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Abstract

Zoledronic acid (ZOL), a nitrogen bisphosphonate (N-BP), is currently used to treat and
control pediatric osteolytic diseases. Variations in the intensity of the effects and side effects
of N-BPs have been reported with no clear explanations regarding their origins. We wonder if
such variations could be associated with different levels of RANKL signaling activity in
growing bone during and after the treatment with N-BPs. To answer this question, ZOL was
injected into neonate C57BL/6J mice with different genetically-determined RANKL signaling
activity levels (Opg**\Rank™s-, Opg*+*\Rank’9*, Opg*-\Rank’9-, Opg*-\Rank’9*, Opg’\Rank™-
and Opg”\Rank™@+ mice) following a protocol (4 injections from post-natal day 1 to 7 at the
dose of 50 ug/kg) that mimics those used in onco-pediatric patients. At the end of pediatric
growth (1 and half months) and at an adult age (10 months), the bone morphometric and
mineral parameters were measured using PCT in the tibia and skull for the different mice. A
histologic analysis of the dental and periodontal tissues was also performed. At the end of
pediatric growth, a delay in long bone and skull bone growth, a blockage of tooth eruption,
some molar root alterations and a neoplasia-like structure associated with incisor
development were found. Interestingly, the magnitude of these side effects was reduced by
Opg deficiency (Opg”) but increased by Rank overexpression (Rank’9). Analysis of the
skeletal phenotype at ten months confirmed respectively the beneficial and harmful effects of
Opg deficiency and Rank overexpression.

These results validated the hypothesis that the RANKL signaling activity level in the bone
microenvironment is implicated in the modulation of the response to ZOL. Further studies will
be necessary to understand the underlying molecular mechanisms, which will help decipher

the variability in the effects of N-BPs reported in the human population.
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Significant statements

The present study establishes that in mice the RANKL signaling activity level is a major
modulator of the effects and side-effects of bisphosphonates on the individual skeleton during
growth. However, the modulatory actions are dependent on the ways in which this level of
activity is increased. A decrease in OPG expression is beneficial to the skeletal phenotype
observed at the end of growth, while RANK overexpression deteriorates it. Far removed from
pediatric treatment, in adults, the skeletal phenotypes initially observed at the end of growth
for the different levels of RANKL signaling activity were maintained, although significant

improvement was associated only with reductions in OPG expression.



1. Introduction

Zoledronic acid (ZOL), one of the most potent amino-bisphosphonates (N-BPs), is currently
used in clinical practice to control pediatric osteolytic diseases regardless of their genetic,
endocrine, inflammatory or oncogenic origins (for review [1]). Despite its proven efficacy in the
treatment of these systemic or local diseases, several side-effects on axial, appendicular and
craniofacial growing skeletons have been reported in either preclinical or clinical studies [2-8].
Some of these side-effects were presented as reversible after the end of treatment, for
instance the arrest of long bone growth, others as definitive, for instance the failure of dental
eruption (for review [1]). Today, these side-effects are presented as direct consequences of
the loss of osteoclast function, inducing an osteopetrotic-like phenotype. However, this
presentation does not explain the significant variations in the penetrance of these side-effects
in pediatric patients, as well as in mouse pups from different strains treated with ZOL [4,9].
Different causes have been suggested for such variations in the penetrance of N-BP side-
effects. This included on the one hand drug-related causes, such as the pharmacological
properties of the drug (pharmacokinetics and pharmacodynamics), doses, duration of the
therapy, drug interactions and pharmacogenetics, and on the other, host-related causes such
as expression levels in the bone cells of genetic and epigenetic factors, and the composition
in the cytokines/chemokines in the bone microenvironment [1,4,9—13]. Surprisingly, none of
these causes have been analyzed in depth so far. The main objective of the present
manuscript was thus to investigate in depth one potential host-related cause, which is the
level of activity of TNFSF11 (currently named RANKL for receptor activator of nuclear factor

kappa B ligand) signaling. Two transgenic mouse models of genetically-achieved



disturbances to this signaling, plus an already-established and validated protocol of ZOL
pediatric treatment inducing craniofacial and appendicular skeleton side-effects [4,9] were
used. This signaling was chosen in relation to its importance during growth in the
osteoclastogenesis in either the axial, appendicular or craniofacial skeletons [14—16], in the
immune/inflammatory response [14,15] and in the cell-to-cell communications necessary for
the development of many organs, including all skeleton components [17—19]. The two mouse
models corresponded to an over-expression of TNFRSF11a (also called RANK) driven in the
monocyte/macrophage lineage by the Mrp8 (myeloid related protein 8) promoter and a global
invalidation of TNFRSF11b (also called OPG, for osteoprotegerine). These two proteins have
opposing functions regarding RANKL signaling. RANK is a transmembrane receptor
expressed at the surface of RANKL signaling target-cells such as osteoclasts, but also
dendritic cells and endothelial cells [20-22], while OPG is a secreted protein that binds to
RANKL and inhibits its signaling through RANK [20-22]. Consequently, both transgenic
mouse models correspond to over-activation of RANKL signaling, achieved by two
complementary approaches that make possible combinations for obtaining a series of mice

with graded levels of RANKL signaling activation.

Few studies have analyzed the impact of N-BPs on the relative expressions of the elements
of the RANK\RANKL\OPG triad [23,24], whereas the consequences of disturbances to the
expression levels of RANKL receptors on the effects and side-effects of N-BPs on skeletons
have never been evaluated. This is all the more surprising given that the osteolytic diseases
associated with a gain in RANK function (namely Expansile Skeletal Hyperphosphatasia

(ESH), Familial Expansile Osteolysis (FEO) and Paget Disease of Bone 2, early-onset



(PDB2)) [25], or OPG loss of function (namely Paget Disease of Bone 5, juvenile-onset
(PDBb5)) [26,27] are currently treated with N-BPs [27,28].

The present study aims to establish, using combinations of two transgenic mouse models, the
consequences of disturbances to the expression levels of RANKL receptors on the effects
and side-effects of neonatal ZOL treatment on both the appendicular and craniofacial
skeletons, at the end of pediatric growth (one-month post-treatment) and in the longer-term

(at ten months of age).



2. Materials and Methods

2.1. Animals

The mice were housed under pathogen-free conditions at the Experimental Therapy Unit
(Faculty of Medicine, Nantes, France) in accordance with the institutional European
guidelines (EU directive 2010/63/EU). All protocols applied in the present study were first
validated by the French ethical committee of the “Pays de la Loire” (CEEA-PdL-06) and
authorized by the French ministry of agriculture and fisheries (authorization # 11208-
2017083115577055). The mice were handled and sacrificed by authorized investigators in
strict respect of these protocols.

Two transgenic mouse models on a C57BL/6J background were used in the experimentations
corresponding to the purchased Tnfrsf-11b (osteoprotegerin: Opg) knock—out model (Strain
B6.129S4-Tnfrsf11bm'Eac/J Stock 010672, The Jackson Laboratory, Bar Harbor, ME, USA)
and the Tnfrsf-11a (receptor activator of nuclear factor kappa B: Rank) over-expression model
we created previously [29]. These two models were mated to obtain all possible combinations
(Opg*+\Rank™@, Opg*+\Rank’9*, Opg*-\Rank'9-, Opg*-\Rank’*, Opg’\Rank’s- and Opg”
\Rank’9+). The genotypes were determined by PCR, using genomic DNA extracted from the

tail of each mouse, as previously described [16].

2.2. Zoledronic acid treatment
The protocol of zoledronic acid (ZOL) administration was designed according to the
pharmacokinetics data of ZOL, and mimicking the clinical protocol administered in pediatric

patients with primary bone tumors as previously described [4,9]. Briefly, mouse pups were



randomly divided into treated and non-treated groups. In the treated group, each pup received
4 subcutaneous injections of 50 ug/kg of ZOL (Zometa®, Novartis Pharmaceuticals
Corporation, Basel, Switzerland) on days 1, 3, 5 and 7 after birth (Fig. 1). In the non-treated
group, each pup received 4 injections of sterile normal saline solution. In order to analyze the
consequences of the treatment with ZOL at the end of growth, the mice were sacrificed at one
and a half months. In order to analyze the long-term consequences of treatment with ZOL
during growth, a group of twelve mice (two for each genotype) were maintained and followed

until ten months of age.

2.3. Micro-CT analysis

A Skyscan 1076 micro-CT scanner (Skyscan, Kontich, Belgium) was used to analyze on the
one hand the morphometric and mineral parameters of representative bones of appendicular
and craniofacial skeletons (tibia, plus maxillary, basal and alveolar bones), and on the other
the eruption status of molars and incisors.

All tibias and heads were scanned using the same parameters (pixel size 9um, 50kV, 0.5mm
Aluminum filter, 20 minutes of scanning). The reconstruction was carried out using NRecon,
and the analyses were performed using CTAn, CTVox and DataViewer software (Skyscan).
The different measurements were made using IMAGE-J software (National Institutes of
Health, Bethesda, MD, USA). In this way, the acquisition of the image in CTVox was
systematically calibrated with a phantom of 5mm (known size) and all measurements were
finally sized using the analysis scale in the IMAGE-J software.

In order to analyze the effects of ZOL on growing appendicular skeletons, the right tibia was

measured in all mice. For vertical growth, the longitudinal distance was seized. Concerning



axial growth, the external and internal diameters were measured and the difference between
the measurements made it possible to determine cortical thickness. The marks of reference
used for the tibia measurements are shown in Figure 2A.

In order to analyze the effects of ZOL on growing craniofacial skeletons, measurements were
made using the method proposed by Vora et al. [30] and Simon et al. [31]. Eight
measurements regarding the sagittal, vertical and transversal planes of craniofacial growth
were made (Fig. 1A). The marks of reference used to perform these craniofacial
measurements are presented in Figure 2A.

In order to obtain the bone mineral parameters, more specifically tissue mineral density
(TMD) for cortical bone and the percentage of bone volume (BV/TV), the trabecula number
(Tb.N) and trabecula thickness (Tb.Th) for trabecular, basal and alveolar bones, a sample
volume of 2.0 mm in length, and measuring 1.1 mm x 1.1 mm in surface width was sectioned
using the Data Viewer software, and analyzed using the CTAn software. The different points
chosen for the analysis are presented in Figure 2B.

In order to facilitate identification of the changes in the different structures, a “color density
range” was used in the CTAn software that made it possible to adjust the correspondence of
color and brightness values using image gray scales. For the tibia and head images,
brightness level 39 and contrast level 45 from the color density range of the CTAn software

were used systematically.

2.4. Histology

Heads and tibias were collected from euthanized mice and were fixed in 4% buffered

paraformaldehyde (Sigma-Aldrich, Saint-Quentin Fallavier, France). The samples were
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decalcified in a buffered pH 7.4 solution containing 4.13% EDTA (Sigma-Aldrich) and 0.2%
paraformaldehyde over 4 days in KOS sw10 (Milestone, Sorisole, Italy). All the samples were
then dehydrated and embedded in paraffin according to the conventional methods. The
samples were sectioned (3 ym-thick sections) and then stained with Masson's trichrome to
analyze the morphology, or with tartrate-resistant acid phosphatase (TRAP) to identify
multinucleated osteoclast cells as previously described [4]. Histological images were acquired
using a Nano-Zoomer 2.0-RS slide scanner (Hamamatsu Photonics, Hamamatsu city, Japan)

before being visualized and analyzed using Nano-Zoomer software.

2.5. Statistical analyses

All the measurements were analyzed using Prism (6.01) software (GraphPad Software, La
Jolla, CA, USA). To determine the normality of the data, a Brown-Forsythe test was carried
out, considering significantly standard deviations (p<0.05). A one-way ANOVA followed by a
Tukey post-test to compare all groups was performed to evidence statistically significant

differences p<0.05 (*), p<0.01 (**); p<0.001 (***) and p<0.0001 (****).
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3. Results

3.1. Appendicular skeletons of transgenic mice, with genetically-induced variations in OPG
and RANK expression levels, were differentially affected at the end of growth following

treatment with ZOL.

Bone morphometric (Fig. 3) and mineral parameters (Fig. 4) were measured at the end of
growth (one and half months) on micro-CT scans of tibias obtained from mice from the
different genotypes of either treated or non-treated groups. Regarding the morphometric
parameters, the analysis of mice in the different genotypes without treatment (Fig. 3) did not
reveal any significant difference in either vertical or axial growth (mean global length:
12.31£1.04; mean global external diameter: 0.86+0.09; mean global internal diameter:
0.58+0.06 and mean global thickness: 0.14+0.03). However, comparison of treated and non-
treated mice from the same genotype revealed a significant reduction in all morphometric
parameters except bone thickness in treated mice from the Opg*+\Rank™-, Opg+-\Rank™s-
and Opg*-\Rank’9+ genotypes (Fig. 3). On the contrary, no such reduction was observed (Fig.
3) regardless of the parameter considered for the Opg”\Rank’9- mice (for instance mean
length 11.71+0.90 for treated vs 11.48+1.03) and Opg”\Rank’@+ mice (for instance mean
length 11.82+1.20 for treated vs 11.08+1.90).

Regarding bone mineral parameters, in the absence of treatment, no significant difference
was observed between the different genotypes (Fig. 4), although the TMD appeared slightly
inferior in Opg” (Rank™ and Rank’9+) mice compared to mice from all other genotypes

(mean 3.6+0.4 vs 4.4+0.3). In the treated group, TMD did not appear to be significantly
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affected compared to the non-treated group, with respect to the genotypes, except in Opg*-
\Rank'9+, while all the other parameters, which had a value of zero in the non-treated group,
appeared increased (Fig. 4). Interestingly, the observed values of these parameters were
different with respect to the genotypes. Considering only Opg status, a relationship was
observed between the values of the parameters and the allelic reductions, with Opg”
evidencing the lower parameters and Opg** the higher (Fig.4). With regard to Rank status,
genetically-achieved over-expression induced very significant elevations in all the parameters

independently of Opg status (Fig. 4), except Tb.Th in Opg”\Rank™d+

3.2. Craniofacial skeletons of transgenic mice, with genetically-induced variations in OPG and
RANK expression levels, were differentially affected at the end of growth following treatment

with ZOL.

The craniofacial morphometric parameters and mineral parameters of maxillary basal and
alveolar bones were measured at the end of growth (one and half months) on the micro-CT
scans of heads obtained from mice from the different genotypes, treated or not with ZOL.

Regarding the morphometric parameters, analysis of the mice from the different genotypes
from the non-treated group (Fig. 5) did not reveal any significant difference, with the exception
of facial height, which appeared higher in the Opg” mice (Fig. 5E). Interestingly, comparison
of treated and non-treated mice from the same genotype revealed two different situations.
First, for Opg*+\Rank’9-, Opg*-\Rank™@- and Opg*-\Rank’@+ mice, total skull length, cranial
vault length, facial region length, and the upper and lower maxillary were significantly reduced

in the treated group (Fig. 5 A, B, C, F and G), whereas the middle cranial vault, facial height
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and cranial vault width were not affected (Fig. 5 D, E and H). Secondly, in Opg”"\Rank’9- and
Opg”-\Rank’9+ mice, none of the parameters were significantly affected by treatment with ZOL
(Fig. 5).

For the bone mineral parameters, analysis of the different genotypes of the non-treated group
(Fig. 6) revealed that basal and alveolar bones were not similarly modulated regarding BV/TV
and Tb.Th, while they were close concerning the Tb.N. Effectively, the Tb.N in both bones
was significantly lower only in Opg”\Rank’- mice (Fig. 6C and D). For the other two
parameters, alveolar bone appeared more affected than basal bone. Regardless, BV/TV
appeared to decrease gradually and significantly compared to the Opg**\Rank™- from the
Opg*-\Rank™- to the Opg”\Rank’@* genotypes (Fig. 6A and B). For Tbh.Th, a similarly graded
decrease was observed for alveolar bone (Fig. 6E), while for basal bone this parameter was
significantly decreased solely for the Opg”-\Rank’9- mice (Fig. 6F).

Due to defective inter-radicular alveolar bone formation associated with blocked eruption and
root elongation following ZOL treatment, measurements of bone mineral parameters were
only possible for the basal bone in the treated group. Interestingly, the BV/TV and Tb.N
increased significantly in the treated group, compared to the non-treated group, regardless of
genotype (Fig. 6B and D), with very close values in all treated mice. Surprisingly, the Th.Th
was also significantly increased by the treatment, except in mice over-expressing Rank with
however a noticeable tendency for increase (Fig. 6F).

Teeth are important elements in the craniofacial skeleton whose histogenesis/organogenesis
is known to be sensitive to treatment with ZOL. More specifically, the eruption and root
elongation processes have been shown to be disturbed by treatment with ZOL in C57BL/6J

wild-type mice. In order to determine the consequences of OPG and RANK expression levels
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on the severity of these disturbances, both processes were analyzed comparatively in mice
with different genotypes. For the eruption process, micro-CT scans of heads were used (Fig.
7) to determine the eruption status in a three-step classification corresponding to fully-erupted
(yellow), partially-erupted (clear blue) and not erupted (dark blue) teeth. For root elongation,
histology was used, focusing on the first mandibular molars (Fig. 8).

In the absence of treatment, regardless of the genotypes considered, normal eruption was
observed for either incisors or molars, and the dental structures revealed normal development
(Fig. 7A and 8). The main specific feature observed in these untreated mice concerned the
Opg”- mice (Rank'™ or Rank’9+), where small root resorption lacunas associated with the
presence of numerous TRAP positive cells was observed (Fig. 8). A reduced diameter of the
root was also present in the RANK'9* mice (visible, for instance, in Fig. 7A for Opg”-\Rank’9*
compared to Opg”-\Rank™s-).

In the treated group, the dental phenotype was affected in all mice, although the proportions
differed in relation to the genotypes (Fig. 7 and 8). Alterations to the eruption of the incisors
(upper and lower) and first molars (upper and lower) were observed in all genotypes, but with
a globally-graded decrease in penetrance from the Opg**\Rank’s- to the Opg”-\Rank™* mice
(Fig. 7B). Interestingly, all teeth were not affected in the same way in each mouse, regardless
of the genotype. For the eruption of the first molars, the most affected was the upper molar,
100% in Opg**\Rank'9-, Opg*-\Rank’9- and Opg*-\Rank’9+ mice, while the lower molar was
affected in around 80% in these mice (Fig. 7B). For the eruption of the incisors, a similar
response was reported for these mice for the upper incisor (more than 80%) whereas lower
incisor eruption was partially preserved (less than 40% affected). For Opg” mice, eruption of

the first molars and incisors was clearly less affected, with a maximum of 60% for the first
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upper molar in Opg”\Rank™- (impacted 40%, partial erupted 20%) and a minimum of 0% for
the lower incisor in both Opg”\Rank’9- and Opg’\Rank™@+ mice (Fig. 7B). It is important to
emphasize that the eruption of the second and the third molars was unaffected regardless of
the genotype considered (Fig. 7A).

For the histology of the mandibular first molar root, treatment with ZOL induced a blockage of
the root elongation correlated to defective eruption regardless of the genotype considered
(Fig. 8). On the contrary, when tooth eruption was effective (mainly in Opg”- mice, regardless
of Rank'9 status) close-to-normal root elongation was observed with surprisingly no visible
root resorption lacunas compared to what could be seen in untreated Opg”- mice (Fig. 8).
Interestingly, a graded increase in the numbers of TRAP positive cells (black arrow-heads)
was observed at the alveolar bone surface from Opg**\RanK™- to Opg”’\Rank’@* in the
absence of treatment, whereas in the treated group two situations were observed. First in
mice that were not transgenic for Rank (Rank'9), a graded increase in the number of TRAP
positive cells at the alveolar bone surface was observed from the Opg*+ to Opg”- mice,
independently of eruption/root elongation status (Fig. 8). On the contrary, in the Rank’9+ mice,
regardless of the Opg genotype, a close to wild-type mice number of TRAP positive cells was
observed at the alveolar bone surface (Fig. 8). Surprisingly, in contrast to the two situations
observed for the number of TRAP positive cells at the alveolar bone surface, the number of
TRAP positive cells at the root surface and in the root resorption lacunas of non-erupted teeth
was similar for all genotypes, despite the fact that lacuna sizes were gradually greater with
the loss of Opg alleles (Fig. 8). Other classical features of non-erupted teeth were observed

for all genotypes, such as anatomical malformations and hypercementosis (Fig. 8).
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In order to go further in the analyses of the craniofacial consequences of ZOL treatment in the
different genotypes, the potentiality of a relationship between the severity of the dental
phenotype and alteration to morphometric parameters was researched (Fig. 9). Skull length
and the length of the facial region were analyzed dependent on the eruption status of the first
upper molar (respectively Fig. 9B and C) and mandibular length dependent on the eruption
status of the first lower molar (Fig. 9D). The table (Fig. 9A) summarizes mouse distribution in
the different genotypes according to dental eruption status. A clear relationship was observed
between full molar eruption and the absence of alteration to the craniofacial parameters, while
in all cases of defective eruption a significant reduction in the craniofacial parameters was
observed (Fig. 9). Interestingly, taking into account that full eruption after ZOL treatment was
observed only for the Opg”\Rank™ and Opg”’\Rank'+ genotypes, the few mice from those
genotypes with defective eruption (red asterisk) were analyzed apart and revealed, as for all

the other genotypes, a reduction in the craniofacial parameters (Fig. 9).

3.3. Appendicular and craniofacial skeletons of transgenic mice, with genetically-induced
variations in OPG and RANK expression levels, were still differentially affected a long time

(10 months) after the end of the treatment with ZOL.

In order to analyze the long-term consequences of ZOL administered to newborn mice, twelve
mice (two for each genotype) were followed from birth until ten months of age using micro-CT
scans of the tibia (Fig. 10) and head (Fig. 11). Unfortunately, at three and six months of age
respectively five and three mice were sacrificed for ethical reasons due to the deterioration of

their health consecutive to the development of abnormal massive neoplasic-like structures in
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the proximal region of either upper or lower incisors (Fig. 11). Consequently, at ten months
only four animals were analyzed using the same parameters as for the analyses carried out at
one and half months. Two of these mice corresponded to Opg*-\Rank’?-, one to Opg*-
|\Rank’+ and one to Opg”|\Rank’@+. In order to analyze the consequences of the ZOL
treatment during growth on the bone morphometric and mineral parameters at ten months, six
untreated mice with the same genotypes were used as references.

Regarding the appendicular skeleton, the BV/TV analyses revealed that while this percentage
was null for all untreated mice, it remained very high in Opg*-\Rank’@+ and Opg”’\Rank’9+
mice (Fig. 10A). In contrast, in the Opg*-\Rank™- mice, this percentage was low compared to
the values reported at one and half months (Fig. 10A). The TMD analyses revealed greater
values in treated mice, except for the Opg*-|Rank’@+ mice (Fig. 10A), in contrast with the
situation at one and half months. Concerning the bone morphometric parameters of the tibia,
with the exception of bone thickness (total length, external diameter and internal diameter),
lower values were observed for the four treated mice compared to the untreated mice (Fig.
10B and C).

For the craniofacial skeleton, the micro-CT scans of the heads revealed that the eruption
defects in both incisors and first molars were still present (Fig. 11A) with, in addition, the
presence in three of the four treated mice of tumor-like structures associated with non-erupted
upper incisors (red arrows in Fig. 11A). Morphometric analyses (Fig. 11B, C and D) revealed
that all the treated mice (red dots) still had smaller measurements in all planes of growth
(sagittal, vertical, maxillary and transversal) compared to untreated mice with the same
genotypes (black dots), except for cranial vault length and the middle cranial vault

(measurements F and H).
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4. Discussion

The role of the RANKL, RANK, OPG triad in bone modeling and remodeling has been
extensively documented [22,32]. N-BPs are some of the most potent inhibitors of these bone
processes currently used in clinical practice [1,6,33]. Curiously, the potential relationship
between the relative expression levels of the members of this triad and the intensity of the
effects and side-effects of N-BPs on the skeleton has not been questioned until now. The
main objective of the present research was thus to tackle such a relationship during growth
(bone modeling) for zoledronic acid, focusing on expression levels in the bone
microenvironment of the two receptors, RANK and OPG. The central hypothesis was that
combining two transgenic mouse models, corresponding to an increase in expression levels
of RANK in the monocyte/macrophage lineage (Rank’) and a global decrease in OPG
expression levels (Opgk©), made it possible to obtain a gradual series of osteolytic
microenvironments for identifying the impact of RANKL signaling activity levels on the effects
and side-effects of zoledronic acid on a growing skeleton. Such combinations of transgenic
mice have never been realized before and the first step was therefore to analyze the skeletal
phenotypes associated with the six different genotypes (Opg*+*\Rank’s-, Opg*+\Rank’9+,
Opg*-\Rank's-, Opg*-\Rank™9+, Opg”’-\Rank™- and Opg”’-\Rank’9+) at the end of growth (one

and a half months after birth).

4 1. Skeletal phenotypes associated with graded osteolytic genotypes at the end of growth.

The bone morphometric and mineral parameter analyses performed for the different
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genotypes made it possible to obtain significant, previously unreported, findings regarding
skeletal growth. Regardless of the genotype, the morphometric parameters of the long bones
and craniofacial bones were similar, meaning that the different Opg and Rank osteolytic
genotypes (bone osteolytic micro-environments) did not affect the size of the bones at the end
of growth. Interestingly, this did not mean that the timing of skeleton growth was the same, as
early alveolar bone modeling associated with tooth eruption and root elongation has
previously been described for Rank’@ [34], but that the final sizes of the bones were
genetically determined and independent of osteolytic status during growth, as previously

suggested [16].

In contrast to bone morphometric parameters, certain bone mineral parameters (BV/TV, Tb.N,
and TMD) revealed differences at the end of growth (mainly in the craniofacial bones), more
specifically in the Opg” genotypes. For instance, in long bones the TMD, and in alveolar and
basal bones the BV/TV, had lower values for Opg” independently of Rank expression. These
observations demonstrated that despite the absence of consequence on bone morphometry,
the different osteolytic genotypes had impacts on bone mineral structure at the end of growth,
which might influence the mechanical properties of bones and induce their premature wear

during adulthood, with a high risk of fracture as seen in the Opg-\Rank’9* mouse in Figure 9A.

The histological analysis in craniofacial tissues showed a graded increase in the number of
TRAP positive cells, proportional to the allelic reduction in Opg and the increase in Rank,
validating the hypothesis of the existence of a graded osteolytic series associated with the
different genotypes. This histological analysis also revealed that despite the normal eruption
status of teeth observed regardless of the genotype, dental root structure was affected,

specifically in the Opg” mice, independently of Rank over-expression, with the presence of

20



lacunas of resorption in the root cervical area. In addition, a reduction in root diameter was
present in the Rank™@ mice, as previously reported [16,34]. Altogether, these data validated
the importance of RANKL signaling in dental root formation through its implication in the
communications between dental, periodontal and bone cells needed for harmonious and
functional growth of the complex formed by the tooth and alveolar bone [16,34-36].
Interestingly, RANKL signaling was previously reported as being important later, in adulthood,
for the homeostasis of dental and periodontal tissues. Root resorptions, cementum
mineralization reduction, dentine hypertrophy with decreased size of the pulp chamber and
severe alveolar bone resorptions have been described in Opg”- adult mice [37—40], while root
and alveolar bone resorptions were reported in Rank™ mice [41]. In patients, idiopathic
external resorption was reported in cases of Familial Expansile Osteolysis [27,42], and tooth
loss and mandible deformities in early onset familial Paget disease [42—45]. Finally, RANKL
signaling appeared to be important in all stages of the life of the complex formed by the tooth
and its associated alveolar bone, from embryonic morphogenesis [46] through growth

(present work) to adult homeostasis.

To summarize, the gradual allelic reduction in Opg, associated or not with the overexpression
of Rank, made it possible to generate a series of transgenic mice with graded levels of
RANKL signaling activity in the bone microenvironment. Analysis of the skeletal phenotype of
these different mice at the end of growth revealed no difference concerning the bone
morphometric parameters, while the bone mineral parameters were reduced in the absence
of Opg (Opg”) regardless of Rank’9 status. Concerning the complex formed by the tooth and

its associated alveolar bone, the absence of Opg was allied to root resorptions, and the over-
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expression of Rank to a reduction in root diameter with, surprisingly, apparent independence
of these two effects.
4.2. The effects and side-effects of ZOL on the growing skeleton of mice with different

osteolytic genotypes.

In order to identify the impact of RANKL signaling activity levels on the effects and side-
effects of ZOL on a growing skeleton, a protocol that mimicked those used in onco-pediatric
patients was applied to the mice with different genotypes, and the skeletal phenotypes at the
end of growth were established and compared. This experiment first revealed that regardless
of the genotype considered, ZOL impacted the growing skeletons (morphometric as well as
mineral and dental parameters). However, variations were observed between the different
genotypes, confirming the hypothesis that genetically-achieved over-activation of RANKL
signaling could deal with the effects and side-effects of ZOL on a growing skeleton.
Surprisingly, no linear relationship was observed between the graded osteolytic levels and the
intensity of the effects and side-effects at the end of growth. Indeed, the two different ways of
increasing RANKL signaling, namely Opg invalidation and Rank over-expression, seemed to
differentially impact the effects and side-effects of ZOL. For bone morphometric parameters,
the absence of Opg (Opg’) was the only situation in which the effect of ZOL was prevented
regardless of Rank’9 status. For bone mineral parameters (BV/TV, Tb.N and Tb.Th), two
situations were observed. First, in the absence of Rank overexpression (Rank9), the bone
mineral parameter values gradually decreased with Opg allelic reduction, close to the zero
observed in non-treated mice. Secondly, in the Rank-overexpressing mice (Rank’s+),

regardless of the Opg expression level, the bone mineral parameters were very high
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compared to non-treated mice. Altogether, these results demonstrated that the genetically-
achieved reduction in Opg expression was the only situation that made it possible to limit or
reverse the effects and side-effects of ZOL by the end of pediatric growth. Interestingly, a
similar consequence of Opg invalidation was reported for another inhibitor of bone resorption
also used in clinical practice, Strontium [47]. The most surprising results in the ZOL-treated
mice were contrary to the expected impacts of Rank over-expression on bone mineral
parameters and the absence of effect on bone morphometric parameters. One explanation
may come from the number of TRAP positive cells observed at the bone surface at the end of
growth, which increased with Opg allelic loss, while being highly limited when Rank was over-
expressed. This explanation, based on a more significant bone resorption capacity during the
month following treatment (until the end of growth), was supported by the relationship
observed between full tooth eruption and the unaffected sagittal growth of the skull, two
independent processes that are highly sensitive to osteoclast activity. However, the
underlying molecular mechanisms still need to be elucidated.

At least two hypotheses could be proposed to explain the differences in the effects and side-
effects of ZOL on a growing skeleton between Opg allelic reduction and Rank over-
expression. The first was linked to the existence of a third receptor for RANKL, called LGR4
[48]. This receptor was expressed by osteoclasts and osteoblasts [48-57] with a reverse
function regarding the differentiation of those cells. Osteoblastogenesis was effectively shown
to be stimulated by LGR4 activation whereas osteoclastogenesis was inhibited [48-51,54,57].
Interestingly, LGR4 expression was stimulated during osteoclastogenesis [48], as a target of
NFATC1, and thus in response to RANK stimulation by RANKL, suggesting the presence of

an auto-regulatory loop for the RANKL effect on osteoclasts. Moreover, LGR4 activation was
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shown to control mature osteoclast survival by inducing apoptosis [48]. In the Opg”- mouse,
the relative expression patterns of RANK and LGR4 during osteoclatogenesis until the mature
and functional osteoclast stage had no reason to be affected, while in the Rank9* mouse this
was undoubtedly the case. This may explain the difference in the response to ZOL observed
between the two genetically-achieved models of RANKL signaling over-activation.

The second hypothesis corresponded to a depletion of the osteoclast precursors in the
Rank™s+ mouse following the treatment with ZOL. This transgenic mouse corresponded to an
over-expression of Rank driven by the promoter of Myeloid Related Protein 8 (MRP8, also
known as S100A8) which induced in the bone marrow a significant increase in the pre-
monocyte-macrophage population (CD11b* Gr1-) over-expressing Rank [29,58].
Physiologically, osteoclastogenesis was achieved from the pre-monocyte-macrophage
population (osteoclast precursors) by two successive inductions. The first corresponded to the
binding of M-CSF to its receptor C-FMS, expressed at the surface of the precursors, which
induced RANK expression, and the second to the binding of RANKL to RANK, making
possible the fusion of the precursors into multinucleate osteoclastic cells (for review [59]). In
the Rank’@+ mouse, the ectopic presence of RANK in the precursors made possible
accelerated osteoclastogenesis in response to RANKL inducing the osteolytic phenotype as
previously described [16,34]. According to the facts that N-BPs (such as ZOL) induce an
accumulation of giant osteoclasts unable to resorb the bone matrix at the bone surface [60—
65] and a decrease in the number of macrophage precursors in the bone marrow [66], a
depletion of RANK over-expressing precursors may be the result of the treatment with ZOL in

the Rank’9+ mice.
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Further studies will be needed to validate or invalidate each of these hypotheses regarding
the origin of the difference in the response to ZOL observed between the two genetically-
achieved models of RANKL signaling over-activation.

To summarize, most of the effects and side-effects of ZOL on growing mouse skeletons
observed at the end of pediatric growth appeared to be contingent on osteolytic bone levels
associated with genetically-achieved graded over-activation of RANKL signaling. This was the
case for the increase in bone mineral parameters, blockage of tooth eruption and reduced
appendicular and craniofacial bone growth. However, this dependence was not linear and two
situations emerged. Graded Opg invalidation reduced the effects and side-effects of ZOL,
while Rank over-expression enforced them. Interestingly, when Opg invalidation was
combined with Rank over-expression, the effects and side-effects revealed different
susceptibilities. The morphometric parameters and tooth eruption were driven by the influence
of Opg invalidation, and the bone mineral parameters by that of Rank over-expression. The

basis of this dichotomy remains to be elucidated.

4.3. Long-term stability of the effects and side-effects of ZOL on growing skeletons.

Analysis of the consequences on the skeleton of pediatric treatment with ZOL at a distance
from the end of the treatment (ten months of age) showed that most of the initially described
effects and side-effects of ZOL on long and craniofacial bones persisted into adulthood,
although in some cases there were differences in intensity depending on the genotypes. The
bone morphometric parameters were still lower in the treated mice with respect to the

genotypes, and the eruption defects were definitive as previously concluded [4,9]. Surprisingly,
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the TMD had increased at ten months compared to one and half months in the treated groups,
regardless of the genotype, reaching values globally higher than in non-treated animals (for
instance, in treated Opg*-\Rank’@ mice 5.0 at ten months versus 3.8+0.3 at one and half
months, whereas in the untreated animals, the values were respectively 4.65 and 4.5+0.4).
However, the most remarkable results concerned the bone mineral parameters at ten months,
for which the dichotomy between Opg invalidation and Rank over-expression still seemed to
be present. Despite the small number of mice that survived up to ten months due to the
development of neoplastic-like structures in the apical part of the continuously-growing
incisors in the treated mice, the BV/TV and Tb.N increases induced by treatment with ZOL
were close to the reverse at ten months, in the absence of Rank over-expression, while they
were maintained at high levels in the presence of Rank over-expression.

To summarize, the consequences of treatment with ZOL on skeletons during growth were
highly stable, as could be seen after ten months. The differences in skeletal phenotype
associated with the different genotypes observed at the end of growth were also still present
and often enforced, with Opg invalidation fostering normalization, while Rank over-expression

maintained or exacerbated the situation.

The question of the origin of the different individual sensibilities to treatment with ZOL during
growth have been addressed here, taking into consideration the RANKL signaling activity
level as a major actor. Mice deficient for Opg and over-expressing Rank were mated to
generate mice with graded levels of RANKL signaling activity. The skeletal phenotypes of
these mice were established at the end of growth and at ten months, following either

treatment or no treatment from postnatal days 1 to 7 with high doses of ZOL. The results
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obtained demonstrated that the RANKL signaling activity level had important repercussions
on the effects and side-effects of ZOL on the skeleton, but that these repercussions were not
proportional to the levels of activity but rather dependent on the way the RANKL signaling
was boosted. Opg invalidation made it possible to reduce these effects and side-effects, while
Rank over-expression enforced them. Finally, these repercussions appeared to be stable over
time, although with a noticeable improvement in the mice with allelic reductions in Opg but not

when Rank was over-expressed.
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5. Abbreviations
EDTA: Ethylene-diamine-tetraacetic acid; Micro-CT: micro-computed tomography; OPG:
osteoprotegerin; RANK: receptor activator of nuclear factor kappa B; RANKL: RANK ligand;

TRAP: tartrate-resistant acid phosphatase; ZOL: zoledronic acid.
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11. Figure Legends

Figure 1: Zoledronic acid (ZOL) administration protocol. From day one after birth mouse

pups received four subcutaneous injections of ZOL at the dose of 50ug/kg at intervals of two

days. Genotypes were determined at 1 month on tail biopsies by PCR on extracted genomic
DNA. At one and half months, some of the treated mice were sacrificed to analyze the
skeletal phenotypes at the end of growth. Twelve mice were maintained until ten months, with
control micro-tomography every two months, to analyze the skeletal phenotypes at a distance

from the treatment.

Figure 2: Analyses of bone morphometric and mineral parameters.

To analyze the effects of ZOL on long bone morphometric parameters (A), the tibia was
measured in its length, width and thickness using specific reference dots making it possible to
determine different values, named A to D. To analyze the effects of ZOL on craniofacial
morphometric parameters (A), the skull was measured in all its planes using landmarks that
made it possible to determine 8 representative measurements, named E to L. A phantom of
known size (5mm) was used to calibrate and standardize all the measurements in CTVox and
IMAGE-J software.

To analyze the effects of ZOL on long bone mineral parameters (B), a region of interest was
chosen in the region of the tibia diaphysis, localized precisely 200 um over the furcation
between tibia and fibula. The TMD (tissue mineral density) was measured for cortical bone

(purple color), and the BV/TV (bone volume/tissue volume), Tb.N (trabecular number) and
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Tb.Th (trabecular thickness) were measured for trabecular-like bone (green color). To analyze
the effect of ZOL on craniofacial bone mineral parameters (B), eight regions of interest were
chosen, four in the upper and four in the lower maxillary, corresponding to the inter-radicular
areas of the first molars for alveolar bone (red color) and the underlying dental crypt areas for
basal bone (blue color). The BV/TV (bone volume/tissue volume), Tb.N (trabecular number)

and Tb.Th (trabecular thickness) were measured for both alveolar and basal bones.

Figure 3: Comparative analysis of long bone morphometric parameters between mice
with different genotypes, treated or not with ZOL.

Tibia length (A), tibia external width (B), tibia internal width (C), and tibia cortical thickness (D)
presented no significant difference between non-treated mice regardless of the genotype. In
treated mice, tibia length (A), tibia external width (B), and tibia internal width (C) were
significantly reduced for Opg*+\Rank™-, Opg*-\Rank’™- and Opg*-\Rank’9* mice compared to
untreated animals with respect to the genotype. The cortical thickness (D) was unaffected by
the treatment with ZOL, regardless of the genotype considered. None of the parameters were
affected by the treatment with ZOL in Opg”\Rank™@ and Opg”\Rank’@+ mice (A-D). ns: not

significant; *: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001.

Figure 4: Comparative analysis of long bone mineral parameters between mice with
different genotypes, treated or not with ZOL.

Micro-CT scan sections in the sagittal and axial planes of the tibias with different genotypes
with and without treatment were presented. Axial sections were realized in the diaphysis

region of the tibias (the most affected by the ZOL treatment protocol chosen) in which
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measurements of mineral parameters were made. The color density range revealed visually
identifiable changes in the different structures. In the absence of treatment, the bone mineral
parameters (BV/TV, Tb.N and Th.Th) were null and the TMD around 4.4 gr/cm3 except in
Opg”- (regardless of Rank™ status), for which the TMD was around 3.6 gr/cm3. In the treated
group, the TMD was not significantly affected compared to the untreated group in respect to
each genotype, while two situations emerged for the bone mineral parameters. In the
absence of RANK over-expression (Rank'9), the BV/TV and Tb.N values decreased following
the Opg allelic decrease, while in the presence of RANK over-expression (Rank’+), these

parameters were high.

Figure 5: Comparative analysis of craniofacial morphometric parameters between mice
with different genotypes, treated or not with ZOL.

Measurements were carried out in the sagittal (A, B, C, F, G), vertical (D, E) and transversal
(H) planes. In the absence of treatment, no difference was observed regardless of the
measurement considered between the different genotypes, with the exception of facial height,
which was significantly increased in the Opg”\Rank™-mice (E). In the treated group, none of
the parameters measured were significantly affected in the Opg” mice regardless of Rank’d
status, while for all the other genotypes the sagittal parameters were significantly reduced and
the vertical and transversal ones unaffected. ns: not significant; *: P<0.05; **: P<0.01; ***:

P<0.001; ****: P<0.0001.

Figure 6: Comparative analysis of craniofacial bone mineral parameters between mice

with different genotypes, treated or not with ZOL.

40



Alveolar (A, C, E) and basal (B, D, F) maxillary bone mineral parameters were measured. In
the absence of treatment, a graded decrease in the BV/TV and Tbh.Th was observed in the
alveolar bone (A, E) following the genotype severity in terms of osteolytic potential, while the
Tb.N was stable except in Opg”\Rank™- mice (C). In the basal bone, all parameters were
significantly lower in the Opg”\Rank’s mice and only the BV/TV in the Opg”\Rank’9+ mice,
while no difference was observed for the other genotypes (B, D, F). After treatment, the
BV/TV and Tb.N were significantly increased in the basal bone regardless of the genotype
considered (B, D), while the Tb.Th was significantly increased only in the basal bone of mice
that did not over-express RANK (Rank’9). ns: not significant; *: P<0.05; **: P<0.01; ***:

P<0.001; ****: P<0.0001.

Figure 7: Comparative analysis of dental eruption between mice with different
genotypes, treated or not with ZOL.

Lateral right and left side views and a frontal view of the micro-CT scans of heads (A) made it
possible to classify the eruption of the first molars and incisors at three different stages: fully-
erupted (yellow arrow-heads), partially-erupted (clear blue arrow-heads) and included (dark
blue arrow-heads). In the absence of treatment, all teeth were fully-erupted regardless of the
genotype considered (A), while after treatment the percentage of teeth in the different
categories of the classification varied depending on the genotypes (B). A graded increase in
the percentage of fully-erupted teeth was observed in relation to the severity of the genotype,

with the Opg”-\Rank’9+ mice evidencing more fully-erupted teeth (B).
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Figure 8: Comparative analysis of dento-alveolar histology between mice with different
genotypes, treated or not with ZOL.

Masson trichrome staining and TRAP histo-enzymology were used on frontal sections of the
head in the plane of the first mandibular molars for the different genotypes, treated or not with
ZOL. In the absence of treatment, the first molars were fully-erupted and a graded increase in
the number of TRAP positive cells at the alveolar bone surface was visible, depending on the
severity of the genotype (black arrow-heads). Small root resorption lacunas were visible
(yellow arrow-heads) in the Opg” mice whether or not they over-expressed RANK. In the
treated groups, the first molars were included, except in the Opg” mice whether or not they
over-expressed RANK. Root resorption lacunas were visible in all the included molars (yellow
arrow-heads) while surprisingly not in all the fully-erupted molars, despite the fact that those
teeth belonged to Opg” mice. Enlargements of the views of the apical regions made it
possible to observe a graded increase in the TRAP staining at the alveolar bone surface
(black arrow-heads) following the Opg allelic reduction, only in the absence of RANK over-
expression (Rank’9). In the RANK-over-expressing (Rank’9+*) mice, few TRAP positive cells

were present at the alveolar bone surface regardless of eruption status.

Figure 9: Correlation between defective eruption and a reduction in craniofacial sagittal
morphometric parameters. In order to establish the existence of a correlation between
effective tooth eruption and normal craniofacial sagittal parameter measurements, skull length
(B), facial region length (C) and mandibular length (D) measurements were reanalyzed based
on the eruption status of the first molars independently of genotype (A). To deal with the fact

that all fully-erupted molars (yellow) were observed only in Opg”- mice, the four cases of non-
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fully-erupted molars in Opg” mice (red stars) were analyzed separately. The results revealed
a strict correlation between defective eruption and reductions in craniofacial morphometric
sagittal parameters. Moreover, these parameters associated with the fully-erupted teeth of
treated mice were not significantly different from those of untreated mice. ns: not significant; *:

P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001.

Figure 10: Remnant consequences of treatment with ZOL on bone morphometric and
mineral parameters in tibias at ten months of age. Sagittal and axial micro-CT images of
ten-month-old mouse tibias, corresponding to the three genotypes for which mice (N=4)
survived tumor-like structures induced by ZOL treatment, were analyzed for bone mineral
parameters compared to untreated mice (N=6) with the same genotypes (A). The TMD
appeared slightly higher in the treated mice, except in Opg*-\Rank’9+. Interestingly, the most
significant difference was observed in the Opg”\Rank™* mice. The BV/TV and Tb.N were
back to low values for the Opg*-\Rank’9, close to the zero observed for untreated mice. In
contrast, in RANK over-expressing mice, Opg*-\Rank’+and Opg”-\Rank’9+, these parameters
remained high. The Tb.Th was not null, but low in the treated mice. The bone morphometric
parameters in the same mice were measured (B, C). Regardless of the genotype considered,
tibia length (B), and the external and internal diameters (C) appeared to decrease in the

treated mice. In contrast, bone thickness was not affected (C).

Figure 11: Remnant consequences of treatment with ZOL on dental eruption and

craniofacial morphometric parameters at ten months of age. Lateral right and left side

views and a frontal view of micro-CT scans of ten-month-old mouse heads (A) made it
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possible to reveal that parts of the molars and incisors had still not erupted (blue arrow-
heads) with repercussions on the morphology of the erupted teeth (yellow arrow-heads).
Tumor-like structures associated with included, continuously growing incisors were also
visible (red arrow-heads). The craniofacial morphometric parameters of the four mice treated
with ZOL that survived up to ten months were measured and compared to those obtained for
non-treated mice with the same genotypes (B, C, D). For the measurements of sagittal growth
(B), total growth and facial length were clearly lower in treated mice while the differences
were less obvious for cranial vault length. For the measurements of vertical growth (C), facial
height seemed to be the only parameter reduced, except in the Opg*-\Rank’+ mouse. For
transversal growth (D), all parameters appeared to have decreased, although less

significantly in the Opg*-\Rank™@* mouse.
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PROTOCOL OF DRUG INJECTION
(DAY AFTER BIRTH)

PROTOCOL OF ANALYSES
(MONTHS AFTER BIRTH)

151 3rd 5th 7th

1,5

—

10

Ten mice
were
followed
each
month

4 Doses - 50ug/kg of ZOL, Injected subcutaneous Euthanasia* u-CT

Euthanasia**

* To analyze the side effects of ZOL at the end of growth.

**To analyze the side effects in adulthood.
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