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Abstract

Vitamin D is a key modulator and regulator of mineral and bone homeostasis. The
main active form of vitamin D in the body is the 1,25-(OH),D metabolite that is
formed in the kidney from 25-(OH)D by the enzyme CYP27BI1. The enzyme
CYP24A1 initiates the C24-oxidation pathway that leads to degradation of the
hormonal form of vitamin D, but is also responsible for the synthesis of 24,25-
(OH),D. The putative biological activity of 24,25-(OH),D remains unclear, but it
has been found that following tibial fractures in chicks, the levels of CYP24A1
activity and serum 24,25-(OH),D are both elevated. Our Ilaboratory has
engineered a mouse deficient for the Cyp24al gene to study the role of 24,25-
(OH),D, and has identified a putative membrane receptor (FAMS57Bv2) to 24,25-
(OH),D. In this study we assessed the biomechanical properties (stiffness and
force needed to break) of the repaired bones of mutant and wild-type mice at
different intervals in the presence or absence of treatment with exogenous 24,25-
(OH),D. We also assessed the mRNA and protein expression of the putative
receptor in different organ tissues of wild-type mice. Methods: wild-type and
Cyp24al-deficient mice were subjected to a modified open osteotomy with
subsequent intramedullary nailing of the tibia, followed by subcutaneous
treatment with vehicle (propylene glycol) or 6.7 pg/kg of 24,25-(OH),D. Tibiae
were collected on days 18 and 28 post operatively, and the biomechanical
properties were tested using a three point bending testing machine. To assess the
mRNA and protein expression of Famb5bv2 in different tissues, qRT-PCR,
western blot analysis and immunohistofluorescence were performed. Results: at
day 18, we observed significantly inferior biomechanical parameters in the male
and female mutant mice injected with vehicle compared to their wild-type
littermates. These differences were rescued by exogenous administration of
24,25-(OH),D. No statistically significant differences were measured at day 28.
qRT-PCR analysis showed high mRNA expression of Fam57bv2 in skin and
cartilage, while western blot analysis showed FAMS7B (all isoforms) to be
expressed in all tissues studied. Immunohistofluorescence studies showed

detection of FAMS7B in brain paraffin sections, and kidney and tibial
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cryosections. Conclusion: The results of this study confirm the delay of fracture
healing in Cyp24al-deficient mice and support a role for 24,25-(OH),D in
optimizing fracture healing. Our expression monitoring results show that the
putative receptor for 24,25-(OH),D, FAMS7Bv2, is broadly expressed with

enrichment in chondrocytes, which may contribute to improved fracture healing.



Résumé

La vitamine D est un modulateur clé de 'homéostasie des minéraux. La forme
active de la vitamine D est la 1,25-(OH),D synthétisée au niveau du rein par
I’action de I’enzyme CYP27B1 sur le précurseur 25-(OH)D. L'enzyme CYP24A1
initie la voie d’oxydation C24 qui conduit a la dégradation de la forme hormonale
de la vitamine D, mais est également responsable de la synthése de 24,25-
(OH),D. L'activité biologique de la 24,25-(OH),D demeure controversée, mais il
a été constaté qu'a la suite de fractures du tibia chez les poussins, les niveaux
d'activité de la CYP24A1 et les niveaux sé€riques de 24,25-(OH),D sont stimulés.
Notre laboratoire a mis au point une lignée de souris déficientes pour le gene
Cyp24al afin d’étudier le role de la 24,25-(OH),D, et a identifi¢ une molécule qui
pourrait agir comme récepteur membranaire pour la 24,25-(OH),D (FAMS57B2).
Dans cette étude, nous avons évalué les propriétés biomécaniques (rigidité et la
force maximale pour rompre) des os réparés chez des souris mutantes et de type
sauvage, suite a un traitement en présence ou absence de 24,25-(OH),D exogene.
Nous avons également évalu¢ 1’expression de I'ARNm et de la protéine du
récepteur putatif dans différents organes chez les souris sauvage. Méthodes: les
souris de type sauvage ou déficiente pour le géne Cyp24al ont été soumise a une
ostéotomie ouverte modifiée du tibia avec insertion d’un clou médullaire, suivie
d'un traitement sous-cutané avec le véhicule (propylene glycol) ou avec 6,7 png/kg
de 24,25-(OH),D. Les tibias ont été¢ prélevés aux jours 18 et 28 suivant la
chirurgie, et les propriétés biomécaniques ont été testées en utilisant un test de
flexion a trois points. Pour évaluer I'ARNm et l'expression de la protéine de
Fam57bv2 dans différents tissus, une amplification par PCR quantitative,
I’immunobuvardage et I’immunohistofluorescence ont été utilisés. Résultats: au
jour 18, nous avons observé que les paramétres biomécaniques sont nettement
inférieurs chez les souris mutantes males et femelles injectées avec le véhicule par
rapport aux animaux de type sauvage. Ces différences disparaissent suite a
I'administration de 24,25-(OH),D exogene. Aucune différence statistiquement
significative n'a été mesurée au jour 28. L’analyse qRT-PCR a montré une

expression elevée de 'ARNm de Fam57bv2 dans la peau et le cartilage, tandis
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que l'analyse par immunobuvardage a montré que FAMS57B (toutes les isoformes)
est exprimée dans tous les tissus étudiés. L’ immunohistofluorescence a permis de
détecter FAMS7B dans des coupes en paraffine de cerveau et dans des
cryosections de rein et de tibia. Conclusion: Les résultats de cette étude
confirment le retard de la guérison des fractures chez les souris déficientes en
Cyp24al et soutiennent un role de la 24,25-(OH),D a optimiser la guérison des
fractures. Nos résultats concernant I'expression de FAMS7B montrent que le
récepteur potentiel de la 24,25-(OH),D, FAMS57Bv2, est exprimé a des niveaux
¢levés dans les chondrocytes, ce qui appuie une contribution mécanistique au

cours de la guérison des fractures.
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1. Background Information

1.1  Vitamins

By the end of the 19" century and with the beginning of the 20™ century, the field
of nutrition and its original views on what was considered to be a normal adequate
diet capable of sustaining growth and development began to change. Reports in
the field began to reveal that there might be micro organic nutrients present in
natural foods, that were essential for growth and the prevention of certain diseases
(Deluca, 2011). Feeding inmates with whole rice instead of polished rice
eliminated the neurological disease Beri-Beri (Eijkman, 1897), and the
consumption of limes by sailors prevented the development of scurvy (Holst et
al., 1907). It was eventually reasoned that processed foods lacked the “vital
amines” found in natural foods that were essential for normal growth and
development and the prevention of disease; these were then termed “vitamins”

(Funk, 1911).
1.1.1 Vitamin D

Vitamin D belongs to the family of fat-soluble vitamins that the body requires to
function properly. The discovery of Vitamins A and B (McCollum et al., 1916)
paved the way for its discovery and its addition to the family of vitamins; at the
time, researchers thought that cod liver oil (a source rich in vitamin A) had the
ability to cure Rickets. When it was discovered that the component present in cod
liver oil curing Rickets was not vitamin A, it was called vitamin D. In reality
Vitamin D is not an actual vitamin but a pre-hormone that requires multiple steps
of modification in the body before becoming active and exerting its effects. Thus
naming it vitamin D was in fact a mistake, however, this nomenclature persists

and is still widely used today (Deluca, 2011).
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1.1.2 Historical Background on Vitamin D

With the industrial revolution at the end of the 19™ century, the prevalence of
Rickets was increasing especially in low-sunlight countries such as England
(Deluca, 2011). Rickets is a disease of children, whereas osteomalacia is a disease
of the adults. During childhood, defective mineralization of the osteoid
(unmineralized bone) is mostly evident at the growing ends of bones, and this
leads to widening of the growth plate and expansion in the width of the adjacent
metaphysis. With progression of the disease, the changes become more and more
apparent at sites of bone which are growing most actively such as the knee, wrists,
ribs and many others, eventually leading to the skeletal deformities characteristic
of the disease (Figure 1A). In adults, longitudinal bone growth ceases due to the
fusion of the epiphysis to the metaphysis, but bone turnover continues throughout
life. Therefore, unmineralized osteoid in adults accumulates in sites other than the
growth plate resulting in a condition termed osteomalacia (Figure 1B) (Adams,

2011).

15



Figure 1: A. Bowing of the tibia and fibula in a child with rickets. B. AP
radiograph of right hip of patient with osteomalacia revealing Looser’s zones.
These are radiolucent lines perpendicular to the cortex with sclerotic margins that
are significant of unmineralized osteoid. Taken from (Adams, 2011).

After the discovery of vitamins A and B, it was reasoned that rickets might also
be caused by a dietary deficiency. Dogs maintained on a diet composed mainly of
oatmeal eventually developed rickets, but were healed when supplemented with
cod liver oil. Thus the reversal and prevention of rickets were first attributed to
vitamin A (Mellanby, 1989); but when cod liver oil was treated in a manner
resulting in the destruction of vitamin A, the healing effects were not lost and
therefore the nutrient behind this phenomenon was an unknown vitamin that was
then labeled vitamin D (McCollum et al., 1922). At the same time, another group
was able to show that exposing children to sunlight or artificial ultraviolet light
was able to cure or prevent rickets (Chick, 1976), and that in fact ultraviolet light
was able to activate an inactive substance to become a vitamin-D-active material

(Steenbock et al., 1925).
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In the 1930s, the nutritional forms of vitamin D were finally isolated and
identified. The two forms, vitamin D, and vitamin Ds differ slightly in chemical
structure (Figure 2), but this does not alter their function and metabolism in the
body (St-Arnaud et al., 2012). Vitamin D, is known as ergocalciferol and was
identified and isolated from plant sterol irradiation experiments (Askew et al.,
1930), while vitamin D3 which is known as cholecalciferol, was identified and
isolated from the skin after the transformation of 7-dehydrocholesterol by sunlight
irradiation (Windaus et al., 1936). In this work, we will concentrate on vitamin Ds

and will simply refer to it from here on as vitamin D.

CH,

HO

(A) (B)

Figure 2: A. Vitamin D3 (Cholecalciferol). B. Vitamin D, (Ergocalciferol).
Ergocalciferol contains a double bond between C-22 and C-23, as well as a CHj3;

group on C-24. These chemical differences do not alter function in the body.
Taken from (St-Arnaud et al., 2012).

1.1.3 Vitamin D: Form, Synthesis and Activation

As stated above, before vitamin D can exert any of its biological effects in the
body, it needs to undergo a series of biochemical modifications that involve
multiple enzymes present in the skin, liver and the kidney. Around 80% of
vitamin D requirements in humans are attainable from the skin upon exposure to
sunlight, while the rest are obtained from dietary intake (fish, plants and grains)
(St-Arnaud et al., 2012). The first step begins with the transformation of 7-
dehydrocholesterol in the skin under the effect of ultraviolet light into pre-vitamin

D which rapidly transforms into the more thermodynamically stable vitamin D
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(Holick, 2011). This molecule then leaves the skin and enters the circulation
bound to the vitamin D binding protein (DBP) and is transported to the liver to
undergo hydroxylation at carbon number 25 resulting in 25-(OH)D (St-Arnaud et
al., 2012). Two enzymes are responsible for this hydroxylation step: CYP2R1 and
CYP27A1. These enzymes, as all vitamin D hydroxylases, belong to the super
family of cytochrome P450 enzymes. It is suggested that CYP2R1 is the more
physiologically relevant enzyme of the two; it is a liver microsomal high-affinity,
low capacity enzyme whose discovery was fairly recent (Cheng et al., 2003). On
the other hand, CYP27Al is a liver mitochondrial low-affinity, high capacity
enzyme (Cali et al,, 1991) whose physiological relevance has always been
debatable (St-Arnaud et al.,, 2012). Patients with inherited cerebrotendinous
xanthomatosis caused by a mutation in CYP27A1l have no obvious defects in
vitamin D metabolism, and have normal levels of 25-(OH)D and 1,25-(OH),D in
the circulation (Kuriyama et al., 1993). It is now reasoned that CYP2R1 is the
physiologically relevant enzyme at normal vitamin D concentrations, and that
CYP27A1 backs it up when concentrations rise into the pharmacological range

(St-Arnaud et al., 2012).

The major circulating form of vitamin D in the body is 25-(OH)D; the serum level
of this metabolite is reflective of vitamin D status in the body (Holick, 2007). It is
now known that adequate circulating levels of 25-(OH)D are critical for overall
health maintenance and proper function of the immune, reproductive and
musculoskeletal systems of both genders (Holick et al., 2008). The most recent
lower and upper limits of normal circulating levels of 25-(OH)D that were agreed
upon to avoid heath problems and adverse effects were 20 and 50 ng/ml

respectively (Ross et al., 2011; Rosen et al., 2012).

From the liver, 25-(OH)D travels to the kidney where it is hydroxylated at carbon
number 1 by the enzyme 25-hydroxyvitamin D-1a-hydroxylase (CYP27B1). This
hydroxylation step takes place mainly in the proximal convoluted tubule
(Yamagata et al., 2001) and results in 1,25-(OH),D (calcitriol) which is
considered to be the main active form of vitamin D (Omdahl et al., 2002). Only
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after interaction with the nuclear vitamin D receptor (VDR) is 1,25-(OH),D able

to carry out its function in the body (Figure 3) (Haussler et al., 1998).

HO™

7,8-dehydrocholesterol vitamin D,
liver
25-hydroxylase
‘*\IA./\I(OH
target tlssues kidney |
o BE—— 1
24- hydroxylase 1a-hydroxylase
HO™
calcitroic acid 1,25-dihydroxyvitamin D, 25-hydroxyvitamin D,

Figure 3: The hydroxylation process of vitamin D. 7-dehydrocholesterol is
transformed into pre-vitamin D; under the effect of UV light, and rapidly
becomes the more stable vitamin D;. Vitamin Ds then travels to the liver and is
hydroxylated at carbon number 25 by CYP2RI1 and CYP27A1 becoming 25-
(OH)D. This molecule then travels to the kidney where it becomes 1,25-(OH),D
after hydroxylation at carbon number 1 by CYP27BI1. 1,25-(OH),D is finally
metabolized and degraded by a series of enzymatic reactions into calcitroic acid
and excreted from the body. Taken from (Dusso et al., 2005).

1.1.4 Role of 1,25-(OH),D in Bone Health and Mineral Ion

Homeostasis

The biological actions of vitamin D in the body are not achieved unless its active
form 1,25-(OH);D binds to the VDR (Haussler et al., 1998). This active
metabolite has been shown to have great effects on many systems but most
importantly the skeletal system (Omdahl et al., 2002). In this work we will only
focus on its role in the skeletal system and particularly mineral ion homeostasis

and bone health.
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The main role of 1,25-(OH),D is to help maintain calcium and phosphate
homeostasis through different mechanisms in the body (Haussler et al., 1998;
Heaney, 2011), and thus the expression of the CYP27B1 gene in the kidney is
subjected to tight regulation by an interplay of multiple positive and negative
feedback loops that involve the parathyroid hormone (PTH), calcitonin, fibroblast
growth factor 23 (FGF23), calcium, phosphorus and 1,25-(OH),D (Figure 4)
(Henry, 2011; St-Arnaud et al., 2012).
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Figure 4: Hormones that regulate the activity of CYP27B1 (la-hydroxylase) in
the kidney. (Top left): A drop in serum calcium levels stimulates the release of
PTH from the parathyroid gland, which in turn increases CYP27B1 activity in the
kidney; 1,25-(OH),D also acts in a negative feedback loop on its own synthesis by
decreasing the synthesis and secretion of PTH. (Top right): A drop in calcium
increases the secretion of 1,25-(OH),D from the kidney; 1,25-(OH),D increases
the expression of FGF23 in the bone which has an inhibitory effect on CYP27B1
activity in the kidney. (Bottom): Elevated phosphate levels increase the
production of FGF23 in the bone which inhibits CYP27B1 synthesis in the kidney
and PTH transcription in the parathyroid glands. Taken from (Henry, 2011).

The calcium sensing receptors (CaSR) are found in the chief cells of the
parathyroid gland, thyroid C-cells and cells of the renal tubules; their main
function is to detect a drop in serum calcium levels below normal leading to a

release in PTH (Onyango et al., 1999; Pallais et al., 2004). Any inactivating
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mutations in the gene coding for the CaSR will result in inappropriate secretion of
PTH in the presence of hypercalcemia and hypocalciuria with resultant
hypercalcemic adverse effects, as seen in Familial Hypocalciuric Hypercalcemia
(Attie et al., 1983; Hebert et al., 1997). This PTH release upregulates the activity
of CYP27BI in the kidney resulting in a production increase of 1,25-(OH),D to
increase calcium absorption in the intestine (Favus et al., 1974; Heaney, 2011;
Henry, 2011), by binding to VDR in the intestinal lumen cells; VDR is the only
known nuclear receptor that binds this metabolite with high affinity (Haussler et
al., 1988), around three orders of magnitude higher than that for 25-(OH)D (St-
Arnaud et al., 2012).

VDR is encoded by the VDR gene and is expressed in most mammalian tissues
(Carlberg et al., 2007) such as the intestine, liver, muscle, kidney and bone
(Norman, 1998). It belongs to the subfamily of nuclear hormone receptors which
also includes the retinoic acid receptors, retinoid X receptors and thyroid hormone
receptors. Each of these three members of the subfamily is known to have more
than one characterized isoform (a, B, y), surprisingly only one form of VDR has
been isolated. The DNA binding domain is comprised of two zinc fingers and is
found in the very short N-terminus; this domain has also been shown to have a
role in nuclear localization and contributes to heterodimerization. Binding of
1,25-(OH),D occurs in the C-terminus of VDR that also plays a role in
heterodimerization and interaction with other nuclear receptor co-activators. Upon
interaction of the ligand with VDR, a heterodimer is formed with the retinoid X
receptor (RXR) that binds to target genes in target cells to regulate their
transcription with the help of nuclear receptor co-activators (Haussler et al., 1998;

St-Arnaud et al., 2012).

The activation of VDR by 1,25-(OH),;D in the intestinal lumen cell causes an
increase in calcium and phosphate absorption to regulate mineral ion homeostasis
(Figure 5) (Haussler et al., 1998; Heaney, 2011). The underlying mechanism of
the increase in calcium absorption is through the upregulation of a specific

calcium channel known as transient receptor potential cation channel, subfamily
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V, member 6 (TRPV6) (Holick, 2007), whereas the upregulation of the sodium-
phosphorus co-transporter (NaPi-IIb) allows for intestinal phosphorus
reabsorption (Xu et al., 2002). Similarly, a channel called transient receptor
potential cation channel, subfamily V, member 5 (TRPVY) is present in the distal
tubules of the kidney. The activation of VDR in the kidney by 1,25-(OH),D
upregulates the expression of this channel resulting in an increase in calcium

reabsorption (Hoenderop et al., 2003).

To further regulate calcium and phosphate homeostasis, 1,25-(OH),D binds to
VDR in osteoblasts and results in the increased expression of the receptor
activator of nuclear factor-«B ligand (RANKL) which then binds to its receptor
RANK on preosteoclasts. This induces the maturation of the preosteoclasts into
mature osteoclasts that act on bone to mobilize calcium and phosphorus to further

regulate homeostasis (Figure 5) (Holick, 2007).
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Figure 5: 1,25-(OH),D regulates calcium homeostasis by increasing intestinal
calcium absorption and by increasing calcium mobilization from bone. Taken
from (Thacher et al., 2011).
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We have described above the role of the CYP27B1 enzyme and calcitriol in
maintaining calcium and phosphate mineral ion homeostasis. The identification of
two autosomal recessive genetic disorders that cause rickets in children, have
further showed the crucial importance of this enzyme and its product. Advances
in technology and science have allowed researchers to engineer mouse models
representative of these diseases to further provide insight on the importance of

CYP27Bl1, calcitriol, and the VDR (Malloy et al., 2010).

1.2 Vitamin D-dependent Rickets

1.2.1 Vitamin D-dependent Rickets Type I (VDDR I): Pseudo vitamin
D Deficiency Rickets (PDDR)

In 1997, several groups were successful in cloning CYP27B1 (Fu et al., 1997;
Monkawa et al., 1997; Shinki et al., 1997; St-Arnaud et al., 1997; Takeyama et
al., 1997). It was not until then that the previous hypothesis of vitamin D-
dependent rickets type I (VDDR 1) being the result of a defective conversion of
25-(OH)D to 1,25-(OH),D (Fraser et al., 1973) was validated, and that VDDR I
was in fact caused by mutations in CYP27B1 (Fu et al., 1997). The name pseudo
vitamin D deficiency rickets (PDDR) stems from the notion that these patients
have very low values of 1,25-(OH),D which might mislead a physician into
thinking that this is a mere case of vitamin D deficiency rickets (Prader et al.,
1961). Clinical manifestations of PDDR usually appear within the first year of life
and are a bit different than classic manifestations of vitamin D deficiency rickets
(Table 1). These patients present with hypotonia, delayed gross motor
development, growth retardation, hypocalcemic seizures, fractures and classic
radiographical findings of rickets (Glorieux et al., 2011). Laboratory analysis
typically show hypocalcemia, hypophosphatemia, secondary
hyperparathyroidism, increased alkaline phosphatase, and almost undetectable
levels of 1,25-(OH),D despite normal 25-(OH)D levels (Malloy et al., 2010;

Glorieux et al., 2011). These patients do not respond to treatment with
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cholecalciferol (Malloy et al., 2010), but their condition is reversed within less
than a year after treatment with calcitriol (Table 2) (Delvin et al., 1981; Malloy et
al., 2010). The successful inactivation of Cyp27bl in mice created a murine
model that mimicked PDDR and was able to add more insight to the disease.
Indeed, the skeletal and biochemical abnormalities in these mice were not
different from what was described previously in PDDR patients (Dardenne et al.,
2001; Panda et al., 2001). Surprisingly, the hypocalcemia was normalized when
these mice were maintained on a high calcium, phosphorus, and lactose diet, but
despite this interesting observation, it was concluded that this normalization
cannot substitute for vitamin D action in skeletal homeostasis and that both are
required to maintain normal osteoblastic and osteoclastic function (Goltzman et

al., 2004; Panda et al., 2004).

Table 1: Differences in clinical manifestations between PDDR and vitamin D
deficiency rickets. Taken from reference (Glorieux et al., 2011).

PDDR Vitamin D deficiency
rickets
Short stature 70% 3%
Motor delay 70% 3%
Seizures 15% 25%
Clinical signs of 100% 70%
rickets
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1.2.2 Vitamin D-dependent Rickets Type I (VDDR II): Hereditary
Vitamin-D-Resistant Rickets (HVDRR)

The second genetic autosomal recessive disorder is known as hereditary vitamin
D-resistant rickets (HVDRR). The underlying cause of this disease is a loss of
function mutation in VDR rendering it partially or completely resistant to 1,25-
(OH),D (Malloy et al., 2011). The clinical manifestations of this disease are quite
similar to PDDR with the exception of total or partial alopecia seen in some
HVDRR patients. Biochemically these patients exhibit hypocalcemia,
hypophosphatemia,  secondary  hyperparathyroidism, elevated alkaline
phosphatase, normal 25-(OH)D levels and extremely high levels of 1,25-(OH),D
which can be the first biochemical evidence of HVDRR (Table 2) (Tiosano et al.,
2001; Malloy et al., 2011). Due to the wide spectrum of VDR mutations in this
disease, treatment of these patients can vary. Patients who retain partial activity of
VDR can be treated with high doses of 25-(OH)D or 1,25-(OH),D (Malloy et al.,
1999), while patients who have end organ resistance to calcitriol and complete
loss of activity of VDR require long term intravenous calcium supplementation
(Weisman et al., 1987). However, these patients can be shifted to high-dose oral
calcium therapy after radiological healing of their rickets (Hochberg et al., 1992).
The phenomenon of alopecia in these patients is quite interesting and is attributed
to mutations in VDR disrupting important ligand-independent actions of the
vitamin D receptor that are required for hair follicle development (Skorija et al.,
2005). It is now generally agreed upon that patients presenting with alopecia are
more resistant to treatment than others (Malloy et al., 2011). As in the case of
PDDR, a mouse model was engineered to mimic the HVDRR phenotype (Li et
al., 1997; Yoshizawa et al., 1997); these mice first appeared normal at birth but
progressively became rachitic, alopecic, and developed hypocalcemia with
secondary hyperparathyroidism. Excluding alopecia, these abnormalities were
successfully corrected with a calcium rescue diet (Li et al., 1997; Yoshizawa et

al., 1997; Malloy et al., 2010).
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Table 2: Comparison between 1a-Hydroxylase deficiency (PDDR) and HVDRR.

Taken from (Malloy et al.. 2011).

doses of 1,25-(OH),D

Feature la-Hydroxylase HVVDRR
deficiency
Gene mutated CYP27BI VDR
Autosomal recessive Yes Yes
Manifested at early age Yes Yes
Rickets Yes Yes
Hypocalcemia Yes Yes
Alopecia No Sometimes
PTH Elevated Elevated
25-(OH)D levels Normal Normal
1,25-(OH),D levels Normal Elevated
Response to physiological Yes No

The identification of the underlying genetic mutations of these disorders, as well

as the successful engineering of their respective mouse models highlight the

critical roles 1,25-(OH),D and VDR have in skeletal maturity, bone health and

mineral ion homeostasis. The prevalent view is that correction of mineral ion

homeostasis by normalizing serum calcium and phosphorus levels is sufficient to

correct skeletal abnormalities, but despite that, it only maintains a transient

developmental role and thus cannot fully substitute for vitamin D action. This

proves that the calcium ion system and the 1,25-(OH),D/VDR system each exert

different effects on the skeletal system that either occur coordinately or

independently (Panda et al., 2004).
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1.3 CYP24Al and 24,25-(OH),D

We have described how the activation process of vitamin D involves a cascade of
hydroxylation steps involving many enzymes in different sites of the body;
unsurprisingly, the inactivation of 1,25-(OH),D and its catabolic breakdown also
involve a series of successive hydroxylations. The critical enzyme involved in the
degradation of calcitriol is CYP24Al1. In fact, and in a classic negative feedback
loop, 1,25-(OH),D seems to play a key role in regulating vitamin D homeostasis
by activating transcription of CYP24A1l subsequently resulting in its own

catabolic breakdown (St-Arnaud, 2011).

CYP24A1 is a mitochondrial inner-membrane enzyme that belongs to the family
of cytochrome P450 enzymes (St-Arnaud, 2011). It is expressed in almost all
1,25-(OH),D target tissues, but similarly to CYP27BI1 it has a preferential
concentration in the kidney (Ohyama et al., 1991; Omdahl et al., 2002). This
enzyme has the ability to hydroxylate both 25-(OH)D and 1,25-(OH),D at either
carbon number 23 (C23- hydroxylation) or number 24 (C24- hydroxylation)
(Petkovich et al., 2011), and although its affinity for 25-(OH)D is lower than that
for 1,25-(OH),D (Burgos-Trinidad et al., 1991; Inaba et al., 1991; Sakaki et al.,
2000), in vitro studies have shown that both are catabolized at a similar rate
(Masuda et al., 2004). Before describing the C23- and the C24- hydroxylation
pathways in detail, it is worth mentioning that the utilization of these pathways by
CYP24A1 can be species dependent. Humans are able to use both pathways
equally (Beckman et al., 1996; Sakaki et al., 2000) while the guinea pig
preferentially uses the C23- pathway (Pedersen et al., 1988), contrary to rats
(Sakaki et al., 1999) and mice (Engstrom et al., 1986) who preferentially use the
C24- pathway. The pathways will be described below.
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1.3.1 Hydroxylation Pathways

1.3.1.1 C23-Hydroxylation

In general the carbon 23 hydroxylation pathway of 1,25-(OH),D and 25-(OH),D
contains fewer steps than the 24 hydroxylation pathway of these metabolites.
1,25-(OH),D is transformed first into 1,23S,25-(OH);D and then into
1,23S,25,26-(OH)4D by successive hydroxylation at carbon 23 and carbon 26.
The latter molecule is transformed into 1,25-(OH),D-26,23-lactol from where it
becomes the final product of 1,25-(OH),D-26,23-lactone that is excreted by the
kidney (Figure 6) (St-Arnaud, 2011). The same steps apply to 25-(OH)D which is
first transformed into 23,25-(OH),D, then 23,25,26-(OH); that is converted into
25-(OH)D-26,23-lactol and finally 25-(OH)D-26,23-lactone (Ishizuka et al.,
1987). The biological activity of the C23- pathway metabolites remains a bit
unclear (St-Arnaud, 2011), but it has been postulated that the lactone end product
could serve as a VDR antagonist (Toell et al., 2001; Ishizuka et al., 2005) to
further augment vitamin D signaling inhibition (St-Arnaud, 2011).

1.3.1.2 C24-Hydroxylation

This pathway involves five separate enzymatic steps that eventually result in the
degradation metabolite calcitroic acid. 1,25-(OH),D 1is first hydroxylated at
carbon number 24 resulting in 1,24,25-(OH);D that is then ketonized to 24-oxo-
1,25-(OH),D. The following step is the hydroxylation of carbon 23 generating 24-
ox0-1,23,25-(OH);D. Oxidative cleavage of the bond between C23 and C24
produces 24,25,26,27-tetranor-1,23-(OH),D which is then converted to calcitroic
acid that is excreted in the bile (Figure 6) (Beckman et al., 1996; Sakaki et al.,
1999; St-Arnaud, 2011). 25-(OH)D metabolism through this pathway also results
in calcitroic acid excreted in the bile and the intermediate metabolites of its
degradation are 24,25-(OH),D, 24-0x0-25-(OH)D, 24-0x0-23,25-(OH),D and
24,25,26,27-tetranor-23-(OH)D (St-Arnaud, 2011).
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Figure 6: 1,25-(OH),D degradation pathway by CYP24A1. Left: C-24 oxidation
pathway. Right: C-23 oxidation pathway. Refer to text for 25-(OH)D products.
Taken from (St-Arnaud, 2011).

1.3.2 Identifying a Role for CYP24A1 in Mineral Ion Homeostasis

From what we have so far mentioned, it would seem that the sole purpose of
CYP24A1 is to enforce tight vitamin D control by catabolically breaking down
1,25-(OH),D and 25-(OH)D, rendering the intermediate metabolites (such as
24,25-(OH),D) mere degradation metabolites with no physiological function.
Many studies validate this idea by showing that this enzyme and its degradation
metabolite 24,25-(OH),D show no significant effects on classical actions of
vitamin D. When vitamin D analogs were fluorinated at carbon number 24

(making this carbon inaccessible to CYP24A1 and hydroxylation) and were given
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to vitamin D-deficient rats, no significant differences were seen between that
group and to the group given 25-(OH)D with respect to bone mineralization,
calcium mobilization from bone, healing of rachitic epiphyseal plate cartilage or
on intestinal calcium transport (Tanaka et al., 1979). Other studies further
validated this notion by demonstrating that the embryonic development of chicken
(Ameenuddin et al., 1982) and normal growth and reproduction in rats (Jarnagin
et al.,, 1983) was dependent on 1,25-(OH),D and not 24,25-(OH),D. These
findings do not by any mean undermine the relevance of the crucial role
CYP24A1 plays in the catabolic breakdown of 1,25-(OH),D and 25-(OH)D as
part of the tight regulation of vitamin D levels. It has been shown recently that
inactivating mutations in CYP24Al result in a syndrome called “Idiopathic
Infantile Hypercalcemia”. Patients with this syndrome present early on in life
(especially after supplementation with vitamin D) with weight loss, failure to
thrive, dehydration and hypotonia. Laboratory analysis of these patients shows
profound hypercalcemia, low levels of PTH and hypercalciuria (Schlingmann et
al., 2011). This clinical spectrum highlights the importance of CYP24Al in
mineral ion homeostasis but does not describe an additional physiological role for

this enzyme.

With time, researchers began looking for a potential role for CYP24A1 and 24,25-
(OH),D using an approach that did not solely focus on possible effects of this
enzyme in the classical function of vitamin D. Since chondrocytes express
enzymes that allow for the synthesis of both 1,25-(OH),D and 24,25-(OH),D, it
has been postulated that the latter might play a role in chondrocyte differentiation
and function. In fact, resting cartilage cells respond primarily to 24,25-(OH),D
and the activity of alkaline phosphatase, phospholipase A, and protein kinase C
seem to be regulated by this metabolite (Schwartz et al., 1988; Schwartz et al.,
1988). In vitamin D-deprived growing chicken, 24,25-(OH),D was shown to
have healing effects on rachitic lesions; supplementation of these chicken with
1,25-(OH),D was able to normalize calcium and phosphorus levels but had no
effect on reversing the lesions proving that the former metabolite might play a

critical role in bone formation (Ornoy et al, 1978). In support of these

30



observations, other studies were able to show that both 1,25-(OH),D and 24,25-
(OH),D were vitally important for normal egg hatchability and not just 1,25-
(OH),D alone (Henry et al., 1978; Norman et al., 1983).

The search for a physiological role of CYP24A1 and 24,25-(OH),D continued and
it was shown that this metabolite had some interesting effects on bone mass and
mechanical strength. With the administration of 24,25-(OH),D to vitamin D-
replete rabbits, bone mineral content and strength increased in these mammals in
comparison to their control groups despite lack of change in 25-(OH)D and 1,25-
(OH),;D levels (Nakamura et al., 1992; Nakamura et al., 1992). To further support
these observations, ovariectomized dogs treated with 24,25-(OH),D showed
increased bone mass and decreased bone resorption than the non-treated control
dogs (Nakamura et al., 1992). These studies and beneficial effects of 24,25-
(OH),;D do not clearly establish a putative physiological role for the metabolite,
but show clearly that it exhibits pharmacological effects that play a critical and

essential role in bone health, strength and maturity.

1.3.3 The Effects of CYP24A1 and 24,25-(OH),D on Fracture Repair

The search for a potential role for 24,25-(OH),D in bone health took a further step
in trying to identify a role for it in fracture repair. After inducing tibial fractures in
chicken, a gradual increase in kidney CYP24A1 activity was seen with a peak at
day 10 followed by a gradual decrease to baseline around day 15 post-fracture.
These observations were accompanied by an increase in serum levels of 24,25-
(OH),D that followed the same pattern (Seo et al., 1997). The same group then
studied the role of 24,25-(OH),D on bone repair and noticed that when this
metabolite was added to the chicken diet, it was sufficient by itself to achieve
optimal bone repair and integrity compared to controls fed 1,25-(OH),D alone. In
addition the biomechanical parameters such as torsional strength, stiffness and
angular deformation of the fracture calluses were superior in chicks fed 24,25-

(OH),D than those fed 1,25-(OH),D alone (Seo et al., 1997).
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To further study the effects of 24,25-(OH),D on fracture repair in close relation to
human biology, it was imperative to develop a mouse model that would allow
such studies to be performed. The Cyp24a1'/’ mouse (St-Arnaud et al., 2000)
serves as an invaluable tool to examine the role of 24,25-(OH),D in mammalian

fracture repair.

1.4 Engineering the Cyp24al Gene Deficient Mouse

Our laboratory was successful in engineering a mouse deficient for the Cyp24al
gene in order to study the effect of this mutation on vitamin D homeostasis and
bone formation. This was done by the removal of the heme-binding domain
sequences at exons 9 and 10 of the gene generating a null allele (Figure 7) (St-
Arnaud et al., 2000). Cyp24al mRNA levels could not be detected in the mutant
mice, and compared to their wild-type (WT) counterparts, these mice exhibited
decreased blood circulating levels of 24,25-(OH),D. To check and confirm lack
of CYP24A1 enzyme activity in the mutant mice, an acute bolus of 1,25-(OH),D
was injected in these mice and their wild-type counterparts. Unlike the mutant
mice, the wild-type mice were successful in clearing the bolus and re-normalizing
their 1,25-(OH),D blood levels (Figure 8); these findings were reproduced with
chronic 1,25-(OH),D injections (St-Arnaud et al., 2000). Interestingly, 50% of the
mice homozygous for the mutation died before 3 weeks of age (Table 3) (St-
Arnaud, 1999). After eliminating potential reasons as to be the cause of this
phenomenon, it was determined that the cause of perinatal lethality is
hypercalcemia caused by excess levels of circulating 1,25-(OH),D (St-Arnaud et
al., 2000). The fact that 50% of the homozygous mutant animals survived to
adulthood when vitamin D homeostasis and calcemia is not challenged allowed
successful breeding and the examination of the effect of the complete lack of
CYP24A1 activity on bone development; in fact, homozygous mutants born of
homozygous females exhibit abnormal bone development with excess
accumulation of osteoid at sites of intramembranous ossification with severely

reduced amounts of bone in the mandibles of these mice (St-Arnaud et al., 2000).
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Supplementation of mutant females with 24,25-(OH),D during gestation did not

rescue the phenotype, however double mutant homozygotes of Cyp24al and Vdr

show normal intramembranous formation at all sites (St-Arnaud et al., 2000).

These results establish the CYP24A1 enzyme as a key regulator of 1,25-(OH),D

homeostasis, and that the phenotype exhibited by the Cyp24al deficient mice was

in fact due to the exaggerated and unopposed effects of high circulating levels of

1,25-(OH),D. The successful breeding of these mutant mice in considerable

numbers allowed us to perform all our surgical experiments.
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Figure 7: Inactivation of the Cyp24al gene in mice by removal of the heme-
binding domain sequences at exons 9 and 10. Taken from (St-Arnaud et al.,

2000).

Table 3: Fifty percent of the mice homozygous for the mutant Cyp24al gene die
at weaning. Taken from (St-Arnaud, 1999).

Number of -/- Alive at weaning Dead at weaning
embryos
35 18 (51%) 17 (49%)
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Figure 8: Impaired vitamin D catabolism in Cyp24al™ after acute bolus injection
of 1,25-(OH),D; normal catabolism in heterozygote littermates. Taken from (St-
Arnaud et al., 2000).

Our previous studies comparing fracture repair between these mutant mice and
their wild-type littermates have shown delays in mineralization of the
cartilaginous matrix of the soft callus that is accompanied biochemically by
reduced gene expression of chondrocyte markers; this highly suggests that this
metabolite plays a critical role in mammalian fracture repair (St-Arnaud, 2010).
To further augment the hypothesis that 24,25-(OH),D is a key factor in
optimizing fracture repair, our laboratory has previously compared callus
formation between wild-type and mutant mice, in the presence or absence of
exogenous 24,25-(OH),D at different time points post-osteotomy using two
different surgical modalities (Naja, 2008; Husseini, 2011). Histological analysis
of fracture calluses from both types of mice at day 14 showed significantly poor
development in the mutant mice compared to the wild-type mice. Upon
exogenous administration of 24,25-(OH),D, histology of the fracture calluses at
day 14 in the mutant mice showed normal development as seen in the wild-type
mice, whereas administration of 1,25-(OH),D was not able to rescue the calluses.
These results suggest that this metabolite plays a critical role in optimizing

fracture healing (Naja, 2008). In support of these observations, micro-CT analysis
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and bone histomorphometry studies both showed that there was a consistently
lower bone volume per tissue volume (BV/TV) in the mutant mice compared to
the wild-type mice at days 10, 14 and 18 post-osteotomy, but not at day 28 post-
osteotomy (Figure 9A). These differences disappeared in the mutant mice after
exogenous administration of 24,25-(OH),D (Figure 9B) (Husseini, 2011). These
results clearly show that 24,25-(OH),D plays a critical role in optimizing fracture

repair.
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Figure 9: Consistently lower BV/TV in mutant mice compared to wild-type mice
at 10, 14 and 18 days post-osteotomy. No differences seen at days 21 and 28 post-
osteotomy (A). Dissappearance of differences in BV/TV between wild-type mice
and mutant mice after exogenous administration of 24,25-(OH),D (B). Taken
from (Husseini, 2011).

1.5 Identifying a Receptor for 24,25-(OH),D

Previous studies mentioned above have established the fact that 24,25-(OH),D
plays a major role in fracture repair and bone health, but none of these studies
identified the exact molecular mechanism underlying the effects of this
metabolite. Other groups have tried to characterize and identify a receptor specific
for 24,25-(OH),D that will explain the molecular basis of the effects seen in the
animal models studied. Studies in chicken and dogs suggested that the parathyroid
gland might be a potential location for the activity of 24,25-(OH),D (Canterbury
et al., 1978; Chertow et al., 1980), while more recent studies have focused on
fracture calluses as the site of the metabolite’s action, where a membrane binding

protein was shown to have high affinity for 24,25-(OH),D but not to 1,25-(OH),D
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(Seo et al., 1996). The success of our laboratory in engineering a mouse deficient
for Cyp24al (St-Arnaud et al., 2000) allowed us to perform a search for a putative
specific receptor of 24,25-(OH),D in a mammalian model. It was reasoned that
24,25-(OH),;D would act through receptor-mediated signaling in fracture repair,
therefore it was hypothesized that the metabolite’s receptor would be up-regulated
in the Cyp24a1'/ " fracture calluses. Gene expression monitoring by cDNA
microarrays of fracture calluses at day 14 post-operation from wild-type or
Cyp24al” showed the over-expression of 4 genes with no described function, of
which one (1500016010Rik), known as Family with sequence similarity 57
member B (Fam57b) was predicted to encode a transmembrane protein. Further
experiments done by our laboratory were able to show that Fam57b binds 24,25-
(OH);D in a specific and saturable manner when the gene was expressed in the
fibroblast like COS-7 cells (Figure 10). No specific binding was measured when
the cells were transfected with empty vectors or with expression vectors for the
other overexpressed clones. These results suggest that Fam57b is a gene that

encodes a transmembrane receptor for 24,25-(OH),D.
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Figure 10: A. Saturable and specific binding of radioactive [’H]-24,25-(OH).D to
FAMS57B. B. Binding was displaced by cold 24,25-(OH),D but not by 1,25-
(OH),D or progesterone. Reference not published.

37



1.6 Fracture Repair

Fractures are one of the most frequent injuries of the musculoskeletal system
(Claes et al., 2012). A fracture is basically a crack or a break that disrupts the
normal architecture of the bone (Frost, 1989). The majority of tissues in the body
heal by the formation of a poorly organized scar after being subjected to an insult,
on the other hand, fracture healing results in the regeneration of the original tissue
(bone) while largely restoring the properties of that tissue prior to injury
(McKibbin, 1978; Einhorn, 1998). This process is achieved by an orchestra of
biological events involving cellular responses, signaling pathways, adequate
vascularization and proper mechanical stabilization. It is agreed upon nowadays
that fracture healing occurs through three overlapping phases that are the initial
inflammatory phase, the reparative phase and finally the remodeling phase. The
reparative phase constitutes two different types of bone healing depending on the
type of fracture. Direct or primary bone healing occurs without a cartilaginous
intermediate (callus), while indirect or secondary bone healing occurs with the
formation of a precursory callus stage (Frost, 1989; Einhorn, 1998; Claes et al.,
2012). Most sustained fractures are treated with forms of surgical management
that allow minimal motion between the two ends of bone such as cast or sling
immobilization, external fixation or intramedullary (IM) fixation, and accordingly
most of the fractures heal through secondary healing, rendering primary bone
healing a rarity (Einhorn, 1998). For the sake of this work, we will discuss

secondary bone healing only.

1.6.1 Phases of Fracture Repair

1.6.1.1 Inflammatory Phase

This is the first phase after initial bone insult and typically lasts over a course of
seven days. It serves as a starting point and attracts all the required molecules to

initiate the cascade of events that are required for full healing and repair of the
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bone (Frost, 1989). When a fracture occurs, it results in blood vessel rupture
inside the bone and the surrounding tissue, promoting the start of the
inflammatory cascade with vasodilation and exudation of plasma (Wray, 1964;
McKibbin, 1978; Kolar et al., 2010). These events along with the death of the
bone ends allows the creation of a hematoma (Aho, 1966) within the fracture gap
characterized by hypoxia, low pH, and an abundance of inflammatory cells and
cytokines (Kolar et al., 2010); it acts as a scaffold for the invasion of additional
inflammatory cells (polymorphonuclear cells, macrophages and lymphocytes)
(Claes et al., 2012). As a result of the hypoxia, many angiogenic factors are
released at the fracture site (Ai-Aql et al., 2008) promoting revascularization
which is essential for removing debris and providing a source of access to
osteoprogenitor cells (Claes et al., 2012). Fibroblasts are then mobilized to the
fracture site and the hematoma begins to be replaced by granulation tissue

composed of collagen fibers (McKibbin, 1978) commencing the repair phase.

1.6.1.2 Repair Phase (Secondary Healing)

The reparative phase overlaps with the inflammatory phase and continues for
several weeks (Einhorn, 1998). Fractures treated by external fixation or IM nails
are allowed a considerable degree of movement between the fragments and thus
secondary bone healing is the predominant form of healing in these fractures.
Two processes are involved in this type of repair: intramembranous and

endochondral bone formation (McKibbin, 1978; Frost, 1989; Claes et al., 2012).

Intramembranous bone formation begins to occur for around two weeks after the
fracture and is characterized by direct differentiation of periosteal precursor cells
into osteoblasts, without the formation of a cartilaginous intermediate. This is
believed to occur in places where the periosteum and vascularization were not
completely damaged by the fracture and where there is minimal interfragmental
movement (McKibbin, 1978; Claes et al., 2012). These osteoblasts lay down
woven bone around the fracture site and this area is often referred to as the “hard

callus” (Einhorn, 1998). In other areas of the fracture, endochondral ossification is
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the predominant type of repair. This process is driven by chondrocytes and results
in the formation of a cartilaginous tissue, the “soft callus” (McKibbin, 1978;
Claes et al., 2012). This process is possible due to the fact that chondrocytes,
unlike osteoblasts, have the ability to differentiate and proliferate in areas of low
oxygen and decreased blood supply (McKibbin, 1978). When these chondrocytes
eventually hypertrophy and undergo apoptosis, they release calcium which then
causes a decrease in interfragmentary movement. This allows blood vessels to
invade this calcified cartilage, delivering monocytes and mesynchymal stem cells
to the site that develop into osteoclast-like cells and osteoblasts respectively. This
process can range from four to sixteen weeks until the whole fracture site is
turned into a network of dense woven bone and paves the way for the remodeling

phase (Einhorn, 1998).

1.6.1.3 Remodeling Phase

This is the last and final stage of fracture healing that can take up to many years in
humans (Frost, 1989; Claes et al., 2012). In this stage the levels of inflammatory
cytokines begin to drop and vascularization is reduced to pre-fracture levels. The
hall mark of this stage is the resorption of the excess callus and woven bone by
the osteoclasts and the deposition of more compact lamellar bone (similar to
primary bone healing), that is aligned along the loading axis of the original bone
(Buckwalter, 1996). The final outcome is a fully-loadable reconstructed bone

(Claes et al., 2012).

1.7 Intamedullary Nails

Intramedullary nails are long metallic rods that can be used in surgical repair of
long bone fractures. They are inserted into the medullary canal of the long bone
with the purpose of stabilizing and supporting the fracture. The evolutionary

process of IM nails has been huge and many advances have been made that
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allowed surgeons to effectively treat a multitude of fracture types (Mazzocca et

al., 2003).

There are two types of IM nails: Non-locking and locking. Non-locking nails are
nails that are not stabilized with screw or pin fixation. This type of fixation allows
a degree of movement of the fragments allowing axial and rotational movements
while supporting bending. These types of nails are indicated when the reduced
fracture has adequate rotational stability and thus will resist twisting when loaded.
Since these types of nails allow a certain degree of inter-fragmentary movement,
secondary bone healing through endochondral ossification and the formation of a
precursory callus is observed. Locking nails on the other hand have a series of
regularly spaced holes that pass through the axilla of the nail on all four sides,
thus allowing screws to be inserted from any direction resulting in rigid fixation
of the nail (Figure 11). These are the preferred nails to stabilize rotationally
unstable and comminuted fractures of the long bones of the leg. Due to the high
stability of these nails, the predominant type of bone healing is primary without

the formation of a cartilaginous callus (Mazzocca et al., 2003).

We have used non-locking nails in our experiments (detailed below) and thus

have studied endochondral bone formation during fracture repair.
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Figure 11: Schematic representation of a locking nail used to treat a femoral neck
and comminuted shaft fracture. Taken from (Mazzocca et al., 2003).

1.8 Bone Biomechanics

The bones of the skeleton serve many roles in the human body of which at least
two are key biomechanical roles. The first role is the protection and shielding of
vital organs from trauma where many of the bones are structured in a sandwich-
like form of which a compliant core (spongy bone) separates two stiff plates. For
example, when the skull is subjected to blunt trauma, mechanical energy
concentrates mainly in the core and thus little of that energy is transferred to the
innermost bony plate consequently protecting the brain from damage. The second
role of bones is to function as levers against which muscles contract. Bones are
generally shaped in a way that optimally distributes joint forces; the ends of the
long bones are usually broad which reduces stress (force per unit area), and the
stress is transmitted by the trabecular bone in the metaphysis into the long bone
cortex (Burr, 2003). In this section we define the basic terminology and
fundamental principles of bone biomechanics, along with the different modalities

available for biomechanical testing that serve as the core of this work.
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1.8.1 Stress-Strain Curve

Defining the components of the stress-strain curve is fundamental to understand
bone biomechanics. Stress is defined as the force per unit area and can be
classified as compressive (material becomes shorter), tensile (material is
stretched), or shear stress (one region slides relative to an adjacent region) (Turner
et al., 1993). Strain is the percentage change in length, or the relative deformation
of the material. The relationship between stress and strain in bone follows the
shape of a curve which is called the stress-strain curve; the components of this
curve allow the biomechanical comparison of different samples (Figure 12)

(Turner et al., 1993).
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Figure 12: Stress-Strain curve. Detailed explanation below. Taken from
(Mazzocca et al., 2003).

The yield point is the force required to induce the earliest permanent change in
shape or deformation of the sample; it divides the curve into two parts, the elastic
deformation area and the plastic/permanent deformation area. Elasticity is the
ability of the sample to restore its original shape after the deforming force is
removed. It is quantified by the slope of the curve in the elastic region which is

called young’s modulus; this parameter defines the stiffness of the bone
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(Mazzocca et al., 2003). Stresses beyond the yield point will cause permanent
damage to the bone structure which is called plastic deformation. Ductile
materials have the ability to deform beyond the yield point before fracture
whereas brittle materials lack that ability (Mazzocca et al., 2003). In general bone
is a not a very ductile material and thus has little ability to sustain post-yield
deformation. Therefore the less brittle the bone is, the more it can withstand stress
after the yield point before fracture (Turner et al., 1993). The force that is required
to break the bone corresponds to the ultimate stress. Finally the total amount of
energy required to break the bone is the toughness and it is defined by the area
under both parts (plastic and elastic) of the curve (Mazzocca et al., 2003).

1.8.2 Biomechanical Testing of Healing Bone

Many modalities can be used to assess the biomechanical properties of healing
bone or fracture calluses in laboratory settings such as torsion, three-point
bending, tension, and compression. Loading the bone in tension is when the two
halves are pulled apart, while loading it in compression is when the fractured ends
are compacted against one another. These two modalities are not commonly used
in laboratory settings when assessing long bones. Since long bones in vivo
experience bending and torsional moments, torsion and three-point bending are
most commonly used to assess fracture healing in the laboratory. Testing the bone
in torsion is twisting the two halves of the bone until failure, while in three-point
bending the bone is placed horizontally on two vertical supports and a third rod
bends the bone from the top until it breaks. The disadvantage of three-point
bending is that it creates a non-uniform bending moment throughout the fracture
callus and thus failure does not necessarily occur at the weakest cross-section. On
the other hand torsion testing subjects every point of the callus to the same torque,
but due to its simplicity and practicality, three point bending is the preferred
method. Irrespective of the modality used, all biomechanical outcome measures
mentioned above can be derived and obtained such as stiffness, toughness and

ultimate stress (force to break) (Morgan et al., 2009).
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1.8.3 Biomechanical Stages of Fracture Healing

There are four biomechanical stages of fracture healing that were defined using
the results of torsional testing performed on healing rabbit tibias at multiple time
points (White et al., 1977). It should be noted that the duration of each stage is
species dependent, i.e. healing in smaller animals (mice) progresses more rapidly
than in larger animals (rabbits). Stage 1 is characterized by extremely low
stiffness and strength of the callus and occurs at the original fracture line. This
stage corresponds to the inflammatory phase of fracture healing. Stage 2
corresponds to increased callus stiffness and corresponds to the soft callus phase
and the beginning of the bony callus phase in the repair phase of fracture healing.
Stage 3 is characterized by further increase in stiffness and is where failure occurs
partly outside the original fracture line. In stage 4, failure in the torsion test occurs
in intact bone rather than the original fracture line. The transition from stage 3 to
4 corresponds to the beginning of the remodeling phase of fracture healing

(Morgan et al., 2009).
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2. Aims of the Study

2.1 mRNA and Protein Expression

To assess the RNA and protein expression of a presumed specific receptor for

24,25-(OH);D in different mice organ tissues.

2.2 Biomechanical Testing

To use a previously devised small animal surgical model of a tibial fracture to
assess the biomechanical properties of fracture calluses in Cyp24al gene

deficient mice.

3. Original Contributions to the Aims

This work describes a number of results and techniques that were achieved and
developed in our laboratory by my present and former colleagues. Those results
and techniques played a crucial and key role in achieving the aims of this work,
and thus this section distinguishes my specific original contributions from those
of my colleagues’. Regarding the first aim, the plots shown in Figure 10 were
performed by a colleague of ours in the laboratory, Claude Gauthier, but were
never published. However, they served as a starting point to achieve the first aim
of this work that is described in Figures 16-20 that reflect my original
contributions. With respect to the second aim, the surgical modality used in this
work was developed by Abdallah Husseini, a former masters student in our
labortatory, and is depicted in Figures 13 and 14. The results of Dr. Husseini’s
work are shown in Figure 9, and serve as a base to my original results in this
work that are shown in Figures 21-24. Figure 15 was taken from the web and all

other figures are adapted from the literature, with appropriate referencing.
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4. Materials and Methods

4.1 mRNA Quantification

4.1.1 RNA Extraction from Tissues

Twelve week old wild-type mice were euthanized using CO, asphyxia. The mice
were dissected and the following organs were collected in 17x100 mm culture
tubes containing 2-3 ml RNA Later solution (Ambion Inc., # AM7021, Austin,
USA): Kidney, heart, brain, skin (without hair), muscle, tibia without the
epiphysis (flushed bone marrow with normal saline), calvaria, small intestine, and
rib cartilage. The RNA Later was poured out and the samples were cut into small
pieces, with the exception of the bone sample that was frozen with liquid nitrogen
and crushed using a pestle and mortar. The samples were transferred to 17x100
mm culture tubes containing 2 ml of Trizol reagent (Invitrogen Inc., Carlsbad,
USA) and then homogenized by a Polytron (PT-MR 3000 Kinematica,
Switzerland). They were then centrifuged at 4°C for 10 mins, and the supernatant
of each sample was divided into 1 ml eppendorf tubes. To each tube, 200 ul of
chloroform were added and the tubes were shaken vigorously and then
centrifuged for 15 mins at 4 degrees at 12000 RCF. The colorless aqueous
supernatant was transferred to fresh new 1 ml eppendorf tubes and 500 ul of
isopropanol were added to each tube. The tubes were shaken vigorously and left
to stand for 10 mins at room temp. They were then centrifuged for 10 mins at 4°C
at a speed of 12000 RCF. The supernatant was then poured out with caution as to
not disturb the pellet and 1 ml of ethanol (75%) was then added to the tubes. The
tubes were then centrifuged for 5 mins at 4°C at a speed of 7600 RCF. The
ethanol was removed from the tubes using a 200 ul pipette and they were left to
air dry for 30 mins. Finally, 30 pl of RNAase free water were added to the tubes

and reverse transcription was started.
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4.1.2 Reverse Transcription

Reverse transcription of the isolated mRNA was done by using the High-Capacity
cDNA reverse transcription kit (Applied Biosystems #4368813, Branchburg,
USA) following the manufacturer’s instructions. The kit successfully reverse-
transcribes tissue RNA into cDNA by the use of random primers and multiscribe
reverse transcriptase. The volume of mRNA to be reverse-transcribed
(corresponds to 1 pg ) was added to 20 pl of RNAse-free water. The master mix
was prepared according to the instructions supplied with the kit, and 20 pl were
added to each tube containing the mix of mRNA and RNAse-free water. The
samples were then revere-transcribed to cDNA using the GeneAmp PCR 9700
thermal cycler (Applied Biosystems, Branchburg, USA).

4.1.3 Quantitative Real-time reverse transcription PCR (qRT-PCR)

The relative expression of FAMS57B (Mm01276190) and Fam57Bv2
(MmO01276192 ml) from the cDNA obtained from the above mentioned samples
was measured using qRT-PCR. The machine that was used for this process was
the Applied Biosystems 7500 instrument (Applied Biosystems, Branchburg,
USA). In this machine, quenched fluorescent probes interact with the cDNA
templates, and upon amplification, the degradation of the probes releases
fluorescence. This provides the Ct value, which is a quantitative assessment of the
mRNA of the gene of interest. This Ct value is normalized to the Ct value of the
housekeeping control gene that we used which is Gapdh (Part number 4352932E),
and subtracts them from each other to get the delta Ct (dCt = Ct target — Ct
control). This dCt is representative of a relative expression in each sample for the
target gene. The delta delta (ddCt) however, is the value needed to compare
different samples. This is achieved by comparing the dCt of each value to a
chosen calibrator (ddCt = dCt sample — dCt calibrator). Brain was chosen to be
the calibrator due to the high expression of FAMS57B in that tissue. Due to the

exponential nature of PCR that doubles at every Ct increase, the equation “2% =
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final relative expression value” is used to express the relative expressions of the

target genes in the different tissue samples.

4.2  Protein Expression

4.2.1 Protein Extraction from Tissues

Twelve week old wild-type mice were euthanized using CO, asphyxia. The mice
were dissected and the following organs were collected in 17x100 mm culture
tubes and frozen in liquid nitrogen: kidney, heart, brain, liver, skin (without hair),
muscle, tibia without the epiphysis (flushed bone marrow with normal saline),
calvaria, and rib cartilage. The samples then were homogenized individually using
a Polytron (PT-MR 3000 Kinematica, Switzerland) with 3 ml RIPA (Radio
Immuno Precipitation Assay Buffer composed of 150 mM NaCl, 1% NP-40, 0.5%
deoxycholate, 0.1% SDS, 50 mM Tris HCI pH 8.0 and EDTA), 3 pl of Protein
inhibitor (1:1000) and 60 pl of Phenylmethanesulfonyl Fluoride (1:50); the tibia
was first crushed using a pestle and mortar before homogenization. The RIPA
buffer was prepared according to the Western Blotting protocol “Western Blotting
— A Beginner’s Guide” provided on the “Abcam Inc. (Toronto, ON)” website.
The samples were then centrifuged at 4° C at 3200 RPM for 20 minutes. The
supernatant was transferred to 1 ml eppendorf tubes and the precipitate was

disposed of.

4.2.2 Determining Protein Concentration

Protein concentrations were determined using the Bio-Rad (Philadelphia, PA)
Protein Assay Dye Reagent with a BSA (Bovine Serum Albumin) standard curve.
The absorbance of the standard solutions and the samples were measured at A =
595 nm using a standard Beckman spectrophotometer. The absorbance of the

standard solutions were measured first in succession followed by the samples. The
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standard curve was then plotted and the equation of the plot was derived. The

concentrations of the samples were deduced from the derived equation.

4.2.3 Developing the FAMS7B Antibody

After successfully identifying the potential specific membrane receptor
(FAMS57Bv2) to 24,25-(OH),D, a post-doctoral researcher in our laboratory,
Laszlo Kupcsik, was able to identify the protein sequence of this receptor. A
portion of the receptor’s protein sequence was chosen and sent to “Gallus
Immunotech Inc.” (Fergus, ON) a company that specializes in the production of
egg-derived antibodies. The company provided our laboratory with the “Affinity
Purified Chicken anti-AGYIVSTSCKHIIIDDQHWLSSAY” that detects all
isoforms of FAMS57B and is not only specific to FAMS57Bv2 along with the
blocking peptide. These were used in the western blot and

immunohistofluorescence assays detailed below.

4.2.4 Western Blot Analysis

The relative protein expression of FAMS57B in different organ tissues of wild-type
mice was assessed using western blotting, where the primary antibody used was
the specific antibody against FAMS7B described above, and the secondary
antibody was an Antichicken-IgY.

Two separate western blots were run simultaneously, as one of the membranes
was incubated with a solution containing the primary antibody and the blocking
peptide while the other was incubated with a solution lacking the blocking

peptide.

4.2.5 Electrophoresis

Western blot analysis of the protein samples was performed using the SDS-PAGE
method (Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis) provided
in the “Abcam” protocol. The molecular weight of the FAMS57B protein is known
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to be 31 kDa and thus 10% resolving gel was used for electrophoresis and was
prepared according to the protocol using 40% acrylamide, 10% APS (Ammonium
persulfate) and TEMED, while 4% stacking gel was prepared using 40%
acrylamide, 10% APS and TEMED. The protein samples were prepared using 10
ug of protein, in addition to distilled water and 6x Lamli. These solutions were
then boiled for 2-5 minutes and loaded into the wells. The migration buffer used

was 1X Tris-glycine and the set voltage was 200 V.

4.2.6 Transfer of Proteins and Staining (Western Blotting)

For the transfer of proteins we used PVDF (Polyvinylidene fluoride, Millipore
Ireland Ltd., County Cork, Ireland) membrane and Whatman paper (Whatman
International Ltd., Maidstone, England). The transfer buffer used was a solution
of 70% distilled water, 20% methanol and 10% 10X Tris-Glycine without SDS.
An icepack was added to the chamber and the transfer was done over the duration
of 1.5 hours at 100V. Upon completion of the transfer, the membranes were fixed
in methanol for 5-10 secs and then left to dry for 5 mins. Blocking was then done
by incubating the membranes in a solution of 10% milk on a stirrer for one hour at
room temp. The membranes were washed 3 x 5 mins with 1X Tris-buffered saline
(TBS) and then the first membrane was incubated with the primary antibody to
FAMS57B (1:25000) dissolved in 1X TBS, while the other membrane was
incubated with a solution containing the primary antibody at a dilution of
1:25000, pre-incubated with the blocking peptide at 200X molar excess. The next
day the membranes were washed 3x 10 mins with 1X TBS, and then incubated
with the secondary antibody (Anti-chicken IgY) diluted in 1X TBS (1:20000) for

1 hr at room temp. The film was then developed.

51



4.3 Immunohistofluorescence

Immunohistofluorescence (IHF) was used to detect the location of the FAMS7B
protein in different mouse organ tissues: brain, kidney and tibia. The methods of

preparing paraffin embedded tissues and cryosections will be described below.

4.3.1 Paraffin Embedded Tissues

4.3.1.1 Dehydration

A 12 week old wild-type mouse was euthanized by cervical dislocation, and the
brain and both kidneys were obtained and fixed individually in 10% Formalin
Solution at 4°C overnight. The next day, dehydration of the tissues was done by
incubating them 2 x 1 hr with increasing concentrations of ethanol (70, 80, 95 and
100%). The final 2 steps of dehydration are the incubation of the tissues with
xylene 3 x 1 hr, and then with paraffin wax at 56°C (without dimethyl sulfoxide)
2 x 1.5 hrs. The samples were finally embedded into paraffin (with dimethyl
sulfoxide) blocks.

4.3.1.2 Tissue Sectioning

Tissue sectioning was prepared using a microtome (Leica RM2255, Concord,
ON). The tissues were sliced at a thickness of 5 um (brain: coronal sections,
kidney: saggital sections) and placed on charged adhesion slides. The slides were

left to dry overnight at a temperature of 42° C using a glass slide warmer.

4.3.1.3 Deparaffinization

Before proceeding with the staining protocol, the sections had to be
deparaffinized. This is essentially the reversal of the dehydration step mentioned

above. The slides are placed in a rack and washed in succession starting with
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xylene, then xylene 1:1 with 100% ethanol, decreasing ethanol concentrations
(100, 95, 70, and 50%) and finally cold tap water. Each wash was done over the

duration of 3 minutes.

4.3.1.4 Antigen Retrieval

This step is essential and widely used in formalin-fixed tissues before
immunohistofluorescence. During fixation, methylene bridges form which cross-
link proteins and thus mask antigen sites. The two methods, heat-mediated and
enzymatic, both serve to expose antigenic sites well. We used the heat-mediated
method in our experiments.

The antigen retrieval step was performed using the “2100 Retriever” (PickCell
Laboratories, Amsterdam, The Netherlands) pressure cooker. The slides were
placed in a rack containing sodium citrate buffer (pH 6.0) in the cooker, and
antigen retrieval was done according to the protocol found in the manual supplied

with the machine. The cooker was left to cool overnight.

4.3.1.5 Immunostaining

After antigen retrieval, the slides were washed with phosphate-buffered saline
(PBS) for 3 x 5 mins, and were then washed 2 x 5 mins with 1X TBS plus 0.025%
Triton X-100. Blocking of the slides was then done over the duration of 2 hours at
room temperature with a solution of 10% normal goat serum with 1% BSA in 1X
TBS. After the blocking step, the slides were incubated with the primary antibody
at 4°C overnight. For each tissue we used three slides; one slide was used as a
negative control (1X TBS and BSA 1%) without the primary antibody, the second
was the positive control with the primary antibody (1:250), and the third was
incubated with the primary antibody pre-incubated with the blocking peptide at

400X molar excess.
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4.3.1.6 Fluorescent Detection

The next day, the slides were rinsed 2 x Smins with 1X TBS 0.025% Triton with
gentle agitation and then incubated with 0.1 % the fluorophore-conjugated (Alexa
Fluor 594 goat anti-chicken 2mg/ml) diluted in 1X TBS with 1% BSA for 1 hour
at room temperature. The slides were finally stained with 4',6-diamidino-2-
phenylindole (DAPI) and were visualized under fluorescence using the

fluorescence microscope (Leica DMR, Olympus DP70).

4.3.2 Cryosections

Previously prepared decalcified mouse tibia cryosections cut in the sagittal plane
were provided to us by a colleague in our unit, Lisa Lamplugh; the brain and

kidney cryosections were prepared and processed by myself as detailed below.

Twelve week old wild-type mice were euthanized by cervical dislocation, and the
brain and both kidneys were obtained and fixed individually in 4% Formalin
Solution for 10mins. They were then washed 3x 5mins with PBS and cut into
2mm pieces (brain: coronal, kidney: saggital). Next, a cryo-mold was filled with
OCT-Tissue-Tek (Sakura Finetechnical Company Ltd., Tokyo, Japan) and placed
on crushed dry ice in a Styrofoam box. The samples were left soaking in OCT for
a period of 10 minutes to allow good penetration and then stored at -20°C

overnight.

The samples were sectioned at a thickness of Sum using the cryostat (Bright,
Model OTF) and placed on previously prepared gelatin coated slides. Staining
was then performed as was done to the paraffin embedded slides, but without

antigen retrieval.
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4.4 Surgical Experimental Design

The Cyp24a1‘/' mice that were engineered in our laboratory (St-Arnaud et al.,
2000) and their wild-type control littermates were used in the following
intramedullary surgeries. They were bred and housed in the animal facility of the
Shriners Hospitals for Children, Montreal, QC, Canada, with exposure to light for
twelve hours per day and twelve hours darkness. Water and regular mouse chow
were provided ad libitum. All animal use protocols were approved by the McGill

Animal Care and Use committee.

Twelve to 16 week-old Cyp24al deficient mutant mice (St-Arnaud et al., 2000)
and wild-type controls were used to perform the IM nailing surgeries. Ten mice
were assigned to each of the four different groups: mutants injected with vehicle,
mutants injected with 24,25-(OH),D, wild-types injected with vehicle, and wild-
types injected with 24,25-(OH),D. The mice were sacrificed and the samples were
collected at 18, and 28 days post-surgery.

4.4.1 Surgical Procedure (Intramedullary Tibial Nailing)

Several techniques are described in the literature to stimulate fracture repair in
rodents, but most of these techniques work better on rat femurs specifically
(Holstein et al., 2007; Holstein et al., 2009). Special free weight dropping
machines are used in these techniques to stimulate the closed femoral fractures,
and immediate post-op radiography is needed to assess the induced fracture
(Hiltunen et al., 1993). To avoid the use of weight dropping machines and the
need for immediate post-operation radiography to verify the osteotomy, our
laboratory was able to devise a modified open-type osteotomy technique to

stimulate IM tibial nailing in mice (Husseini, 2011).

Twelve to 16 week-old Cyp24al deficient mice (St-Arnaud et al., 2000) and
control wild-types as stated above were used. All operations were performed

under aseptic conditions in the procedure room of the animal facility in the
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Shriners Hospital for Children, Montreal, Quebec, Canada. The mice were first
generally anesthetized using isoflurane gas in a chamber connected to our gas
machine, and were kept under anesthesia throughout the full length of the
procedure using the same machine. Mice were then weighed on a balance and
were subcutaneously injected with Sul/g of carprofen, 20ul/g of normal saline and
0.05 ml of buprenorphine (0.3mg diluted in 12 ml normal saline); ophthalmic
ointment (Neomycin, Polymyxin B sulfates and Bacitracin) was applied to the
eyes of the mice to prevent dryness and infection induced by isoflurane. The right
leg was shaved using a razor machine starting directly above the knee and down
to the ankle, and then prepped with 70% ethanol and 2% chlorhexidine solution.
A 3mm vertical skin incision was made above the knee exposing the patellar
ligament. The knee joint space was exposed by performing a 2mm medial
parapetellar incision using a #11 blade scalpel (Fisher Scientific, Hampton, USA),
and a 26G needle was inserted along the direction of the long axis of the tibia
through the tibial plateau into the tibial canal. The internal wire core guide of a
25G spinal needle (Quincke 25G 3’ spinal needle, BD #450170, Franklin Lakes,
USA) was inserted through the needle and the needle was then removed keeping
the wire guide in the tibial canal. The proximal part of the wire was bent at 90
degrees medially and then cut and placed under the patellar ligament avoiding
puncture of the ligament. The medial parapetellar incision was closed with a
single suture using 6-0 vicryl (Johnson & Johnson, Skillman, USA). Through the
same incision, the overlying soft tissue and muscle were bluntly dissected away
from the bone at the level of the mid-tibia with 8mm spring micro-scissors (Fine
Science Tools #15024-10, Vancouver, Canada). An osteotomy was then
performed to stimulate a tibial mid shaft transverse fracture using extra fine Bonn
scissors (Fine Science Tools #14084-08, Vancouver, Canada). Using a single 6-0
vicryl suture (Johnson & Johnson, Skillman, USA) the overlying tissue was
closed, and analgesia was provided at the surgical site with drops of
lidocaine/bupivacaine. Finally, the skin was closed using 2 horizontal mattress
sutures (Figure 13) (Husseini, 2011). After the surgery the mice were put in a

mouse cage placed on a heated pad overnight, and were allowed to ambulate
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freely. Six hours post-surgery, the mice were given an injection of 0.05ml
buprenorphine subcutaneously, and carprofen (5ul/g of mouse body weight) was
administered subcutaneously at 24 hours and 48 hours post-surgery. The animals
were closely monitored, and any mice exhibiting signs of severe pain, bleeding, or
swelling were humanely euthanized. A total of 160 mice were used for this study.

The rescue experiments were performed in the following manner: The vehicle
chosen was propylene glycol (Husseini, 2011). The dose of 24,25-(OH),D that
was administered was 6.7 pg/kg diluted in vehicle; this was an average of the
doses used in previous work (Yamate et al., 1994). The mice were administered
daily a dose of 50ul volume of 24,25-(OH),D or vehicle subcutaneously, from the
day after the surgery until the date of sacrifice.
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Figure 13: Steps of the intramedullary nailing operation. A. Insertion of the 26G
needle into the tibial canal through the knee joint space. B. Insertion of the 25G
spinal needle core and suturing of the knee joint. C. Induction of the tibial mid
shaft fracture with subsequent closure of the surrounding muscle tissue. D.
Closure of the skin and completion of the surgery. Taken from (Husseini, 2011).
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Figure 14: Postoperative views of the inserted tibial nail. A. Lateral view. B.
Anteroposterior view. Taken from (Husseini, 2011).
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4.4.2 Sample Collection

The mice from different groups were euthanized in a CO, gas chamber at the
predetermined time points. The tibiae were disarticulated at the level of the knee
and ankle. The overlying skin was completely removed along with the majority of
the overlying muscle. The samples were then wrapped in Kimwipe (Kimtech
Science, Kimberly Clark Inc., Mississauga, ON) paper and stored in PBS at -40°C

pending biomechanical testing.

4.4.3 Three Point Bending

The samples were left at room temperature to thaw overnight before performing
the three point bending test. The kimwipe was carefully removed off the sample
and the intramedullary nail was carefully pulled out using a needle holder. The
sample was then broken at the fracture site using the three point bending machine,
and the data generated were recorded and analyzed to give the stiffness (N/mm)
and the force (N) needed to break each sample. The samples collected were tested
in our laboratory using our three point bending machine (Instron, Norwood, MA)

(Figure 15).

Figure 15: An example of mouse femur loaded on a three-point bending machine.
Taken from: www.mc.vanderbilt.edu
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4.5 Statistical Analysis

To analyze the numerical data generated from the biomechanical testing of the
tibia samples, we used the statistical program prism 5.0 (GraphPad software Inc.,
La Jolla, USA). Two-way ANOVA with post-hoc Newman-Keuls Comparison
analysis of the Log transformation of the values was used to compare the different

groups. A p value of <0.05 was considered to be significant.

5. Results

51 FAMS7B

5.1.1 qRT-PCR results: mRNA Expression of Fam57b and Fam57bv2

mRNA expression of total Fam57b and Fam57bv2 in different organ tissues of
wild-type mice were measured using qRT-PCR. The graphs below represent the
relative expression of either of the two transcripts from the gene in the different

samples compared to the calibrator, brain.
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Figure 16: A. Relative mRNA expression of Fam57b and B. Relative mRNA
expression of Fam57bv2 in WT mice.

It can be seen that the mRNA expression of total Fam57b was highest in brain
tissue compared to the rest. The other tissues all express the gene at much less
relative quantities (Figure 16A). Interestingly though, looking at the mRNA
expression of Fam57bv2, we observe that different organ tissues express this gene
at much higher concentrations relative to brain. In fact skin and cartilage tissue
show the highest expression of variant 2 (Figure 16B). This data is interesting as
it shows that Fam57bv2 is highly expressed in a tissue that participates in fracture

healing (cartilage), and in a tissue that undergoes lots of repair (skin).
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5.1.2 Western Blot Analysis Results

Western blot analysis was used to assess FAMS57B protein expression in different

organ tissues of wild-type mice using the FAMS57B antibody and blocking

peptide.
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Figure 17: A. Western Blot analysis of FAMS57B in different organ tissues. B.
Western Blot analysis of FAM57B + Blocking Peptide in different organ tissues.
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The antibody used here is not specific to FAMS57Bv2 but is able to detect all
isoforms of FAMS57B, and thus in the blots above, the antibody is detecting all
isoforms of FAMS57B. Tissues assayed including liver (data not shown) express a
band at ~35 kDa which corresponds to the molecular size of the FAMS57B protein.
The tissues that express FAMS57B the most are the kidney, brain and muscle,
although the gel was not controlled for loading. Looking at the second western
blot (Figure 17B), we see in almost all of the organ tissues that the band has
disappeared; this is due to the effects of the blocking peptide on the FAMS57B
antibody. Since the blocking peptide used is known to be specific to the antibody,
the results suggest that the bands seen in the first blot are truly representative of
FAMS57B. Since loading of the proteins was not controlled for, the reason for the
high intensity bands seen in the kidney and muscle columns in the first blot
(Figure 17A) is that there was more protein loading in those wells compared to
the rest. This resulted in incomplete disappearance of those bands in the second
blot (Figure 17B). We anticipate that if more blocking peptide had been added to
the blot, the high intensity bands would disappear completely.

5.1.3 Immunohistofluorescence

IHF is a method commonly used to demonstrate the presence and location of
proteins in tissue sections. Even though it is quantitatively less sensitive than
Western Blotting or ELISA, it allows the researcher to identify the location of the
protein in the context of intact tissue. Since the primary antibody used in this
method is usually highly specific to its protein, it will only bind to the protein of
interest in the tissue section. After this step, a secondary antibody that has a
flurophore conjugated to it, will allow visualization of the protein-Antibody
complex using fluorescence microscopy. We have used this method to further

identify FAMS57B in paraffin embedded tissues, and tissue cryosections.
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5.1.3.1 Paraffin Sections

Figure 18 shows the results of immunofluorescence detection of FAMS7B in
paraffin sections from fixed brain tissue. Background staining in the absence of
primary antibody was low (panel A). Incubation with the primary antibody
yielded a diffuse signal (panel B) that was partially blocked upon incubation of
the antibody with the immunizing peptide (panel C). The signal seen in panel B
most likely represents specific staining as it diminishes upon peptide blocking;
however, the diffuse signal does not allow identifying expressing cells
unambiguously. A number of antigen retrieval and incubation conditions were
tried without improving the specific signal (data not shown). Moreover, we could
not detect a specific signal in paraffin sections from kidney, where the protein is
abundantly expressed (data not shown, and Figure 17A). We conclude that the
antibody does not work very well for immunodetection in fixed tissue embedded

in paraffin.

A
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Figure 18: Brain paraffin section (A) without antibody, (B) with antibody, and
(C) with antibody plus blocking peptide.
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5.1.3.2 Cryosections

Figures 19 and 20 show immunofluorescent detection of FAMS7B in
cryosections from kidney (Figure 19) or joint tissue (Figure 20). In each case,
background staining was low (Figure 19A and Figure 20A) and we could detect
a specific signal (panels B of each figure) that was blocked upon preincubation
with the immunizing peptide (Figure 19C and Figure 20C). Cryosectioning does
not yield good histology, especially of soft tissues, and it remains difficult to
ascertain which structure/cell type expresses FAMS57B in kidney. However, the
joint cryosection can be oriented to identify the distal and proximal portions of the
bones as well as the meniscus cartilage. The specific staining for FAMS57B was
detected in the meniscus cartilage tissue (Figure 20B). This result combined with
the mRNA expression profiling of Fam57bv2 that shows high transcript levels in
cartilage (Figure 16B) suggests that the antibody detects the FAMS7B2 protein
isoform in chondrocytes from cartilage. This is a cell type that contributes to
fracture repair through endochondral ossification and is a relevant site of
expression for a role of the FAMS57B2 protein in transmitting the signal from

24,25-(OH),D during fracture healing.

A.
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Figure 19: Kidney cryosection without antibody (A), with antibody (B), and with
antibody plus blocking peptide (C).
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meniscus

Figure 20: Tibia cryosection without antibody (A) and with antibody (B).
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5.2 Intramedullary Nailing Experiment

As stated in the above Material and Methods section, we sacrificed the operated
mice at two different time points. The time points corresponded to post-operation
days 18 and 28, and the biomechanical parameters of the samples (stiffness and
force needed to break) were measured at these time points These time points
were based on previous work that showed that the differences in bone formation
between the mutant mice and wild-type mice were most evident by day 18 and
normalized by day 28 (Figure 9) (Husseini, 2011). The results in this section are

presented for each gender at both time points.

70



5.2.1 Day 18 post-operation
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Figure 21: Column bar graph of the stiffness (A) and force to break (B) of male

samples at 18 days post-operation.
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Three — point bending: Stiffness
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Figure 22: Column bar graph of the stiffness (A) and force to break (B) of female

WT

samples at 18 days post-operation.
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5.2.2 Day 28 post-operation
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Figure 23: Column bar graph of the stiffness (A) and force to break (B) of male
samples at 28 days post-operation.
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Three — point bending: Stiffness
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Figure 24: Column bar graph of the stiffness (A) and force to break (B) of female
samples at 28 days post-operation.
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As measured at day 18 post-operation, the calluses of the untreated mutant males
(vehicle) had significantly lower stiffness (Figure 21A) compared to their wild-
type littermates, and required less force to break (Figure 21B). These differences
were rescued with the administration of exogenous 24,25-(OH),D. The calluses of
the mutant mice given 24,25-(OH),D had significantly superior biomechanical
properties compared to the mutants given vehicle, and were similar to the their
wild-type littermates. The differences seen were not gender-specific, as we
obtained similar results in the female group (Figure 22). Therefore we can
conclude that 24,25-(OH),D helps in optimizing fracture healing at an early stage

of repair in all genders.

The differences in the biomechanical parameters seen at day 28 post-operation
among the four different groups were not found to be statistically significant. This
is in line with previous results obtained in our laboratory, showing that there are
no differences in callus formation towards the end of fracture healing (Husseini,
2011). However, there was no detrimental effect of 24,25-(OH),D on wild-type
calluses. In fact, it can be argued that the results show a trend that might be
indicative of a beneficial effect of 24,25-(OH),D on WT mice calluses (Figure
23, Figure 24). The effect could have reached statistical significance if we had

used larger cohorts.

These results suggest that 24,25-(OH),D plays a significant role in optimizing
mammalian fracture healing. Administration of exogenous 24,25-(OH),D rescues
the delay in fracture healing observed in Cyp24al-deficient animals. This

replacement therapy is effective in both genders.
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6. Discussion

We set out to examine the expression pattern of the mRNA and protein for a
putative receptor binding the vitamin D metabolite, 24,25-(OH),D. We also
measured the effect of treatment with 24,25-(OH);D on the biomechanical
properties of healing bones. To perform this study, we have used the Cyp24al
deficient mice that were previously engineered in our laboratory (St-Arnaud et al.,

2000), as well as several organ tissues extracted from wild-type mice.

The CYP24A1 enzyme and its metabolite 24,25-(OH),D have been extensively
studied for quite some time, and the results have been a matter of ongoing debate.
Studies and experiments first performed led to the interpretation that this
metabolite was a mere degradation product and did not possess biological activity
(Tanaka et al., 1979; Ameenuddin et al., 1982; Jarnagin et al., 1983). When
scientists began to look at different physiological functions for this metabolite,
they found that it plays a beneficial role in bone health and mineral content, as
well as strength and maturity when administered at pharmacological
concentrations (Nakamura et al., 1992; Nakamura et al., 1992; Nakamura et al.,
1992). More convincing evidence for identifying a specific role for 24,25-(OH),D
distinct from 1,25-(OH),D was obtained by studying fracture repair in chicken.
Studies were able to show that there was an increase in CYP24A1 activity with
accompanying increase in 24,25-(OH),D serum levels after tibial fracture in
chicken (Seo et al., 1997), and that the addition of 24,25-(OH),D to the diet of
these chicken alone was able to achieve optimal bone repair with subsequent
superior biomechanical parameters compared to chicken fed 1,25-(OH),D alone
(Seo et al., 1997). Our laboratory was successful in developing a mouse model
deficient for Cyp24al that served as a valuable tool to study the role of 24,25-
(OH);D in mammalian fracture repair. These mice were studied using two

different surgical techniques that yielded interesting results.

The first set of experiments performed involved subjecting mutant mice and their

wild-type littermates to tibial fractures, and then stabilizing these fractures using
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an external fixator. Using bone histomorphometry, the bone volume and callus
structures of these mice were examined at days 14 and 21 post osteotomy. The
wild-type mice calluses had hyaline cartilage and woven bone, indicative of
normal fracture healing and repair; interestingly, the mutant mice showed no such
features and exhibited smaller and very poorly organized calluses. When 1,25-
(OH),D was administered to these mutant mice, there was no improvement in
callus size and quality; however, with the administration of 24,25-(OH),D the
calluses of the mutant mice increased in size and showed features of normal

histology similar to wild-type calluses (Naja, 2008).

The second set of experiments performed in our laboratory further supported
these results using a different surgical modality. A modified open osteotomy with
intramedullary nailing procedure was developed in our laboratory that
successfully mimics endochondral ossification. Using this surgical technique,
mutant mice and their wild-type littermates were subjected to tibial fractures and
the resulting calluses were studied using micro-CT. In line with the results of the
first set of experiments done, the callus sizes of the mutant mice were
significantly smaller at days 10 and 18 when compared to the wild-type calluses;
however, at days 21 and 28 the mutant calluses reached the same size as the wild-
type calluses (Figure 9). Furthermore, injecting the mutant mice with exogenous
24,25-(OH),D resulted in the calluses attaining a size similar to the wild-type
control (vehicle) mice at days 10, 18, 21 and 28 (Husseini, 2011). These results,
in concordance with the results of the first set of experiments show a highly
important role for 24,25-(OH),D and not 1,25-(OH),D in optimizing fracture

repair and speeding up the healing process in the early stages.

In this study we attempted to further validate the role of 24,25-(OH);D in
optimizing fracture repair by assessing the biomechanical properties of the mutant
mice calluses and the calluses of their wild-type littermates, using the modified
open osteotomy technique with intramedullary nailing that was developed in our
laboratory. With the knowledge that the calluses of the mutant and wild-type mice

exhibited differences with respect to size and morphology at day 18 that were not
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seen at day 28 post-operation, we used these two distinct time points to assess the
stiffness of the different calluses, and the force needed to break the healing bones.
At day 18, the male and female mutant calluses had significantly inferior
biomechanical properties compared to the wild-type control calluses. When
mutant male and female mice were given exogenous 24,25-(OH),D, they attained
similar biomechanical properties as the wild-type controls (even more superior in
the males), and those properties were significantly superior from the calluses of

the mutant mice given vehicle.

At day 28, when healing is complete, we did not measure statistically significant
differences between groups. These results are in line with the previous results
from our laboratory that show a delay in fracture healing in Cyp24al™ mice that
is recovered upon full healing. This may suggest that 24,25-(OH),D serves as a
catalyst for this process but is not a vital metabolite where its absence will fully
impair mammalian fracture repair. It should be noted that in both genders, 24,25-
(OH),D did not have a detrimental effect on the wild-type mice; in fact, we notice
that at day 28 post-operation there could be a potentially beneficial effect of
24,25-(OH),;D on the calluses, as the wild-type and mutant mice supplemented
with this metabolite showed superior properties compared to the ones given
vehicle. One of the reasons why these differences did not reach statistical
significance could be due to the sample size number, and thus had our sample size

been larger we could have attained statistical significance.

We also assessed the biomechanical properties of non-operated wild-type and
mutant mice tibiae (data not shown). The results obtained were very similar and
showed no differences at all between the two groups in both genders; in addition,
there were no variations between the different samples of the same genotype.
These results show that 24,25-(OH),D plays an essential role in fracture repair but

has no major effects on steady state bone biomechanics.

The results of the surgical part of this work are in line with the results of the
previous two studies performed. The first study utilized a miniature Ilizarov

apparatus that served as an external fixator to study the callus formation of
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fractured tibiae. The histology of the calluses of the mutant mice was then
compared to the calluses obtained from WT mice (Naja, 2008). The second study
adopted the modified open osteotomy with subsequent intramedullary nailing of
the tibia technique to further compare callus formation between mutant mice and
WT mice using micro-CT (Husseini, 2011). Using this surgical technique, in the
third study we compared the biomechanical parameters of repaired bones in
mutant mice compared to the ones of WT mice. We were able to show through
three different studies, using two different surgical techniques, and by measuring
different outcomes that the absence of 24,25-(OH),D causes a delay in fracture
healing that can be rescued with the exogenous administration of this metabolite.
Combined, these studies firmly show that 24,25-(OH),D plays a crucial and
essential role in speeding up and optimizing mammalian fracture healing, but it is

not vitally important where its absence would result in a failure of fracture repair.

The search for a distinct specific receptor to 24,25-(OH),D has long been ongoing
but without much promising results. Many groups have attempted to localize such
a receptor and have suggested different locations. These efforts were descriptive
and never led to the isolation and characterization of a molecular clone
(Canterbury et al., 1978; Chertow et al., 1980). The Cyp24al deficient mouse
served as a valuable model to try to identify such a specific receptor, and our
laboratory was successful in characterizing FAMS57Bv2 (an isoform of FAMS57B)
as a membrane receptor that binds 24,25-(OH),D and not 1,25-(OH);D in a
specific and saturable manner. The identification of FAMS57Bv2 as a receptor to
24,25-(OH),;D allowed for the development of an antibody (with its blocking
peptide) and primers that were used in this work to further characterize the
location of this receptor in wild-type mice. We performed mRNA and protein

analysis on different organ tissues of the wild-type mouse.

Our qRT-PCR results showed that brain has the highest expression of Fam57b
whereas skin and cartilage show the highest expression of Fam57bv2. On one
hand, this does not come as a complete surprise, as skin is an organ that is

continuously undergoing repair and thus it is not a shock that FAMS57Bv2, which
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we believe is involved in mammalian fracture repair, could also be involved in the
repair of different organs in the body. Our laboratory is currently in the process of
developing a Fam57b” mouse that might serve as a valuable model to study the
effects of FAMS57B on the repair of different organs. The potential putative role of
FAMS57B in skin repair can be further evaluated through wound healing studies
between WT and Fam57b”" mice. Such an experiment could involve performing
skin punch biopsies on both the mutant and WT mice and then comparing the
respective rates of wound healing. The results of these studies can be used to
further characterize the role of 24,25-(OH),D and FAMS57B in the different organ

systems.

On the other hand, Fam57bv2 has been recently shown to be highly expressed in
adipocyte tissue where it regulates adipocyte differentiation through ceramide
synthesis; thus FAM57Bv2 acts as a ceramide synthase and is involved in the de
novo synthesis of ceramide (Yamashita-Sugahara et al., 2013). The reason behind
the high expression of Fam57bv2 that we found in skin could be due to the
presence of fat on the skin sample, and that the high expression was actually in
the adipocytes and not skin cells. However, it has been recently shown that
ceramide is involved in extracellular matrix (ECM) mineralization and that the
lack of ceramide causes decreased mineralization. Smpd3 is the gene that encodes
neutral sphingomyelinase 2 (nSMase2), a membrane bound enzyme that cleaves
sphingomyelin to generate the lipid second messenger ceramide (Khavandgar et
al., 2011). A mutation (fragilitas ossium or fro) that replaces the last 33 amino
acids of nSMase2 results in a significant reduction of total neutral
sphingomyelinase activities in the tissues of these fro/fro mice (Stoffel et al.,
2005; Stoffel et al., 2007), which resulted in a subsequent decrease in ceramide
levels. These mice had significantly decreased mineralization of the ECM and the
skeleton, with significantly increased osteoid volume over total bone volume
compared to WT littermates (Khavandgar et al., 2011). Thus identifying ceramide
as an important regulator of skeletal mineralization (Khavandgar et al., 2011) and

characterizing FAMS57Bv2 as a ceramide synthase (Yamashita-Sugahara et al.,

80



2013) suggest that FAMS7Bv2 could play a highly important role in

mineralization during fracture healing.

Studying the phenotype of mice lacking Fam57b should be able to add more
knowledge on what is the role of FAMS57B in mineralization and fracture repair.
Because of the relationship between a ligand and its receptor, we anticipate that
the Fam57b knockout mouse that is being currently developed would have the
same phenotype as the Cyp24al deficient mouse. In other words, similar to
VDDR, where mutations in either the activating enzyme (Glorieux et al., 2011) or
the receptor (Malloy et al., 2011) yield the same phenotype with different
biochemical parameters, we expect a mouse lacking FAMS7B to have a
phenotype similar to the one seen in the mouse lacking the CYP24A1 enzyme, but
with increased levels of 24,25-(OH),D. Potential studies on such a mouse strain
would be similar to what was performed on the Cyp24a1'/’ mouse in relation to
fracture repair. We hope that the fracture calluses of the mutant mice would have
the same histological and biomechanical parameters as the calluses of our current
mutant mouse strain; these results would be crucial to further validate the highly
important role of CYP24A1 and 24,25-(OH);D in speeding up mammalian

fracture repair.

Our western blot analysis showed expression of FAMS57B in all of the tissues
studied, and the bands visualized were successfully eliminated when the blocking
peptide was added to the blot. The main purpose of our western blot analysis was
not to assess FAMS57B quantitatively, but qualitatively, and thus loading was not
fully controlled for. It is imperative in the future to study and assess quantitatively
the protein expression of FAMS57B in wild-type mice. In addition, we performed
immunohistofluorescence analysis on both paraffin embedded and cryosections of
brain, kidney and tibia. We believe we were most successfully able to detect
FAMS57B using kidney and tibial cryosections. The fluorescence detected was
successfully diminished when the blocking peptide was added to the sections thus
showing that what was detected was truly FAMS57B. We have exhausted all

efforts by using different types of antigen retrieval, buffers and concentrations of
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antibody and blocking peptide and were not able to achieve better images than
what was presented in this work, which allowed us to characterize the location of
FAMS7B in the tibial section in the articular cartilage of the meniscus. With
respect to the brain paraffin sections and kidney cryosections, we were not able to
fully characterize the location of the protein but have shown that it is present and
detectable by our antibody. Perhaps the next step would be to perform these
experiments on the Cyp24al mutant mice and assess the mRNA and protein
expression of the receptor in those tissues. We would expect to see higher mRNA
and protein expression in the mutant tissues than what we obtained in this study;
this would allow us to further characterize and quantify FAMS57B as a specific
receptor to 24,25-(OH),D.

Uncovering a highly important and crucial role for CYP24A1 and 24,25-(OH),D
in optimizing mammalian fracture repair has several important clinical
implications. One implication would be the use of this metabolite as a supplement
by patients with long bone fractures to speed up and optimize their healing. It is
known that patients with orthopedic fractures are at high risk of infection after
surgery (Dellinger E, 1988) which is accompanied by an increase in
hospitalization and morbidity and mortality (Kathryn B. Kirkland et al., 1999); it
would seem very beneficial to speed up fracture healing with the aim of
decreasing hospitalization after surgery and the subsequent risk of infection. It
could be argued that supplementation with 24,25-(OH),;D is unnecessary since it
is a metabolite resulting from the catabolic breakdown of 25-(OH)D, and that the
majority of the population probably has adequate vitamin D levels due to high sun
exposure and dietary intake. In reality, very few foods naturally contain vitamin D
and the ones fortified with vitamin D are not enough to satisfy a child or an
adult’s biological requirements; in addition, many people do not get adequate sun
exposure and thus vitamin D deficiency is now considered to be a pandemic,
causing rickets in children and increasing the risk of osteopenia, osteoporosis and
fractures in adults (Holick et al., 2008). Therefore, 24,25-(OH),D
supplementation would serve great benefits to people subjected to fractures in a

population whose majority is vitamin D deficient. Increasing awareness about
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vitamin D deficiency and educating the public on proper intake and

supplementation should also be an important aim in the future.

In conclusion, we firmly believe that the results obtained in our studies have
contributed to the field of vitamin D and fracture repair, and have shown that the
enzyme CYP24A1 and its metabolite 24,25-(OH),D play a highly important role

in optimizing mammalian fracture repair.
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