Nielsen et al. 2007). Furthermore, osteoclasts
increased their secretion of tartrate resistant acid phosphatase when bone resorption was
completely inhibited by V-ATPase inhibitors in vitro (Sorensen et al. 2007), while it is
clear that plasma levels of tartrate resistant acid phosphatase decrease and correlate with
CTX levels in alendronate treated patients (Nenonen et al. 2005).

In this respect, there is data indicating that viable osteoclasts are needed to support bone
formation (Martin and Sims 2005; Karsdal et al. 2007) possibly by secretion of some
factors, since osteoclast conditioned media stimulates bone formation by osteoclasts in
vitro (Karsdal et al. 2008). It is thus possible that a V-ATPase inhibitor would support
bone formation more than the bisphosphonates and Denosumab do. If this was the case it
is tempting to speculate that V-ATPase inhibitors could be used in combination with the
anabolic agents in contrast to alendronate, which attenuated the anabolic action of PTH
(Black et al. 2005).

A potential problem with the antiresorptive drugs is that the repair of bone microfractures
also inhibited, which may predispose to atypical fractures. However, the scope of this
potential problem is not yet established (Shane et al. 2010). Furthermore, at least in animal
models of fracture repair alendronate delays remodeling of the callus of wowen bone (Cao
et al. 2002). In this sense, a drawback of the long half-lives of Denosumab and especially
the bisphosphonates is that the drug effects are not easily adjustable. A V-ATPase
inhibitor would probably be more like a traditional drug with respect to terminal half-life,
thus the dosing could be rapidly adjusted and the treatment terminated if desired.
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7 CONCLUSIONS

The V-ATPase isoform a3 is essential for proper bone resorption. a3 is highly expressed in
osteoclasts and in nonresorbing osteoclasts it localized to the lysosomes, which form the
bulk of the ruffled border in resorbing osteoclasts. Phagolysosomes isolated from
osteoclasts contain high levels of a3 isoform.

Isoform a3 is also present in phagolysosomes of THP.1 cells, and it may be a common
lysosomal isoform, since it is ubiquitously expressed. We found no evidence that the
acidification of osteoclast phagolysosomes and the acidification of THP phagolysosomes
differ with respect to pharmacology, since they were equally sensitive to inhibition with
SB242784, an inhibitor that clearly show selectivity between V-ATPase from different
tissues. However, one cannot exclude the possibility that the osteoclast V-ATPase would
have some unique structural feature(s) that allows its selective inhibition.

We could identify two distinct V-ATPase structure-independent mechanisms by which
bone resorption can be selectively inhibited.

The first is differential compensation. We observed that isoform al is also present in the
phagolysosomes, showing that the V-ATPase isoforms are not mutually exclusive. The a
isoforms may overlap and, at least partly, compensate for each other. Osteoclasts are
dependent on a high level of a3 for bone resorption, this function is therefore very poorly
compensated for when a3 is nonfunctional or lacking, while for instance lysosomal pH is
sufficiently compensated for, in order to maintain lysosomal function. This scenario
remains to be furher elucidated but it would explain why osteopetrosis is the very
dominant outcome of inactivating mutations of the gene for a3. In these patients, no other
phenotypes than those that are considered secondary to the bone phenotype have yet been
identified. Thus, the currently available data suggest that inhibitors selective for the V-
ATPase a3 isoform would be very selective for bone resorption for the reason of
differential compensation.

The second mechanism is based on the unique anatomy of the resorbing osteoclast and
the solubility of bone mineral. According to this mechanism, bone resorption is
hypersensitive to V-ATPase inhibition compared to the ubiquitous role of V-ATPases, i.e.
organellar acidification. This is because for bone mineral dissolution to proceed, a critical
pH value must be reached, and only the excess protons are available for bone resorption.
At any time, a fraction of the ruffled border V-ATPase activity is actually resorbing bone,
while the other fraction is maintaining the pH threshold. To inhibit bone resorption
completely, it is sufficient to inhibit the former fraction. The fraction of V-ATPase activity
available for actual bone resorption is determined by the critical pH value and the leakage
of protons out of the resorption lacuna, which may be considerable. The situation in the
resorption lacuna is very different compared to the acidification of organells; here all the
V-ATPase activity contributes to the acidification.

The second mechanism explains the differential inhibitory effect on lysosomal
acidification and bone resorption by V-ATPase inhibitors, previously observed by others
and confirmed in this study. It also explains why it is possible to inhibit bone resorption
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with inhibitors having poor selectivity and even lacking selectivity (Bafilomycin Al) in
animal models of osteoporosis.

The two mechanisms are, to some extent, additive and suggest that bone resorption can be
very selectively inhibited by targeting the isoform a3-containing V-ATPase.
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