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THE ROLE OF THE OSTEOCLAST
IN SEVERE AUTOSOMAL
OSTEOPETROSIS
SAMANTHA PEREZ MENENDEZ
ABSTRACT
Osteopetrosis is a bone disease characterized by increased bone density due to
few or abnormal functioning osteoclasts. Many patients with osteopetrosis also present
with marrow fibrosis that is likely due to uncoupling of the bone remodeling cycle,
however the exact mechanism behind why it occurs is unknown. We hypothesize that the
marrow fibrosis in individuals with osteoclast-rich osteopetrosis is caused by osteoclast-
derived signals that promote precursor osteoblastic expansion. To explore this, we first
characterized the osteopetrotic phenotypes of Nfatcl knockout, Clcn7 knockout and
Slc4a2 knockout mouse models. We found that all three mutations led to marrow fibrosis,
however Nfatcl knockout mice experienced a much more severe form of the disease. To
further understand the classification of the stromal cells, we performed
immunohistochemistry, CD45  gPCR and cell cultures. In doing so, we identified that the
stromal cells in the Nfatcl knockout model express high levels of osteoblastic genes and
are capable of forming mineralized bone nodules, supporting the hypothesis that the
stromal cells are pre-osteoblastic. Further experiments are currently underway to identify
if this holds true for the Clcn7 and Slc4a2 mutations. To investigate if the stromal cell
infiltration was osteoclast dependent, we crossed the Clcn7 knockout and Nfatcl

knockout genotypes with a Rank knockout to eliminate osteoclasts. In doing so, we found



that marrow fibrosis was not present at birth of the double knockout mice, substantiating
the idea that the fibrosis is osteoclast dependent. Lastly, we treated Nfatcl knockout and
Slc4a2 knockout mice with a RANKL antagonist. From this, we found that through

depletion of osteoclasts, marrow fibrosis can be reversed.
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INTRODUCTION
Bone

The importance of the skeletal system and interworking of bone physiology for
health and daily life is often forgotten. The skeleton has many important functions within
the body including movement, support, protection of organs and storage of calcium and
phosphate (Florencio-Silva et al., 2015). As a result of bone’s capacity to store calcium
and phosphate, bone also has endocrine functioning for metabolic regulation (Quarles,
2008). Additionally, bone contains bone marrow which is the site of hematopoiesis, or
the development of blood cellular components (Rieger & Schroeder, 2012). Bone is a
composite tissue of protein and mineral. In response to changing mechanical needs and to
repair damage caused by physical activity, bones undergo a process called bone
remodeling. This process consists of coupled bone degradation and formation and
requires a series of biological events regulated by interactions between bones cells.

Bone cells: Osteocytes, Osteoblasts and Osteoclasts

About 10% of total bone volume is comprised of bone cells. Osteoprogenitor cells
arise from mesenchymal cells, non-hematopoietic cells characterized by their capacity for
self-renewal and differentiation capability. Mesenchymal cells can differentiate into
osteoblasts (OBs) under strict regulation of various transcription factors, such as Runt
Related Transcription Factor 2 (RUNX2), Osterix (Osx), Activating transcription factor 4
(ATF4) and c-Fos. RUNX2 has been previously identified as the major transcription
factor controlling osteoblastogenesis. It is the most abundant transcription factor in

mature osteoblasts, and is essential for osteoblastogenesis. The RUNX regulatory element



is found in the promotor of all major osteoblast genes, regulating gene expression of
proteins such as type 1 collagen alpha 1 chain, osteocalcin and osteopontin (Marie, 2008).
As a result, this regulatory element establishes the osteoblast phenotype. However, in the
late stages of osteoblastogenesis, RUNX2 inhibits the differentiation of immature OBs
into mature OBs. Following the differentiation of BMSCs into osteopregenitor cells, Osx
is required in addition to RUNX2 for maturation into OBs. In mice lacking Osx, mature
OBs are not present while mature chondrocytes arising from mesenchymal cells are

(Zhang, Tang, & Li, 2012).

Figure 1: Regulation of Osteoblast Differentiation by Transcription
Factors. Differentiation of mesenchymal cells into preosteoblasts requires
RUNX2. Later differentiation of preosteoblasts into immature OBs further
requires Osx U40GNJ;!DEDI{; ENJOF!$IF9J08 ~aaYB\IG/! "W

As the bone forming cell, the major function of a mature OB is to secrete bone

matrix proteins. These proteins consist of Type 1 collagen, the major protein present in



the bone matrix, proteoglycans, glycoproteins and %-carboxylated proteins. Additionally,
OBs secrete enzymes such as alkaline phosphatase that regulate protein phosphorylation
within the bone matrix (Mackie, 2003). Once OBs are mature and activated, they can
remain quiescent, return to the osteoprogenitor cell line or become osteocytes (Buck &
Dumanian, 2012).

Osteocytes account for the majority of bone cells and arise from OBs that live
within bone vacuoles surrounded by bone matrix. Once in place, these cells develop
cytoplasmic projections allowing them to come into contact and communicate with cell
processes of nearby osteocytes (Buck & Dumanian, 2012). Through this communication,
osteocytes are able to register changes in mechanical load and secrete messengers to
initiate the bone metabolic response. When osteocytes experience mechanical unloading,
they release sclerostin, an inhibitor of osteoblastogenesis. Sclerostin additionally
stimulates the expression of RANKL, an important ligand for osteoclastogenesis.
Therefore, mechanical unloading leads to osteocytes releasing chemical signals for bone
resorption, while mechanical loading leads to the release of chemical signals for bone
formation. Osteocytes also play an important role in regulating calcium homeostasis
(Rupp et al., 2019).

Osteoclasts (OCs) are multinucleated cells responsible for bone resorption.
Derived from myeloid precursor cells, OCs differentiate in response to Colony
Stimulating Factor-1 (CSF-1) and Receptor activator of NF-#B ligand (RANKL) (Charles
& Aliprantis, 2014). Both of these factors are required to induce expression of genes

specific to the OC lineage. Mature OCs are then activated by the binding of RANKL to



its receptor, RANK, present on the surface of OCs to initiate a change in the internal
cellular structure, preparing it to resorb bone (Boyle, Simonet, & Lacey, 2003). When
RANKL binds to RANK, downstream signaling is initiated, promoting Nfatcl gene
expression. Simultaneously, Ca?* influx activates calcineurin, which forms a complex
with NFATc1 and dephosphorylates its regulatory domain, exposing a nuclear
localization sequence. This allows the active NFATCc1 to translocate in the nucleus of the
OC.

Within the nucleus, NFATc1 enhances transcription of Nfatcl through an
autoregulatory mechanism, while also promoting expression of OC specific genes,
required for bone resorption (Sitara & Aliprantis, 2010). A number of OC genes are
absolutely dependent upon NFATCc1 for transcription, including calcitonin receptor
(CALCR) and osteoclast-associated receptor (OSCAR). Additional genes expressed by
OC are affected by but not absolutely dependent on NFATcL, such as matrix
metalloprotease 9 and 14 (MMP9, MMP14), tartrate-resistant acid phosphatase 5 (ACP5)

and cathepsin K (CTSK) (Aliprantis et al., 2008).
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Figure 2: Osteoclast Differentiation. Binding of M-CSF and RANKL to
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Once activated, OCs degrade bone by secreting proteolytic enzymes such as
CTSK and acid. This secretion is directed into the resorption lacuna which is separated
from the rest of the bone by a sealing zone made up of podosomes surrounding the apical
side of the OC (Charles & Aliprantis, 2014) The proteolytic enzymes hydrolyze the
organic components of the bone while the acid hydrolyzes the inorganic components.

Bone Remodeling

The process of bone remodeling requires the activity of all bone cells, as it
consists of both bone resorption and formation. This process occurs by the recruitment
and activation of osteoclasts to the bone, leading to resorption of the bone. Following

resorption, the bone undergoes the reversal stage, where osteoblasts are recruited to the



bone surface, and the formation of bone. Finally, bone undergoes termination where the
formation stops and the bone becomes dormant until the next cycle (Kohli et al., 2018).
During the activation stage, bone remodeling stimuli, such as mechanical or
biomechanical stimulation, induce bone lining cells to release chemokines and cytokines
such as monocyte chemoattractant protein 1 (MCP-1) and RANKL, respectively. These
proteins recruit and activate OC precursors, leading to differentiation of multinucleated
OCs and ultimately initiate bone resorption (Matsuo & Irie, 2008).

Following activation, mature OCs attach to the bone surface, secreting acid in the
resorption lacuna and degrading the bone matrix. This process leads to resorption pits on
the surface undergoing remodeling. Throughout the reversal phase, OCs migrate away
from the site and undergo apoptosis. Simultaneously, mononuclear cells lining the
resorption lacunae differentiate into macrophages and remove debris. Pre-osteoblasts are
then recruited and differentiate into osteoblasts to initiate the formation phase.
Osteoblasts deposit bone matrix that is eventually mineralized into new bone, and
continue to do so until they become quiescent or undergo apoptosis. Finally, when the
amount of bone formed equals the amount of bone resorbed, termination occurs and the
bone remodeling process is complete (Kohli et al., 2018).

To ensure proper coupling of bone resorption and formation, the remodeling
process if highly regulated via both systemic and local factors. At the systemic level,
factors such as parathyroid hormone (PTH), 1,25-dihydroxyvitamin D3 (calcitriol) and

calcitonin (CT) regulate the bone resorption activity to maintain serum calcium levels.



Glucocorticoids, androgens and estrogens additionally regulate the activity of bone cells
and the remodeling process (Florencio-Silva et al., 2015; Siddiqui & Partridge, 2016).

Additionally, coupling factors have been shown to regulate the activity of bone
cells. These factors are typically released from the bone matrix as a result of OC function
and work to promote bone formation after resorption. These coupling factors, oftentimes
growth factors, are very important during the transition phase of bone remodeling
(Negishi-Koga & Takayanagi, 2012). For example, transforming growth factor-beta
(TGF-$) and bone morphogenic protein (BMP) synergistically work together to initiate
signaling cascades that upregulate osteoblastogenesis and bone formation.
Simultaneously, BMP inhibits osteoclastogenesis, resulting in a net increase in bone
(Chen, Deng, & Li, 2012).

At the local level, cells of osteoblast, osteocyte and osteoclast lineages must
communicate between each other to coordinate the transition between phases of the
remodeling process (Sims & Martin, 2014). One aspect of this communication is through
the RANK/RANKL/osteoprotegerin (OPG) system. OPG is secreted by cells of the OB
lineage and acts as a decoy receptor for RANKL. As a result of its high affinity binding
to RANKL it prevents the RANKL/RANK interaction. OCs are therefore not activated
and net bone formation occurs. OPG and RANKL can be upregulated or down regulated
based on systemic factors that are released into circulation, such as calcitriol, estrogen or
growth factors (Kearns, Khosla, & Kostenuik, 2008).

Another form of communication between the bone cells is via the Eph/ephrin

system. This system allows for further regulation between bone formation and bone



resorption. Eph receptors are members of a subfamily of receptor tyrosine kinases and are
activated by Eph receptor interacting proteins (ephrins) (Arthur & Gronthos, 2021).
ephrinA2 is expressed in early differentiating OCs, while ephrinB2 is expressed in
differentiating and mature OCs. OBs express both EphB4 and EphA2, allowing for
interacting between the bone cells. When differentiating OCs interact with OBs via
ephrinB2/EphB4, OC differentiation is inhibited and OB differentiation is stimulated. On
the other hand, when precursor OCs and OBs interact via ephrinA2/EphA2, OC
differentiation is stimulated and OB differentiation is inhibited (Matsuo & Otaki, 2012).
Osteopetrosis

When bone remodeling is improperly coupled, bone diseases can result. One such
disease is osteopetrosis, a bone disease that leads to overly dense bones as a result of
abnormal or insufficient osteoclast function and in turn reduced bone resorption. This
reduction of resorption leads to abnormal bone architecture, oftentimes leading to patients
having a predisposition to fractures caused by little or no trauma (Stark & Savarirayan,
2009). In some cases, for example in patients with RANK or RANKL deficiency,
absence of OCs causes osteopetrosis but the function of bone in supporting hematopoietic
development is not impaired. In other forms of osteopetrosis, for example due to
homozygous loss of function of T Cell Immune Regulator 1 (TCIRG1), OCs are present
but dysfunctional. In addition to the structural abnormalities of bone, varying degrees of
fibrosis may occur in these forms of OC-rich osteopetrosis (Stark & Savarirayan, 2009).
This can lead to additional symptoms such as anemia or splenomegaly due to the marrow

failure (Cervantes, 2014). Identifying the mechanisms behind marrow failure and the



reasoning for why it only occurs in some forms of osteopetrosis is an ongoing research
question.

Osteopetrosis can be categorized as autosomal dominant, autosomal recessive or X-
linked (Bhargava, Vagela, & Lennox, 2009; Stark & Savarirayan, 2009). Autosomal
recessive osteopetrosis (ARO), also known as malignant osteopetrosis, typically presents
in infancy and can be life-threatening. Autosomal dominant osteopetrosis (ADO), also
known as Albers-Schéenberg disease, more typically presents in late childhood or
adolescence and is less severe than ARO (Stark & Savarirayan, 2009). Aside from the
inheritance pattern, osteopetrosis can also be categorized by being either OC rich or OC
poor. OC rich osteopetrosis occurs due to the body’s inability to generate OCs resulting
in a lack of the bone resorbing cell, while OC poor osteopetrosis is associated with a
normal or higher than normal number of nonfunctional OCs (Teti & Econs, 2017).
Depending on what gene is affected and at what point in the maturation and activation
process of OCs is affected determines whether a given case of osteopetrosis presents as
OC rich or OC poor.

There are several mutations that have been identified to cause osteopetrosis.
Osteopetrosis as a result of a mutation in the gene encoding chloride channel 7 (CLCN7)
has been identified in both mouse models and human patients. CLCN7 is a ClI/H*
exchanger on the ruffled border of the osteoclast. In the absence of CLCN?7, osteoclasts
differentiate normally, but fail to form a ruffled border and therefore cannot properly
secrete acid and resorb bone (Supanchart & Kornak, 2008). In humans, a mutation in the

CLCNT7 gene accounts for 10-15% of ARO cases (Rdssler et al., 2021) and about 75% of



ADO cases (Okamoto et al., 2017). Several mouse models of ARO/ADO have been
generated. The homozygous Clcn7-- knockout (KO) mouse model were found to be
runted with abnormal body posture and typically did not survive for more than 6-7
weeks. Mouse models for the most common causative mutation in ADO (the mouse
equivalent to CLCN7 G213R), as well for the rarer causative mutation CLCN7 F318L,
have been generated and heterozygous mice develop the anticipated osteopetrotic
phenotype. Homozygous Clen77318F318L gre typically runted and do not have tooth

eruption (Caetano-Lopes et al., 2017; Waguespack et al., 2003).

A mutation in the Slc4a2 gene also leads to osteopetrosis. This gene encodes for CI

/HCO3™ anion exchangers and is highly expressed in OCs (JY et al., 2021). As a result,
OCs have reduced anion exchange activity and a loss of the ruffled border, resulting in
impaired bone resorption (Jansen et al., 2009). Previously, the osteopetrotic phenotype
due to the Slc4a2 mutation was only found in mice and cattle. Slc4a2”- mice presented
with significant growth retardation, very small marrow spaces and disorganized
chondrocytes within the growth plates (Jansen et al., 2009). Recently, the Slc4a2
mutation was found in a female patient, presenting with skeletal pain, increased bone
mineral density and short stature with a history of spontaneous fractures. This case was
identified to be ARO due to biallelic pathogenic variants in Slc4a2 (JY et al., 2021).
Mutations causing loss of function of the a3 isoform of V-ATPase (TCIRG1) also
causes an osteopetrotic phenotype in both mice and humans (Moscatelli et al., 2013).
TCIRGL1 is a proton pump mainly expressed in OCs, where it is located at the ruffled

border and is required for acid secretion. Without the functioning proton pumps, acid is

10
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not secreted and proper bone resorption cannot occur (Toyomura et al., 2003). In mouse
models, the phenotype presents as small size, increased bone mineral density, lack of
teeth and a very short life span (Lofvall et al., 2019). Tcirgl mutations account for nearly
50% of all ARO cases, and patients previously identified with this mutation displayed
increased bone density, visual impairment, dental problems and recurrent fractures

(Palagano et al., 2015).
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Figure 3: Osteoclast ultrastructure. Schematic representation of the various
transmembrane proteins present on an osteoclast. The CI/HCOs" exchanger,
CIC-7 channel and V-ATPase pump are proteins that when encoded by
mutated genes can cause osteopetrosis. (Figure taken from Gasser &
Kneissel, 2017, fig. 2.9).

Previous findings in our lab revealed a unique phenotype in mice with a deletion in

NFATC1, specifically that marrow spaces had been infiltrated by stromal cells and



12

marrow fibrosis was occurring. This prompted us to study this mutation in depth, and
compare it to other classical presentations of osteoclast rich osteopetrosis, caused by
deletions in CLCN7 and SLC4AZ2 genes. We hypothesize that marrow fibrosis in
individuals with OC-rich osteopetrosis is caused by OC-derived signals that promote
osteoblastic precursor expansion. We believe that studying the dysfunctional OB:0C
coupling in osteopetrosis will reveal novel molecular mechanisms responsible for marrow
fibrosis and the osteopetrotic phenotype.

In this thesis, we attempt to (1) characterize the phenotypes of three osteopetrotic
mouse models, (2) investigate and characterize the stromal cell infiltrates in marrow
spaces and (3) identify if the unique phenotypes, especially marrow fibrosis, is dependent
on the presence of mature OCs. By investigating the role of the osteoclast in the
osteopetrotic phenotype, we hope to provide foundational research to be used to identify
novel molecular targets that may play a large role in the mechanisms behind bone

diseases and serve as potential therapeutic targets.
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METHODS
Mice

Nfatc1™ mice (JAX 022786) were generated on a C57BL/6J background and is
previously described in Aliprantis 2008. Rank™" mice were gifted by Josef Penninger,
University of British Columbia. Mice lacking Nfatc1 or Rank only in mature OC were
generated by crossing Nfatc1" or Rank™ mice with mice containing Cre recombinase
inserted into the Cathepsin K (Ctsk) locus. These Ctsk-Cre mice were a gift of Takashi
Nakamura, Keio University. CLCN7F316L/F316L mjce (JAX 001800) were a gift of
Matthew Warman, Boston Children’s Hospital. CICN77316L/F316L mice were back crossed
seven generations to a FVB1/NJ background (JAX 001800). And crossed with Rank™;
Ctsk-Cre line to obtain littermates lacking either Clcn7, Rank or both. Slc4a2”- mice
(MMRRC strain 034267) were a gift of Gary Shull, University of Cincinnati and
maintained on a mixed background.

All mice were housed and maintained under IUCAC regulations at the Brigham
and Women Hospital vivarium under 12 hour light-12 hour dark conditions. Adult and
neonate mouse euthanasia was performed with primary and secondary methods
consisting of carbon dioxide and cervical dislocation, respectively.

Osteoblast Cultures

Bone digests were prepared from mouse pups at age day 17 post-natal (P17).
Femurs and tibias were dissected and sorted based on genotype. Bones were washed with
70% ethanol and placed in sterile Hank’s balanced salt solution (HBSS). Bones were then

minced and digested in Img/mL collagenase Il and 2 mg/mL dispase in "'-minimum
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essential media ("'-MEM) by agitation at 37°C for approximately 40 minutes. Fetal
bovine serum (FBS) was added to inactivate enzymes. The digested bones were then
strained and centrifuged for 5 minutes at 1200rpm. Red blood cell lysis was performed
with a hypotonic solution and cells were plated in BMSC media (*'-MEM supplemented
with 10% FBS, penicillin/streptomycin, L-glutamine, non-essential amino acids, beta-
mercaptoethanol, fungizone and HEPES). Cells were manually counted for each sample
using trypan blue staining and plated at a concentration of 45,000 and 90,000 cells/well.
Wildtype samples were also plated at 500,000 cells/well as a positive control.

3 days following cell plating, BMSC media was replaced. 5 days following cell
plating, BMSC media was replaced by osteoblast differentiation (OBD) media (BMSC
media with 5mM $-glycerophosphate and 50mg/L ascorbic acid). This media was then
made fresh and replaced every three days for 14 days.

OBD media was aspirated from wells and each well was rinsed once with HBSS.
Cells were then fixed in 10% neutral buffered formalin (NBF) for 15 minutes at room
temperature. Wells were then rinsed with distilled H.O (dH.0) and left in dH20 for 15
minutes at room temperature.

Alkaline Phosphatase Staining

Alkaline phosphatase stain was prepared by first dissolving Fast Blue RR Salt in
dH20 and then dissolving Napthol AS-MX. dH.O was aspirated from wells and 500! L of
alkaline phosphatase stain was added to each well. Cells were then incubated at room

temperature for 10 minutes before being rinsed with dH-O three times.
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Imaging of alkaline phosphatase staining was performed using a LEICA M165

FC microscope and the number of stained cell colonies in each well was quantified.
VVon Kossa Staining

Von Kossa stain was prepared by creating solution of 2.5% [weight/volume]
silver nitrate (AgNO3) in dH20. dH20 was aspirated and 100! L of Von Kossa stain was
added to each well. Cells were then incubated in a dark container at room temperature for
30 minutes before being rinsed with dH>O 3 times.

Imaging of Von Kossa staining was performed using a LEICA M165 FC
microscope and the presence of mineralization was quantified.

Micro-computed tomography (ICT)

ICT scanning of femurs was performed using a Scanco Medical 'CT-35 system
with a voxel size of 7mm. Femurs were scanned in 70% ethanol using an X-ray tube
potential, X-ray intensity and integration time of 55kVp, 0.145mA and 600ms
respectively. Whole bones were scanned. 3D reconstruction of the entire scan was
performed using the manufacturer supplied software. Additionally, sagittal sections of the
bone were reconstructed using the manufacturer supplied software to demonstrate the
cortical and trabecular architecture of each genotype.

Histology

Dissected bones were fixed in freshly prepared paraformaldehyde (PFA) for 48
hours followed by 70% ethanol. Prior to processing, bones were decalcified with 14%
EDTA at pH7.4 for 1-2 weeks. Bones were then paraffin embedded and 10Im

longitudinal sections were made.
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Prior to staining, slides were heated at 30°C overnight and 60°C for one hour to
melt the paraffin. Slides were then deparaffinized by being submerged in histoclear
followed by 100% ethanol, 95% ethanol, 70% ethanol and finally dH-O.

TRAP stain was made (Napthol AS-MX phosphate, N,N-Dimethylformamide,
0.1M Acetate Buffer, Fast Red LB violet salt and Sodium Tartrate) and buffered to pH
5.0. TRAP stain was then preheated in 60° oven before submerging slides for 7-12
minutes. Slides were checked periodically to identify when proper staining occurred.
TRAP stained slides were counterstained with Meyer’s hematoxylin.

Hematoxylin & Eosin (H&E) staining was done using Meyer’s hematoxylin with
tap water as the bluing agent. Slides were then counter stained with Eosin before being
dehydrated in 95% EtOH, 100% EtOH and finally histoclear. Trichrome staining was
performed according to Polysciences Masson’s Trichrome Staining Kit protocol.

Flow cytometry

Cells isolated from digested long bones (as described above) were stained with
fixable viability dye in PBS and incubated for 15 minutes at 4°C in the dark. After
centrifuging at 1500rpm for 2 minutes and decanting the supernatant, cells were then
incubated with Fc block in staining buffer for 10 minutes at 4°C in the dark. Cells were
centrifuged at 1500rpm for 2 minutes and supernatant was decanted. Cells were then
incubated with Allophycocyanin (APC) conjugated anti-mouse CD45 antibody
(Biolegend) at 4°C for 30 minutes in the dark. After a final centrifuge at 1500rpm for 2

minutes and decanting the supernatant, cells were resuspended in staining buffer before
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being transferred to a fluorescence activated cell sorting (FACS) tube. CD45 cells were
then sorted by FACS on a BD FACSAria.
Immunohistochemistry (IHC)

Prior to performing IHC, paraffin slides were baked on a flat slide warmer
overnight at 37°C, followed by one hour at 60°C and one hour at 37°C. Slides are finally
warmed at 60° in a closed slide warmer for one hour before being deparaffinized by
submersion in Histoclear, and rehydrated in 100% EtOH, 95% EtOH and finally tap
water.

Antigen retrieval was performed with Vector Laboratories Antigen Unmasking
reagent at 70°C overnight. Slides were then submerged in H20, for 20 minutes in the
dark at room temperature to block the endogenous peroxidase. Slides were washed with
tris-buffered saline (TBS) 2 times.

For Ki67 IHC staining, slides were blocked with blocking serum of 3% goat
serum, 1% Bovine Serum Albumin (BSA) and 0.4% triton for 30 minutes at room
temperature. Slides were then incubated with primary antibodies against Ki67 (rabbit
mADb, 1:400 dilution) or isotype rabbit IgG and incubated at room temperature for 90
minutes. Slides were washed with TBS 2 times and Tween 20 once before incubation
with a secondary goat anti-rabbit antibody (1:100 dilution) for 45 minutes at room
temperature. For RUNX2 IHC staining, slides were blocked with Vector Labs Mouse on
Mouse (MoM) blocking reagent and TBS and incubated at room temperature for 1 hour.
Slides were then exposed to MoM diluent and incubated at room temperature for 5

minutes. Slides were incubated with primary antibodies against RUNX2 (mAb) and
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mouse 1gG2b for 30 minutes at room temperature. Slides were washed with TBS twice
and TBST once. Slides were then incubated in the secondary antibody, a solution of
MoM biotin-anti mouse 1gG reagent, for 10 minutes at room temperature before being
washed with TBS twice and TBST once.

Slides were then incubated with VECTASTAIN Elite ABC HRP Kit for 40
minutes at room temperature. Positive staining was detected by incubation in 3,3’-
Diaminobenzidine (DAB) solution (Tris, NaCl, dH20, DAB, 30% H20-) for less than 2
minutes. Slides were counterstained with hematoxylin Sigma Gil3.

Bone Histomorphometry

Bone histomorphometry was performed using Osteometric Osteomeasure
software on TRAP and hematoxylin stained slides. A region of interest was defined
spanning the entire width of the femur below the growth plate and visible chondrocytes.
All measurements were done at 40x magnification. Within the region of interest,
trabecular bone was outlined and all TRAP positive cells were marked. Bone volume
fraction (BV/TV), osteoclast number (N.Oc/T.Ar) and osteoclast number on the
trabecular surface (N.Oc/B.Pm) were recorded for each bone sample.

Marrow Quantification
Stained histology slides were imaged using an Olympus VS120 slide
scanner. Slides were imaged at 2x and 40x with maximal focus points. Slide scanner VSI
images were then imported to Qupath 0.3 and annotated to define bone marrow, and bone
area. An annotated line was drawn 417 'm from the lowest point of the growth plate and

an annotated rectangle with the dimensions 628.75'm x 1133.75"m was drawn at the
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base of the line. All annotations of tissue were confined to within the rectangle.
Annotation measurements for each tissue type was exported into excel to allow for
comparisons and statistical analysis.

RNA Extraction

Femurs and tibias were dissected from mice. Epiphyses were cut off and bones
were spun down in centrifuge tubes at 10,000rcf for 30 seconds to remove the marrow.
Bones were then cut into small pieces and stored in RNAlater at 4°C overnight with
subsequent storage at -80°C until RNA extraction was performed.

To extract the RNA, Trizol was added to Navy bead lysis tubes and cut sections
of bone were added. Tubes were then placed into a Bullet Blender at a speed of 10 for 3
minutes. Tubes were placed in ice to cool bones down again before repeating the Bullet
Blender process again. The lysate was removed from the tubes and mixed with
chloroform before being vortexed for 20 seconds. Tubes were then left at room
temperature for 2 minutes before being spun at 4°C and 12000rcf for 10 minutes.

The aqueous layer was then removed and RNA isolated using the QIAGEN
RNeasy kit according to manufacturer’s protocol. Following completion of RNA
extraction, the RNA concentration, 260/280 and 260/230 ratios were measured using an
ND-1000 NanoDrop Spectrophotometer. RNA was then stored at -80°C.

Real Time Quantitative Polymerase Chain Reaction (QPCR)

cDNA was synthesized from isolated RNA (as described above) using the

Applied Biosystems High-Capacity cDNA Reverse Transcription Kit according to the

manufacturer’s protocol. Real time gPCR was performed using Applied Biosystems Step
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One Plus Real-Time PCR System with Applied Biosystems FAST SYBR Green Master
Mix. Average critical temperature (Ct) values were calculated from duplicate technical
replicates and expression of genes for each genotype was measured relative to the

wildtype (WT) models. The gRT-PCR primers used are listed in Table 1.

Prime | Forward Primers (5’-3’) Reverse Primers (5°-3%)

r Set

Tnalp | CACAATATCAAGGATATCGACG | ACATCAGTTCTGTTCTTCGGG

TGA TACA

Runx2 | TACAACCATAACCCAGTCCCTG | AAGTGCTCTAACCACAGTCCA

TTT TGCA

Coll | ACTGTCCCAACCCCCAAAG AACGTATTCTTCCGGGCAGAA

Table 1. gqRT-PCR Primers used in this study.

Systemic "'-RANKL Treatment
CLCN7F316UF3I6L mice were treated with either an "'-RANKL antibody or IgG
antibody for 48 hours via intraperitoneal (IP) injections at P17. NFATc1%" Ctk-Cre* mice
were given the same IP injections at P15. Each mouse was weighed prior to injection, and
dosage for both antibodies was 5mg/kg. 48 hours after the injections, CLCN7"316L/F316L
mice and NFATc1%M Ctk-Cre* mice were euthanized at P19 and P17, respectively.

Femurs and tibias were dissected and stored for histology and RNA extraction (as
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described above). RNA will be used for RNA sequencing to identify transcripts present

with and without OC depletion.

Figure 4: 48 hour antibody treatment. Schematic representation of the
timeline of the 48 hour "-RANKL or 1gG treatment. Bones will be processed
for RNA sequencing to later be used to identify transcripts of interest.

CLCN7m316UFs16L NFATc1 Ctk-Cre* and Slc4a2” mice were given a longer
term antibody treatment and treated with either an "-RANKL antibody or 1gG every 3
days from P7 to P16. Each mouse was weighed prior to injection, and dosage for both
antibodies was 5mg/kg. Each mouse was euthanized at P21. Femurs and tibias were
dissected and stored for histology and RNA extraction (as described above). Bones

processd for histology will be used to identify if the marrow fibrosis can be reversed.
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Figure 5: Long term antibody treatment. Schematic representation of the
timeline of the 2 week "-RANKL or IgG treatment. Bones will be processed
for histology to examine for reversal of marrow fibrosis.

Statistical Analysis
Statistical analysis and graphing was performed using Graphpad Prism 9.
Unpaired parametric Student’s t tests were used for comparing two groups and ANOVA
tests were used for comparing greater than two groups. Data was assumed to be normally

distributed. P values less than 0.05 were considered statistically significant.

RESULTS
Nfatc1'OC phenotype
Nfatc1"M Ctk-Cre*(Nfatc1'©®) mice lack Nfatcl in mature OCs due to
deletion of a floxed Nfatcl allele driven by Cre expression under control of the Cathepsin
K promoter. Nfatc1'©C presented with a distinct phenotype compared to WT mice.
Nfatc1'O¢ mice are significantly runted. Additionally, Nfatc1'©C mice are toothless

(figure 6). These findings are consistent with a lack of or abnormally functioning OCs.
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Figure 6: Nfatc1" Ctk-Cre* phenotype. Images of WT (left) and Nfatc1/,
Ctk-Cre™ (right) mice at P14. Nfatc1'°¢ mouse displays significant runting
and loss of teeth compared to WT mice.

ICT imaging was performed on femurs dissected from Nfatc1?",Ctk-Cre* and
WT litter mates at day 14 post-natal (P14) (figure 7). Analysis showed a decrease in
length and an extensive loss of secondary ossification centers in the Nfatc1'°C bone.
Additionally, the trabeculae of the Nfatc1'©C bone are noticeably thicker and there is a

loss of cortical bone.

23
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Figure 7: 'CT imaging of Nfatc1™f Ctk-Cre* phenotype. 'CT images of
WT (left) and Nfatc1™, Ctk-Cre* (right) mouse femurs at P14. Nfatc1'0¢
bone exhibits increased trabecular bone, loss of secondary ossification centers
and loss of cortical bone.

H&E staining was performed to identify changes in the cellular structure of
dissected femurs of Nfatc1™f, Ctk-Cre* and WT mice at P14 (figure 8). Staining was
performed on 10! m sections and demonstrated the loss of cortical bone and increased
trabecular density of the Nfatc1'©C bone. Additionally, the growth plate of the Nfatc1'©¢
bone compared to the WT growth plate has an abnormal appearance. The chondrocytes

are disorganized and not in their typical columnar pattern as can be seen in the WT bone.
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The Nfatc1'©C growth plate also has atypical downward projections, where consistent
thickness would typically be expected (figure 8a).

The phenotype observed in the Nfatc1'©¢ mice is very similar to that expected of
severe osteopetrosis. However, while a lack of OCs is typically expected with cases of
severe osteopetrosis, very large OCs were present in the histological images of the Nfatcl

KO mouse (figure 7b).

Figure 8: H&E staining of Nfatc1™f Ctk-Cre* phenotype. Histological
images (A) of WT (left) and Nfatc1™ Ctk-Cre* (right) mouse femurs at P14.
Nfatcl KO bone exhibits increased trabecular bone, loss of cortical bone and
a dysmorphic growth plate. Osteoclasts are present (denoted by white arrows)
and have a large appearance in Nfatc1"M, Ctk-Cre* compared to WT bones

(B).



26

H&E staining was additionally performed on Rank, Ctk-Cre* (Rank'°C) femur
sections to compare a classical severe osteopetrosis presentation to that of the Nfatc1/f,
Ctk-Cre™ model. The first and expected difference between the two osteopetrotic
mutations is that the Rank'©¢ model does not have OCs present (figure 9¢), compared to
the Nfatc1'©¢ model (figure 9b). The more surprising difference between the two
mutations, however, was that the Nfatc1'°¢ model presented with marrow failure (figure
9b). Hematopoietic marrow cells appeared to be replaced by a stromal cell of unknown
lineage. The marrow of the Rank'®¢ model (figure 9c) appears to be much more similar
to that of the WT model (figure 9a). Hematopoietic cellular components are still present,

and there is no invasion of stromal cells.

Figure 9: H&E staining of Nfatc1™f Ctk-Cre* and Rank ", Ctk-Cre*
phenotype. Histological images of WT (A), Nfatc1™, Ctk-Cre* (B) and
RANK" Ctk-Cre* (C) mouse femurs at P14. OCs are present in Nfatc1'©¢
model (B, black arrows), but not in I"'#$"&" model. Nfatc1'°C bone exhibits
marrow failure and invasion of stromal cells. 1"'#$"&" marrow is more similar
to WT marrow and does not have invasion of stromal cells.
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Nfatc1'©¢ stromal cell classification

To identify the origin of the infiltrative stromal cells in the Nfatc1'°¢
model, flow cytometry was performed (figure 10a). Nearly all cells were found to be
CD45" and therefore non-hematopoietic. Based on the idea that the stromal cells could be
osteoblastic in nature, IHC was performed for ""-RUNX2, an indicator of maturation and
proliferation of OBs. A large presence of "'-RUNX2 was identified in the Nfatc1%4°¢
model stromal cells (figure 10b), supporting the idea that the stromal cells are pre-
osteoblastic. Additionally, IHC was performed for Ki67, an indicator of cell proliferation.
Similarly, a large presence of Ki67 was identified in the stromal cells of the Nfatc1'0¢

model, indicating that the pre-osteoblastic infiltrative cells are highly proliferative.
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Figure 10: Flow cytometry and immunohistochemistry for classification
of Nfatc1?fl Ctk-Cre* infiltrative stromal cells. The Nfatc1'°¢ models
expressed a significantly higher percentage of CD45" cells than the WT
models (A), indicating a higher presence of non-hematopoietic cells. The
infiltrative stromal cells also expressed ""-RUNX2 and Ki67 as demonstrated
by IHC (B).

qPCR was performed on FACS sorted CD45" cells from both WT and Nfatc1%°¢
models. The Nfatcl KO model expressed much higher levels of Runx2 (figure 11a),
tissue non-specific alkaline phosphatase (Tnalp) (figure 11b) and collagen 1 (Coll)
(figure 11c). These three factors are expected to be highly expressed in osteoblastic cells,
and therefore supports the hypothesis that the infiltrative stromal cells in the Nfatc1%°¢

model are pre-osteoblastic cells.
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Figure 11: gPCR for classification of Nfatc1?, Ctk-Cre* infiltrative
stromal cells. The Nfatc1'©¢ models expressed higher levels of osteoblastic
gene markers compared to WT models.

A Colony forming unit (CFU)-OB assay was performed on Nfatc1"M, Ctk-Cre*
and WT bone digests. After 21 days, the cell cultures were stained with alkaline
phosphatase to highlight the pre-osteoblastic cell colonies present. Qualitatively, there
was more alkaline phosphatase staining present when comparing the Nfatc1'°C cultures
to the WT cultures (figure 12a), indicating a higher presence of pre-osteoblastic cells.
Following the alkaline phosphatase stain, a Von Kossa stain was also performed to
expose any mineralized nodules. The Nfatc1'©C cultures had a significantly higher
number of VVon Kossa stained mineralized nodules (figure 12b), indicating greater

presence of CFU-OB cells and increased OB differentiation compared to the WT model.
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Figure 12: Alkaline phosphatase and Von Kossa staining
of CFU-OB assay for Nfatc1", Ctk-Cre* bone digests.
Alkaline phosphatase staining revealed an increased amount
of pre-osteoblastic cell colonies in the Nfatc1'°¢ model

OC Dependence of Nfatc1'°¢ Phenotype
The next question that we sought to answer was whether or not the
Nfatc1'©C phenotype is OC dependent. To study this, Nfatc1'°¢ mice were crossed with
Rank'°¢ mice to obtain double knockout mice (Nfatc1'9¢, Rank!'©c). When comparing
the H&E staining of the double knockout mice compared to the Nfatc1'©© mice, there is a
clear difference in the makeup of the marrow. The double knockout mice have
maintained their hematopoietic elements within their marrow space and do not exhibit the

stromal infiltration that is present in the Nfatc1'°¢ mice (figure 13a).
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TRAP staining was also performed in order to compare the presence of OCs
between the different genotypes. As the Rank mutation prevents proper maturation and
activation of OCs, the double knockout mice histologically present with no TRAP
positive cells and therefore no OCs (figure 13b). These findings support the hypothesis

that the marrow failure seen in the Nfatc1'°¢ model is OC dependent.

Figure 13: H&E and TRAP Staining of Nfatc1'C¢, Nfatc1'°“Rank'°¢ and
WT bones. H&E staining highlights the marrow failure present in the
Nfatc1'O¢ compared to the Nfatc1'©“Rank'©¢ model (A). TRAP staining
depicts the lack of OCs in the Nfatc1'©“Rank'° model (B).

Following the finding that the marrow failure may be OC dependent, we sought to
investigate if the phenotype of the Nfatc1'©C model, specifically the marrow failure, was
reversible. To investigate this, Nfatc1'° mice were treated with either RANK-Fc, a

RANKL antagonist, or a control Fc from P7 to P21. The RANK-Fc prevents the
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activation and maturation of OCs and therefore eliminates any pathways initiated by OCs
that may lead to the infiltration of stromal cells. Following the two week treatment of
Nfatc1'©C mice, bones were dissected and sectioned, and histology was performed. H&E
staining revealed that the RANK-Fc treated mice have cellular marrow, similar to what
would be expected in a WT model (figure 14). Therefore, the RANK-Fc treatment was
able to reverse the marrow failure and lead to a recovery of the marrow hematopoietic
elements. This substantiates the claim that the stromal cell infiltration is OC dependent by

demonstrating that elimination of OCs leads to the recovery of hematopoietic elements.

Figure 14: H&E staining of Nfatc1'©¢ bone treated with RANK-Fc or
control Fc. Nfatc1'©¢ mice treated with the RANKL antagonist, RANK-Fc,
display reversal of marrow fibrosis when compared to mice treated with a
control.

Clcn7F316LF316L phenotype
Following the findings that the marrow failure and stromal cell infiltration of the

Nfatc1'9¢ model is OC dependent and that the infiltrating cells are pre-osteoblastic, it
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was important to investigate if similar findings were present in classic OC rich
osteopetrosis.

Clcn7F316UFISL s 9 mutation that leads to a classical OC rich osteopetrosis
presentation due to abnormal functioning OCs. Clen77316LF316L mice do present with a
phenotype consistent with osteopetrosis, due to abnormal functioning OCs, however, it is
not as severe as the phenotype of the Nfatc1'©C mice. Clen77316LF316L mice are not
significantly runted compared to WT mice, but they are toothless (figure 15), which is

consistent with osteopetrosis.

Figure 15: Clcn7F316L/F316L mouse phenotype. Clen7m316YF316L mice are
toothless and slightly runted compared to WT mice.
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H&E staining was performed on ClcIn77316LF316L famur sections (figure 16).
Histological analysis revealed that the Clcn7 mutant genotype exhibits increased
trabecular bone density and decreased cortical bone, yet to a lesser extent than was found
in the Nfatc1'©C model. Within the marrow spaces, a mix of both hematopoietic cellular
elements and fibrosis can be seen.

Clcn7F316L/F316L stromal cell classification

Figure 16: Clcn7F316L/F316L hone histology. Clen7316W/F316L histology depicts
increased trabecular 