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Abstract

The cellular and molecular mechanisms of bone development and homeostasis are clinically
important, but not fully understood. Mutations in integrins and Kindlin3 in humans known

as Leukocyte adhesion deficiencies (LAD) cause a wide spectrum of complications, including
osteopetrosis. Yet, the rarity, frequent misdiagnosis, and lethality of LAD preclude mechanistic
analysis of skeletal abnormalities in these patients. Here, using inducible and constitutive tissue-
specific Kindlin3 knockout (K3KO) mice, we show that the constitutive lack of embryonic-
Kindlin3 in myeloid lineage cells causes growth retardation, edentulism, and skull deformity
indicative of hydrocephaly. Micro-CT analysis revealed craniosynostosis, choanal stenosis, and
micrognathia along with other skeletal abnormalities characteristic of osteopetrosis. A marked
progression of osteosclerosis occurs in mature to middle-aged adults, resulting in the narrowing
of cranial nerve foramina and bone marrow cavities of long bones. However, postnatal-Kindlin3 is
less critical for bone remodeling and architecture. Thus, myeloid Kindlin3 is essential for skeletal
development and its deficiency leads to autosomal recessive osteopetrosis (ARO). The study will
aid in the diagnosis, management, and treatment choices for patients with LADIII and ARO.
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Introduction

The mechanisms underlying bone development and homeostasis are critically important for
the management and treatment of bone diseases caused by genetic abnormalities and other
bone-related pathologies. Analysis of genetic disorders in humans presents opportunities to
define the key molecular pathways controlling bone development and homeostasis. Bone
remodeling is a dynamic and tightly-regulated process that balances bone formation by
osteoblasts and bone resorption by osteoclasts to maintain a stable bone mass [1]. An
imbalance in this process due to gene mutations affecting either osteoclasts or osteoblasts
can result in a loss or an increase in bone mass, osteoporosis or osteopetrosis, respectively
[2]. While osteoporosis is highly prevalent, osteopetrosis is rare and its mechanisms are
not fully explored. Osteopetrosis is characterized by increased bone mineral content and
density. Based on the mode of inheritance, osteopetrosis is broadly classified into two
subtypes: autosomal dominant osteopetrosis (ADO) and autosomal recessive osteopetrosis
(AROQ). ADO is more common, but it is also a benign form with symptoms presenting

in late childhood to adulthood [3]. ARO, known as malignant infantile osteopetrosis, is

a life-threatening condition detectable in infancy. These patients usually exhibit growth
retardation, abnormal bone architecture, and the more severe cases present with bone
marrow failure and pancytopenia due to the narrowing of the bone marrow cavity [4-6].
Currently, the only cure for ARO is hematopoietic stem cell transplant (HSCT) at very early
ages [6]. However, it is not suitable for all cases and is associated with complications

such as rejection, infections, and even mortality, while not preventing or improving
neurodegenerative processes associated with ARO [1, 7, 8]. Thus, there is a critical need
for an improved understanding of osteoclast biology to aid in better diagnosis, a wider
choice of treatment options, and management of the disease.

The severity of osteopetrosis is causatively linked to mutations in at least 10 genes

in humans leading to osteoclast dysfunction [9]. While osteoclast differentiation from
myeloid precursors is dependent upon M-CSF and RANKL, the osteoclast’s adhesion to
the bone, polarization, and resorptive function are mediated by integrins [10, 11]. The
osteoclast integrins, mainly avp3 and possibly the B1/B2 families, bind to bone matrix
proteins, leading to cytoskeletal reorganization and formation of a sealed bone resorption
compartment [11-13]. The activity of all of these p-integrins is regulated by the Kindlin3
protein, expressed specifically in hematopoietic cells and to a certain extent in bone
marrow-derived mesenchymal stem cells (BMSCs) [14, 15]. Kindlin3 directly binds the
cytoplasmic tail of B-integrins via their FERM domain, the cell membrane via its PH
domain, and the cytoskeleton (paxillin/actin) through its N-terminal domain [14, 16]. We
had previously shown that an absence of or mutations in Kindlin3 in these binding regions
result in abnormal cell membrane tension, which in turn affects myeloid cell functions [16].
Thus, Kindlin3 regulates integrins and cell membrane mechanics and might be essential for
myeloid-derived osteoclast cell function including adhesion to bone, polarization, and bone
resorption. In accordance, it has previously been reported that lack of Kindlin3 abolishes the
formation of podosomes and sealing zones by osteoclasts /n vitro [12]. In vivo, the global
knockout of Kindlin3 in early postnatal mice (P4) results in osteopetrosis [12]. However,

it is unclear what cell type is essential for this defect. Indeed, Kindlin3 mutations in the

Bone. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dudiki et al.

Page 3

mesenchymal stem cells lead to increased chondrogenesis [15]. Early postnatal lethality of
global Kindlin3 knockout mice precludes a detailed analysis of this phenomenon.

In humans, mutations in the Kindlin3 gene cause leukocyte adhesion deficiency type IlI
(LAD-I111), which is inherited as an autosomal recessive trait and leads to recurrent infections
and bleeding tendencies [14]. The majority of the FERMT3 mutations in LAD-I1I patients
are non-sense mutations that result in a premature stop codon or splice site mutations. In
both cases, these mutations result in undetectable levels of Kindlin3 in patients [14, 17,

18]. According to the National Organization for Rare Disorders (NORD), LAD-III can

often be either misdiagnosed due to its rarity and heterogeneity of clinical presentations, or
confused with LADI (B2 integrin deficiency) or Glanzmann’s thrombasthenia (B3 integrin
deficiency). The only distinguishing clinical hallmark of LAD-I11 is osteopetrosis [8, 14,
19-21]. Surprisingly, not all cases are diagnosed with severe osteopetrosis at an early age

[8, 14, 22, 23]. Due to the rarity of this syndrome, heterogeneity in disease expression,
misdiagnosis, and an increased rate of lethality or hematopoietic stem cell transplant
(HSCT) to treat the condition [8, 22], the complete extent of skeletal defects and dental
problems is unclear. Moreover, clinical similarities and differences between LAD-111 and
osteopetrosis are still undefined. Animal models of LAD-I1I represent a unique opportunity
to investigate the various aspects of skeletal abnormalities associated with this disease, and
with ARO in general. Although several spontaneous and genetically-modified osteopetrotic
mice with osteoclast dysfunction have been described, most of them lack relevance to human
conditions [24, 25]. Only a handful of models, including the 7cirg1°¢ (oc/oc), Clen7™-,
gl/gland Snx10-deficient mice, bear gene mutations with human ARO counterparts [25-27].
However, these mice have a lifespan of <6 weeks and are inapt for studying the progression
of osteopetrosis with age [2, 25-27]. Moreover, there are no studies analyzing the complete
spectrum of skeletal manifestations in osteopetrosis in detail.

In this study, using myeloid lineage-specific Kindlin3-deficient mouse models, we show the
importance of the Kindlin3/integrin axis in osteoclast-mediated skeletal defects. Postnatal
Kindlin3 deficiency results in mild osteopetrosis. However, embryonic Kindlin3 deficiency,
similar to classical ARO in humans, exhibits edentulism and high bone mineral content
that becomes progressively pronounced with age, eventually leading to a severe narrowing
of the bone marrow cavity. This study provides a comprehensive characterization of
skeletal abnormalities and their progression with age expected with Kindlin3 deficiency,
with implications for LAD-I11 and ARO patients in diagnosis, management of the disease,
and timing of HSCT treatment. This study could also benefit other conditions caused by
osteoclast dysfunction.

1.2 Methods
1.2.1 Animals

The Kindlin3-flox (K3™f) mice were generated using the LoxP system targeting the
Kindlin3 gene [28]. Briefly, exon 2 of the Kindlin3 gene was flanked with loxP sites on
both sides and a neomycin cassette was inserted into intron 2. Neo-positive ES cells were
selected, injected into blastocysts, and implanted into pseudo-pregnant females. Specific
integration of the targeted DNA fragments was verified by Southern blot and quantitative
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PCR. To create the constitutive-monocyte/macrophage lineage cell-specific Kindlin3
knockout mice (CX3CR1-Cre; K3 the K3"" mice were crossed with Cx3cr1im?-1(cre)Jung
(constitutive cre-expressing) mice. The experimental mice were heterozygous for CX3CR1-
Cre (i.e. CX3CRI-Cre*’~ ;K3"fl) and their sex-matched littermate K37 mice were used as
controls for each experiment. The absence of K3 protein was confirmed by Western blot (Fig
S1A).

The inducible-monocyte/macrophage lineage cell-specific-Kindlin3 knockout mice
(CX3CRI-CrefR:K3"f were generated by crossing the K3 mice with
Cx3cr1tm2.1(cre/ERT2)Jung (tamoxifen-inducible) mice, also previously described [29].
Tamoxifen was dissolved in ethanol and then diluted in corn oil to a final concentration

of 20mg/ml. Tamoxifen was administered to mice orally from the age of P1-P5 at 4pl/

gram of body weight. A second dose was administered by intraperitoneal injection at

four weeks. The experimental mice were heterozygous for CX3CRI1-Cre (i.e. CX3CRI-
CrefR*/~ K3 The absence of K3 protein was confirmed by Western blot (Fig S1A). The
Cx3critml.1(cre)Jung and Cx3critm?2.1(cre/ERTZ2)Jung mice were obtained from Jackson
Laboratory. The micro-computed tomography (micro-CT) scan analysis data shown are from
male mice. Both males and females were utilized to obtain the body weight (males and
females shown separately) and incisor abnormality quantification data.

1.2.2 Bone Microstructure Assessment by Micro-CT

Mice were anesthetized with an isoflurane overdose followed by exsanguination as the
secondary physical method. £x vivo micro-CT scans were performed on K37 and
CX3CRI-Cre;K3"" mice at three ages: 1 month, 4 months, and 8 months. The X-ray tube
was set to 80 kV with an intensity of 490 pA and an exposure time of 1800 ms, resulting

in a 20 pm isotropic voxel resolution (GE Locus, Tri-foil, Inc). Following the acquisition of
the scans, post-acquisition software (GE Reconstruction Utility Software) was used to create
sub-volumes focused on the femur, the fifth lumbar (L5) vertebrae, and the ilium for cortical
and trabecular analysis. The sub-volumes were all calibrated for a 20 um resolution: air
(0.2375), water (6.2263), and bone (3418). All sub-volumes were reoriented into a standard
orientation to guarantee that all sub-volumes were taken in the same location and position
across all samples. The cortical structure was determined as 1mm sections taken distally
from the mid-diaphysis of the right femur.

The trabecular structure was determined in three different locations. In the femur, a sub-
volume of 2mm was taken proximally from the epiphyseal plate located at the distal

end of the femur. A subsequent 1.0x0.8x1.0 mm? rectangular prism was taken from the
sub-volume and used for trabecular analysis. In the fifth lumbar vertebrae, a 0.7x0.5%0.8
mm3 rectangular prism was taken from the center of the vertebrae and used for trabecular
analysis. In the ilium, a 0.8x1.5x0.4 mm3 ellipsoid sub-volume was taken laterally from the
superior point of the sacrum and used for trabecular analysis. All of these sub-volumes were
established as the limit to which any volume could be made in their respective regions and
could be uniformly consistent across all samples, genotypes, and time points.
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1.2.3 Bone Analysis

All regions of interest were processed through the Bone Analysis application in the General
Electric Health Care MicroView ABA 2.1.2 software [30, 31]. Similar thresholding was
applied to the trabecular and cortical regions for each time point. Cortical parameters
assessed were bone mineral content (BMC), bone mineral density (BMD), cortical area
(Ct.Ar), cortical thickness (Ct.Th), marrow area (Ma.Ar), and endocortical perimeter
(Ec.Pm). Trabecular parameters assessed were bone volume/total volume (BV/TV), bone
mineral content (BMC), bone mineral density (BMD, mg/cc), trabecular thickness (Tb.Th),
trabecular number (Th.N), and trabecular spacing (Th.Sp).

1.2.4 Skull, Mandible, and Femur Measurements

The 3D and 2D (cross-section) images were generated and analyzed using VoINinja
(ImagelQ) [32]. Skull parameters determined were length, width, height, and angle. Length,
width, and height were all determined in VoINinja using the markers and measurements tool.
Skull length was determined as the distance from the posterior tip of the interparietal bone
to the distal tip of the medial line. Skull width was determined as the distance from the left
anterolateral tip of the interparietal lobe to the right anterolateral tip of the interparietal lobe.
Skull height was determined as the distance from the posterior tip of the frontal bone to the
presphenoid. Skull angle was determined by orienting skulls in the top view and lines drawn
parallel to the edges of both the left parietal and temporal lobes, and the right parietal and
temporal lobes. The intersection of these lines formed an angle that would be indicative of
the degree of roundedness of the skull.

Mandibular parameters taken were determined as length and height. These distances were
established using three locations in the mandible: the posterosuperior point of the condylar
process (A), the superior point of the mandibular symphysis (B), and the posterior point of
the angular process (C). From these locations, the length and height were determined as the
distances from A-B and A-C, respectively.

Femur parameters determined were length and angle of inclination. Femur length was
determined as the distance from the proximal point of the greater trochanter to the proximal
point of the patellar trochlea. The angle of inclination was established as the angle resulting
from the intersection of a line down the long shaft of the femur and a line drawn through the
neck of the femur.

1.2.5 Western Blot Analysis

Bone marrow was collected from the long bones of wild-type (WT), CX3CRI-Cre;K3""
and CX3CR1-CrefR:K3"M mice, lysed in RIPA buffer with protease/phosphatase inhibitor
cocktail, and centrifuged at 4°C at 12000¢ for 15 min. The supernatant was collected and
heated at 95°C with Laemmli buffer for 7 min, then separated on 12% polyacrylamide

gel and transferred to PVDF membrane (Millipore Corp., Bedford, MA). The membrane
was blocked in 5% non-fat dry milk in TTBS ( 0.2 M Tris (pH 7.4), 1.5 M NaCl, 0.1%
thimerosol and 0.5 % Tween-20) and incubated with primary antibody overnight at 4°C
followed by incubation with secondary HRP-linked antibodies. Protein was detected by
the Pierce™ ECL Western Blotting Substrate (ThermoFisher Scientific). The following
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antibodies were used: anti-Kindlin3 rabbit URP2 Antibody (Catalog# ab68040, Abcam)
at 1:1000 dilution, GAPDH (D16H11) Rabbit mAb (Catalog# 5174, Cell Signaling
Technology) at 1:4000 dilution, Anti-rabbit 1gG, HRP-linked Antibody (Catalog# 7074S,
Cell Signaling Technology) at 1:3000 dilution.

1.2.6 Image Acquisition

Images of body size and teeth were acquired with a Leica M125 C stereomicroscope.

1.2.7 Statistics

All bar and line graphs are expressed as mean = SEM. Student’s t-tests were performed to
compare two groups. A p-value less than 0.05 was considered to be significant; *p < 0.05,
**p<0.01, ***p<0.001, and nsis non-significant.

1.2.8 Study Approval

Animal experimental procedures were performed following the National Institutes of Health
(NIH) guidelines on animal care and all protocols were approved by the Institutional Animal
Care and Use Committee at the Cleveland Clinic. The lentivirus infection was performed
under a protocol approved by the Cleveland Clinic Institutional Biosafety Committee.

1.3 Results

1.3.1 Embryonic Kindlin3 deficiency in myeloid lineage cells results in growth retardation
and edentulism

The majority of the FERMT3 mutations in LAD-III patients result in undetectable levels of
Kindlin3 expression [14, 17, 18]. Disruption of the Kindlin3 gene globally in mice resulted
in osteopetrosis and severe hemorrhaging at birth, leading to death within a week [12,

33]. This makes it a difficult model to study the extent of Kindlin3-mediated osteopetrosis
and its progression with age. Further, in a global knockout, a role for Kindlin3-expressing
mesenchymal cells in bone, such as the osteoblasts and chondrocytes, cannot be completely
ruled out. These limitations and uncertainties prompted us to generate a mouse model that is
an osteoclast-specific Kindlin3 knockout in bone by crossing K3 mice with CX3CR1-Cre
mice. The resulting CX3CR1-Cre;K3"" mice are constitutively deficient in Kindlin3 (Fig
S1A) from the embryonic stage in monocyte/macrophage (myeloid) lineage cells, including
osteoclasts, and can survive into adulthood. These mice were analyzed in comparison to
their K3 littermate controls for this study.

It was first noted that the CX3CRI1-Cre;K3"" mice exhibited stunted growth with
significantly smaller body sizes compared to their K3 littermates (Fig 1A, Fig S1B), but
all of them survived to 8 months of age until they were utilized for the study. Additionally,
skeletal differences were observed, as the CX3CR1-Cre; K3 mice had abnormal curvature
of the spine and a dome-shaped skull (Fig 1B, Fig S1B). Significantly lower body weights
were noted in males as early as P14 (two-weeks) in CX3CR1-Cre;K3"f as compared to the
K3 mice (4.8 and 7.2 grams, respectively) while they were still being nursed (Fig 1C).
Post-weaning, all mice were placed on a gel-based diet to compensate for any oral problems.
The CX3CR1-Cre;K3"" mice continued to show up to 40% lower body weight compared
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to their controls as they reached adult stages (Fig 1C). We also observed a similar trend in
weight differences with female mice (Fig S1C). Most interestingly, the CX3CR1-Cre, K3
mice lacked incisors (Fig 1D). As the CX3CRI-Cre;K3"f mice were analyzed at different
ages, it was further established that these mice completely lacked the eruption of upper and
lower incisors (75% of mice) or had abnormal growth (25% of mice), indicated by small
protrusions from the gums but not comparable to normal teeth growth in WT mice (Fig

1E, Fig S1D). To further identify the extent of skeletal defects in the CX3CRI-Cre, K31
mice, we utilized a micro-CT scanner. Further partial edentulism was noted (Fig 1F) where
the incisors and molars, usually the upper molars, either completely failed to erupt or

had erupted but significantly malformed. Analysis of the maxillary incisors with micro-CT
through the sagittal plane showed open-rooted incisors with a normal pulp cavity in K377
mice (Fig 1G). However, the CX3CRI-Cre;K3"f mice exhibited almost a complete lack of
pulp cavity, with significantly smaller roots surrounded by the abnormally dense alveolar
bone of the maxilla (Fig 1G). The maxillary molars of CX3CR1-Cre;K3"f mice completely
failed to erupt due to the presence of overlying bone (Fig 1G). A whole-body micro-CT scan
ensured no other missing bones (Fig 1H, Fig S1E).

1.3.2 Skull deformities including craniosynostosis, choanal stenosis, and micrognathia in
embryonic Kindlin3-deficient mice

Cranial micro-CT of 4-month-old CX3CRI-Cre;K3"" mice showed sclerosis of skull bones
in comparison to the K3 mice (Fig 2A, S2A). Additional cranial deformities were
observed in CX3CRI-Cre:K3™"f skulls, such as premature fusion of cranial sutures in
1-month-old mice (Fig S2B) and absence of sutures in 4-month-old mice (Fig 2A, top
panels), indicative of craniosynostosis. The optic canal, fissura orbitalis, and infraorbital
foramen were also significantly smaller in the 4-month-old CX3CR1-Cre;K3"" mice (Fig
2A, bottom panels). However, no significant differences were noted in the foramen magnum
at the same age (Fig S2C). Further, protrusions of the coronoid process were much smaller
in CX3CRI-Cre;K3" mice (Fig 2A, top panels). More obvious partial and full edentulism
were also noted upon analysis of the scans (Fig 2A bottom panels). An overlay of the
CX3CRI1-Cre; K3 and K3 skulls further demonstrates the differences in shape, size,
teeth loss, and overall cranial structure (Fig 2B). We next quantified the dimensions of

the skull in length, width, height, all outlined in the methods section with appropriate
anatomical locations. The CX3CRI1-Cre;K3™ skulls were smaller by 15% in length and
10% in width and height (Fig 2C). The degree of roundedness of the cranial vault was
estimated by measuring the angle of intersection of left parietal and temporal lobes, as

well as the right parietal and temporal lobes, as described in the methods. The CX3CR1-
Cre;K3"f mice exhibited a significantly larger angle compared to the K377 therefore
exhibiting an expected dome-like skull shape with a smaller cranial cavity and posterior
fossa (Fig 2A,B,C).

Intra-cranial differences, i.e. narrowing of the nasal passages, were also identified in the
micro-CT scans of the axial plane (Fig 2D) and the coronal plane (Fig S3A-C). The
posterior nasal passage, i.e. the choanae of the CX3CR1-Cre;K3" mice, were abnormally
narrowed (choanal stenosis) in multiple locations, and in some cases were completely
blocked (choanal atresia) due to thickening of the septal and maxillary bone (Fig 2D and Fig
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S3A-C). Analysis of mandible sizes revealed a significant decrease in length and height in
the CX3CR1-Cre;K3"f mice compared to the K377 indicative of micrognathia (Fig 2E).

1.3.3 Abnormal long bone architecture in embryonic Kindlin3-deficient mice

In ARO, short stature is associated with decreased length, lateral bowing, and coxa vara

of the femur and long bones [4-6, 34]. We compared the overall morphology of the

femurs within the two genotypes. As can be seen in Fig 3A, the CX3CRI-Cre;K3"" mice
exhibited a significantly smaller femur length (by 16%) with a prominent lateral bowing
compared to the K3 mice (Fig 3A,B). Next, we evaluated the angle of inclination, which
is an important indicator of abnormal femoral growth and can impact the gait of CX3CRI-
Cre;K3" mice. The CX3CRI-Cre;K3"" mice had a mean angle of 110°, exhibiting the
expected coxa vara phenotype (<120°) [35] that is indicative of a smaller angle created by
the neck of the femur and the long shaft of the femur in comparison to the normal 125° in
the K3 mice (Fig 3C).

1.3.4 Embryonic Kindlin3-deficiency leads to cortical bone thickening and decreased
marrow area in mature adults

As bone remodeling continues throughout the mouse’s life span, any deficiency in
osteoclasts will result in a severe phenotype in the cortical bone at older ages, when
resorption of bone and accumulation of incompletely-closed osteons is prominent [36].
We hence proceeded to make 1mm femoral cross-sections distally from the mid-diaphysis
for cortical bone analysis (Fig 3D). Evaluation of BMC and BMD in CX3CRI-Cre; K31
mature adult mice, i.e. at 4 months of age, showed a trend toward being lower than that

of K31 though this difference was not statistically significant (Fig 3E). The cortical area,
cortical thickness, and marrow area were all normal and similar to the K37 mice (Fig
3F-H). These results led us to hypothesize that Kindlin3 deficiency might result in cortical
thickening only in the later stages of adulthood.

Hence we had assessed the cortical bone parameters at 1 month (adolescent), 4 months
(mature adult), and 8 months (middle-aged adult) of age. After scanning the 1-month-old
and 8-month-old mice to generate a more age-based timeline on cortical formation, the
changes in many of the parameters were quite evident. The cortical sections did not show
a significant difference between the 1-month-old CX3CR1-Cre,K3"" and K3 mice
(Fig 4A). However, in the 8-month-old mice, drastic cortical thickening with decreased
medullary canal diameter was observed (Fig 4A). The femur cross-sections of CX3CR1-
Cre; K3 mice exhibited a significant encroachment of the central bone marrow cavity by
bone at 1 month, and an almost complete absence of bone marrow cavity by 8 months
(Fig 4A,B, Fig S4A). Upon analysis of the 1 mm cortical sections, the BMC of CX3CR1-
Cre; K3 mice again showed a tendency toward lower levels compared to K37 mice

at 1 and 4 months, but at 8 months became significantly more mineralized than K37
BMD showed progression with age while remaining relatively consistent between the two
genotypes (Fig 4C). The cortical area showed a significant increase in the 8-month-old
CX3CR1-Cre;K3"f mice compared to the K31
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As hypothesized, the cortical bone thickness of CX3CR1-Cre;K3"" mice grew significantly
higher (almost doubled) by 8 months compared to K3 (Fig 4D). Due to this drastic
increase in cortical thickness and area in 8-month-old CX3CR1-Cre; K3 mice, the marrow
area and endocortical perimeter of cortical bone were decreased by approximately 4-fold
and 2-fold, respectively (Fig 4E,F). Encroachment of the marrow cavity by trabecular bone
in CX3CR1-Cre;K3"f mice (Fig 4A, bottom panel) affects marrow area.

1.3.5 Block femoral metaphysis and sandwich vertebrae in embryonic Kindlin3-deficient

mice

Our next point of analysis was the trabecular bone formation in these mice. While an
abnormal increase in trabecular bone density was observed in the CX3CR1-Cre; K31

mice by 1 month, we focused on 4-month-old (mature adult) mice. This is the life-phase
equivalent of 25-30 year old humans, during which peak bone mass is attained followed

by a decrease from the age of approximately 40 years [37]. Trabecular bone shows wide
variability in density, and consequentially in its strength and stiffness, depending on the
location in the body [38]. Hence, we analyzed trabecular bone from two locations with
inverse cortex-to-trabecular bone volume ratio, the femur and the vertebrae (specifically L5),
although we report trabecular differences in other locations as well, i.e. the femoral head,
and the metatarsals and phalanges of the feet (Fig. S5 A, B). The cross-sectional views of
the femur exhibited a radical difference in trabecular structure (Fig 5A, top panels). Typical
of osteopetrosis, a large metaphyseal block with cortical thinning, giving the appearance of
Erlenmeyer flask bone deformity, was seen in the CX3CR1-Cre;K3"f mice. A transverse
cross-sectional view of the metaphysis shows a complete lack of marrow space (Fig 5A,
middle panels). A 3-D reconstruction of trabecular structure close to the metaphysis that

is used for trabecular analysis is visualized as a pure block of mineralized bone in CX3CR1-
Cre; K3 mice, whereas the K3 mice had the typical trabeculae and trabecular spacing
(Fig 5A, bottom panels). An important phenotype of osteopetrosis is the sandwich vertebrae,
which arises due to the sclerotic endplates. This was also observed in CX3CR1-Cre; K3
(Fig 5B, top panels). Cross-sectional views of L5 show increased trabecular bone density
(Fig 5B, middle panels). Additionally, we show a 3-D structure of the sub-volumes that we
used for trabecular analysis (Fig 5B, bottom panels). Over-mineralization is evident in the
CX3CR1-Cre;K3™ although some trabeculae are still preserved in the vertebrae.

Trabecular analysis was performed on the 3-D regions of interest (ROIs) mentioned above.
In both the femur and L5, there was a significantly higher percentage of BV/TV in the
CX3CRI-Cre;K3"" mice compared to the K37 mice (Fig 5C). BMC and BMD values
of femur and L5 were 4-fold and 2-fold higher, respectively, in CX3CRI-Cre;K3"" mice
compared to the K3 mice (Fig 5D). The increased BMC and BMD in the femur of
CX3CRI-Cre;K3"" mice resulted in a 25-fold increase in trabecular thickness (Th.Th) and
almost a complete loss of trabecular spacing (Tb.Sp) compared to the K3 mice (Fig 5E).
The L5 of CX3CRI-Cre;K3" showed a significant difference in Th.Th (2-fold increase)
and Th.Sp (2-fold decrease) compared to control, although this was not as dramatic as in
the femur. Interestingly, while the femur showed a significantly lower trabecular number

in the CX3CR1-Cre; K3 mice as expected, no significant difference was seen in L5 (Fig
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5E). This is most likely due to the less drastic differences in BMC, BMD, and trabecular
thickness, thereby impacting the size of the trabeculae, but not their number.

1.3.6 Abnormal pelvic morphology and sclerosis in embryonic Kindlin3-deficient mice

Osteopetrotic patients are regularly reported to have hardening of the pelvis as well as pelvic
fractures due to the brittle bone that is formed [39]. We focused our analysis on the ilium,
the wing of the pelvis. As shown in the top panels of Figure 6A, sclerosis of the entire

pelvis is quite evident. Cross-sections of the superior portion of the pelvis, where the ilium
is overly-sclerotic, reveal the characteristic bone-in-bone appearance in CX3CRI-Cre; K31
mice compared to the K37 mice (Fig 6A lower panels). The superior view of the pelvis
exhibits an abnormal square shape of the highly sclerotic ilium in the CX3CRI1-Cre, K3
mice (Fig 6B). BMC and BMD values taken from the ilium of CX3CR1-Cre;K3" mice
show several-fold higher values in both parameters compared to the K377 mice (Fig 6C).

1.3.7 Postnatal deletion of Kindlin3 leads to mild osteopetrosis

We hypothesized that Kindlin3 in embryonic stages is crucial for dental and skeletal
development, but could be dispensable postnatally. To test this, we generated the tamoxifen-
inducible myeloid cell-specific knockout CX3CRI-CrefR-K3"f mice. These mice were
treated with multiple doses of tamoxifen at two ages, day 1 after birth (P1) and P30

to knockout Kindlin3 (Fig S1A), followed by a micro-CT scan at 4 months of age (Fig

7A). Unlike the embryonic Kindlin3-deficient mice (CX3CR1-Cre;K3"f, the CX3CRI-
CrefR -k 3" mice did not show any obvious differences in body size, spine, or facial
morphology (Fig S6A). Importantly, postnatal deletion of Kindlin3 did not have any effect
on dental development or tooth eruption and the CX3CRI-CretR;K3"" mice appeared
similar to K37 (Fig 1D, E). Micro-CT analysis of these mice revealed normal skull shape
and size, with no signs of craniosynostosis, choanal stenosis, or micrognathia (Fig 7B,

C). All of the observed skull foramina also appeared normal (Fig 7B). The long bone
architecture, including the femur, was comparable to the K37 mice in length, shape,

and femoral neck-shaft angle (Fig 7D). A cross-sectional view and bone analysis showed

a tendency for increased cortical BMD and Ct.Th, but was not significant compared to

the K3 mice (Fig 7E, F, and S6B). However, this marginal increase in cortical bone

of CX3CRI-CrefR:K3"f mice resulted in a significantly smaller marrow area (Fig S6C).
The trabecular bone at the proximal and distal ends of the femur showed a significant but
comparatively mild 1.3-, 1.4-, and 1.5-fold increase in BMC, BMD, and Th.Th, respectively,
over the K3"" mice (Fig 7E, F and S6B, D). This mild increase in trabecular bone
parameters was also detectable in the vertebrae, especially in the body, but lacked the
osteopetrosis-characteristic endplate sclerosis (Fig 7G, H, | and S6B, D). It was also noted
that the pelvis of CX3CR1-CreR;K3" mice did not show significant sclerosis and again
lacked the osteopetrosis-characteristic bone-in-bone appearance (Fig 7G and S6E). Hence,
Kindlin3 appears to be crucial during embryonic stages, but it has a lesser role postnatally in
skeletal development.
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1.4 Discussion

Osteoclasts participate in the pathogenesis of various bone disorders including osteopetrosis,
osteoporosis, and bone pathologies associated with cancer metastasis [2, 40]. A key

part of their functioning, adhesion to bone and polarization to form the bone resorptive
compartment, is dependent upon the Kindlin3-integrin axis [12]. In this study, we establish
a role for osteoclast Kindlin3 in bone remodeling using myeloid cell-specific knockout
models. Analysis of these mouse models, for the first time, provides detailed insights into
the skeletal defects associated with LAD-I11 and its similarities to classical ARO. Kindlin3
deficiency from the embryonic stages results in osteopetrosis, with evident sclerosis of the
entire skeletal system due to increased BMC, abnormal bone architecture, and lack of tooth
eruption. Importantly, the maintenance of bone marrow cavity volume and bone homeostasis
in adults seem to be among the main functions of Kindlin3. We show that Kindlin3 is not
merely required for skeletal development during embryogenesis, but is also critical for bone
homeostasis in adults.

Among the cells that are directly involved in bone homeostasis, Kindlin3 is expressed in
osteoclasts/osteoclast precursor cells, as well as BMSCs that differentiate into chondrocytes
and osteoblasts. However, the chemokine receptor CX3CR1 is selectively expressed at high
levels only in the osteoclasts and their precursors [15, 41, 42]. In the CX3CR1-Cre; K3
mice, CX3CR1 driven cre knocks out the Kindlin3 gene (FERMT3) specifically in the
osteoclasts and its precursors in the bone tissue, thereby affecting bone resorption, which

is the most common cause for osteopetrosis. Characteristic of osteopetrosis, these mice
presented with prominent growth retardation that was not secondary to the absence of teeth
because of their smaller size while nursing as well as on gel-based diet post-weaning. This
is reminiscent of both LAD-I11 and ARO patients exhibiting an inability to thrive and low
body height and weight [43]. This growth retardation was emphasized by the shorter length
and bow shape of long bones of the limbs, exemplified in the femur of the embryonic
Kindlin3-deficient mice. In addition to the short stature, these mice also exhibited mild
spinal deformity and short face caused by abnormal dome-shaped skull and short snout.
The abnormal thickening of the septum bones, nasal bone, and premaxillary bone gave rise
to bilateral choanal stenosis. All of these are common features of osteopetrosis patients
[44-47]. The dome-shaped skull of Kindlin3-deficient mice was the consequence of cranial
bone thickening, resulting in craniosynostosis and reduced cranial capacity with a very
obviously smaller posterior fossa. In such instances, the lack of room for brain growth

can lead to the less commonly-reported consequences of osteopetrosis, which include
increased intracranial pressure, posterior fossa crowding, cerebellar tonsillar herniation, and
hydrocephalus [48-50]. Similar to the Kindlin3-deficient mice, LAD-I1I/ARO patients also
present with varying degrees of craniosynostosis. Neurological complications, especially
compressive neuropathies, are also common complications in LAD-I11 and osteopetrosis
patients [43, 51-53]. This is due to the restricted growth of the skull foramina, as evidenced
by stenosis of the optical canal, fissure orbitalis, and infraorbital canal in the embryonic
Kindlin3-deficient mice. A consequence of this foraminal stenosis is compression of cranial
nerves, spinal cord, and major blood vessels that traverse the skull [48]. This explains

the high incidence of optic nerve deficits in cases with osteopetrosis, especially in ARO
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patients [54-56]. These cranial palsies may not always be severe enough to present definite
symptoms and are detected only after they have progressed or upon careful evaluation [48,
57]. Early intervention with optical nerve decompression or optic nerve sheath fenestration
has been shown to improve visual function and acuity [54, 56, 58].

Bone remodeling is a dynamic and tightly-regulated process that starts at the early
embryonic stages and sustains throughout the lifespan [59]. However, the remodeling

levels are different between cortical and trabecular bone, with increased turnover for the
trabecular bone [60, 61]. This is attributed to the larger surface area and expression of
higher levels of signaling molecules central to bone development, bone growth, and bone
remodeling such as Wnt3a, p-catenin, osteocalcin, and RANKL/OPG ratio in trabecular
bone compared to cortical bone [60, 62]. Hence trabecular bone is more readily affected by
changes in bone cell functions. This process occurred in the embryonic Kindlin3-deficient
mice, which exhibited increased BMC and BMD of the trabecular bone in long bones and
vertebrae at all ages, whereas the cortical bone changes were only apparent in mature adults.
However, in adulthood, the osteoclast Kindlin3 deficiency resulted in increased cortical
thickening and decreased lumen size. Overall, the increases in BMC and BMD of both
trabecular and cortical bone led to abnormal expansion of bone and severe reduction of the
marrow cavity. This might result in life-threatening pancytopenia and secondary expansion
of extramedullary hematopoiesis sites such as the liver and spleen [63, 64]. The sandwich
vertebrae in embryonic Kindlin3-deficient mice is predictive of lumbar strain, or stenosis
of vertebral arteries in humans, which would require careful diagnosis followed by physical
therapy [64]. The characteristic bone-in-bone appearance of the osteopetrotic pelvis can lead
to pain and restriction during active and passive range of motion of the hip, and in some
instances, hip osteoarthritis [65, 66]. Hence, even if patients with milder LAD-III survive
through childhood, the manifestations of ARO are expected to become severe in adulthood.

Two of the most prominent and readily identifiable phenotypes of the embryonic Kindlin3-
deficient mice were the lack of tooth eruption and malformed teeth. Surprisingly, no
reported cases of LAD-III patients with edentulism exist, although it is a common
presentation in osteopetrosis [67, 68]. Teeth abnormalities may be overlooked or go
unrecognized in the LAD-III patients due to the heterogeneity of clinical presentations.
Even in the mouse model, the deficiencies ranged from a complete lack of tooth eruption

to abnormally small teeth. Osteoclasts regulate the tooth eruption pathway and the vertical
movement of a developing tooth bud into the oral cavity by two processes that start from the
embryonic stages, particularly at E15.5 [69, 70]. The first process involves the recruitment
of osteoclasts to resorb the alveolar bone to facilitate tooth eruption. In the second,
osteoclasts regulate odontoblast differentiation and tooth-root formation [70]. Increased
alveolar density in cases of osteopetrosis mouse models, such as the op/op, RANKL ™~

and A6/~ mice, can physically restrict tooth eruption as well as disrupt the adequate
supply of nutrients to the developing tooth germ [70-72]. Taken together, the knockout of
Kindlin3 from osteoclasts in embryonic stages, but not in the postnatal stages, leads to dental
problems due to lack of proper root development and complete absence of root pulp. In the
case of molars, a clear obstruction of the unresorbed alveolar bone overlying the unerupted
molars was seen as the cause of missing teeth. This fortifies the essential role of Kindlin3 in
osteoclast function starting from the embryonic stages.
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At the cellular and molecular levels, integrins have been shown to play a very important

role in osteoclast function and in the development of osteopetrosis [13]. The lack of 3
integrin in the sealing zones results in mild osteopetrosis due to dysfunctional osteoclasts
[11]. More recent /n vitrowork had suggested a role for 1 and p2 families in osteoclast
function [12]. This was based on the observation that deletion of any of the individual
B-integrins could partially diminish the osteoclast resorptive activity and, correspondingly,
deletion of Kindlin3 or all p-integrins together completely abolishes osteoclast resorptive
function. This conclusion was also supported /n7 vivo with Kindlin3-deficient mice exhibiting
more profound osteopetrosis in comparison to the mild osteopetrosis of B3 knockout

mice [12]. However, contrary to these findings, the absence of B2 in LADI patients,

or postnatal deletion of B1 in mice, do not cause osteopetrosis accompanied by tooth
eruption problems [19]. This would suggest other roles for Kindlin3 that are critical to
osteoclast resorptive functioning aside from integrin activation. We had previously shown

in monocyte/macrophage lineage cells that Kindlin3 regulates the membrane-to-cortex
attachment (MCA) and membrane mechanics by binding integrins and cell membrane at one
end and paxillin/actin cytoskeleton on the other [16]. The absence of Kindlin3, in addition to
compromising the sealing zones, decreases the osteoclast MCA and membrane mechanics,
which could severely impede the formation of the ruffled membrane. A consequence of this
impediment is osteoclast dysfunction. Hence, Kindlin3 is required for sealing zones as well
as the ruffled membrane, additively producing a more robust phenotype than any integrin
knockout alone.

Our study highlights the complications of Kindlin3-mediated osteopetrosis, which, in turn,
might help recognize and address the mechanisms of disability in LAD-11I/ARO patients,
and also aid in developing improved treatment and management of these disorders.

1.5 Conclusions

This study for the first time reveals in detail the clinical similarities and differences between
LAD-I1I and osteopetrosis, or specifically ARO. We show that Kindlin3 in osteoclasts

and its precursors is not merely required for skeletal development during embryogenesis,
but also has a role in bone homeostasis in adults. In summary, this study provides a
comprehensive characterization of Kindlin3 deficiency-associated skeletal abnormalities and
their progression with age, which are highly relevant in LAD-I11 and ARO patients for
diagnosis and management of the disease.
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Highlights
Osteoclast specific deletion of embryonic-Kindlin3 leads to ARO.
Kindlin3 mediated ARO worsens with age in mature to middle-aged adults.

Postnatal-deletion of Kindlin3 leads to mild form of osteopetrosis, but not
ARO.

This study will aid in the diagnosis and management of LADIII and ARO.
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Figure 1: Growth retardation and partial edentulism in embryonic Kindlin3-deficient mice.
A. Comparison showing smaller body size for CX3CR1-Cre;K3"" mice. B. Side view of

the body of K3 and CX3CR1-Cre;K3"" mice. The abnormal curvature of the spine in
the CX3CRI1-Cre;K3™" mouse is indicated by the red arrow. C. Line graph representing
weights (grams) of K3"" and CX3CR1-Cre;K3"" mice measured at p-7, p-14, p-21 and
every 2 weeks thereafter until 15 weeks. CX3CRI-Cre; K3 consistently had lower body
weights. Every week after p-7, CX3CR1-Cre;K3™"f mice were significantly smaller in body
weight compared to K3 (n=4 mice/group/week; data is represented as mean + SEM). D.
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Representative images comparing incisor morphology of K37 CX3CR1-Cre;K3" and
CX3CRI-CrefR-K3"f mice. Note the absence of incisors only in the CX3CRI-Cre; K3
mice. E. Bar graph representing the percentage of mice with normal and abnormal incisors.
K3 (n=15) and CX3CR1-CreFR;K3%" (n=12) mice exhibited normal incisor growth with
little variation. The CX3CRI-Cre:K3™"f (n=15) mouse showed varying levels of dental
anomalies, ranging from an absence of incisors to hypoplastic incisors. F. 3D-reconstructed
micro-CT scans of K37 and CX3CR1-Cre; K31 with a focus on the oral cavity

showing abnormal incisors and missing molars in CX3CR1-Cre;K3™1. G. A sagittal plane
micro-CT scan through the maxillary incisors and molars showing anatomical differences
in teeth and the surrounding maxillary bone. The K37 show the normal anatomy of
maxillary open-rooted incisors with a prominent pulp cavity (indicated by the red arrow).
The maxillary incisor root is significantly smaller and the pulp cavity is non-existent

in CX3CR1-Cre;K3"" mice. The K3 mice show complete maxillary molar eruption,
whereas the molars of CX3CRI-Cre;K3" mice (yellow arrows) fail to erupt due to the
presence of bone (purple arrow) over the molars. H. Whole-body micro-CT scans of K371
and CX3CRI1-Cre;K3"" mice at 1 month of age showing no missing bones. The same
thresholding and scale bars were applied to both images. *p-value <0.05, **p-value <0.01,
***p-value <0.001. Statistics performed were 2-sample Student’s t-tests.
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Figure 2: Dome-shaped skull and micrognathia in embryonic Kindlin3-deficient mice.
A. Top (top panel) and side views (bottom panel) of skull and mandible obtained from

micro-CT scans of 4-month-old K37 and CX3CR1-Cre, K3 mice. CX3CRI1-Cre; K31
mice show cranial sclerosis and fused interfrontal suture (black arrowhead, top panel) and
a dome-shaped skull (bottom panel). Red arrows point to the differences in nasal bone
structure in the top panel. The yellow arrows in the top panels point to the coronoid
process of the mandible. The lower panel shows the increased curvature of the skull and
smaller mandible with missing and abnormal teeth (blue arrows) in CX3CR1-Cre;K3"7.
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Yellow arrowheads in the bottom panel indicate the point to the optic canal and infraorbital
foramen. B. An overlay of K3 (yellow) and CX3CR1-Cre;K3" (blue) 4-month-old
skulls exhibiting a smaller overall skull size and abnormal shape. The same thresholding and
scale bars were applied to both skulls. C. Bar graphs showing quantification of skull length,
width, height, and angle (n=4 mice/group). In every instance, CX3CRI-Cre;K3"" mice had
a significantly smaller length, width, and height, further indicating that the overall skull size
is smaller compared to K3 The angles obtained from the red lines in the top left and right
panels of A show that the CX3CRI-Cre;K3"" mice had a wider skull compared to K377
D. Axial plane micro-CT scan showing the posterior nasal aperture (choanae) of mice.
CX3CR1-Cre;K3"f mice show narrowing or complete blockage of the choanae (choanal
stenosis), as indicated by the red arrows. E. Bar graphs showing quantification of mandible
parameters. The yellow dashed lines in the bottom left and right panels of A were used to
estimate mandible length (ab) and height (ac) (n=4 mice/group). The CX3CR1-Cre; K3
mice had both smaller mandible length and height compared to K377, *p-value <0.05, **p-
value <0.01, ***p-value <0.001. Data shown represent mean + SEMs. Statistics performed
were 2-sample Student’s t-tests.
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Figure 3: Abnormal long-bone architecture with normal cortical bone parameters in embryonic
Kindlin3-deficient mice.
A. Side view of the right femur for 4-month-old K37 and CX3CR1-Cre;K3"" mice.

Yellow lines on both panels indicate how the length of the femur was obtained. Red

lines show the abnormal femoral neck-shaft angle of CX3CRI-Cre;K3"" mice. Blue
boxes indicate the location of where the ROIs were taken for cortical analysis. The

same thresholding and scale bars were applied to both images. B. Bar graph showing
quantification of the longitudinal length of the femur (yellow lines in panel A; n=4 mice/
group). CX3CRI-Cre;K3"" mice had a significantly shorter length compared to K371
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mice, indicating abnormal longitudinal growth. C. Bar graph showing quantification of the
angle of inclination in the femoral neck (red lines in panel A; n=4 mice/group). CX3CR1-
Cre; K3 mice had a significantly smaller angle (110.6 + 1.5) exhibiting a coxa vara
phenotype consistent with osteopetrosis. D. Top (K3%™ and bottom (CX3CR1-Cre; K31
panels represent 1-mm sections taken distally at the mid-diaphysis from the right femur. The
same thresholding and scale bars were applied to both images. E. Bar graphs representing
the values obtained for cortical analysis by Microview Bone Analysis. BMC (bone mineral
content) and BMD (bone mineral density) values from ROIs in D (n=4 mice/group).

There were no statistically significant differences between K37 and CX3CR1-Cre,K3"1
mice. F. Bar graphs representing the values obtained for cortical analysis by Microview
Bone Analysis. Ct.Ar (cortical area), Ct.Th (cortical thickness), and Ma.Ar (marrow area)
values from ROIs in D (n=4 mice/group). There were no statistically significant differences
between K3 and CX3CR1-Cre;K3"f mice. ***p-value <0.001. Data shown represent
mean + SEMs. Statistics performed were 2-sample Student’s t-tests.
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Figure 4: Cortical bone analysis of embryonic Kindlin3-deficient mice at different stages of life.
A. Representative images of 1-mm cortical bone sections taken distally at the mid-diaphysis

from the right femur of 1- (top panel) and 8-month old (bottom panel) K37 and
CX3CR1-Cre;K3" mice. B. Representative cross-sectional view of the right femur from
8-month-old mice showing a near complete absence of central bone marrow cavity /n
CX3CRI-Cre;K3"" mice. C. Line graphs representing the progression of BMC and BMD
values from ROIs in 4A (1 month), 3D (4 months), and 4B (8 months) (n=4 mice/group).
A significant increase in BMC is seen only in 8-month-old CX3CRI-Cre;K3"" mice. D.
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Line graphs representing the progression of Ct.Ar and Ct.Th values from the ROIs used
above (n=4 mice/group). The CX3CR1-Cre;K3"f mice showed a significant increase in
Ct.Ar and Ct.Th at 8 months. E, F. Line graphs representing the progression of marrow area
(Ma.Ar) and Ec.Pm (endocortical perimeter) values from the ROIs above (n=4 mice/group).
A significant decrease in Ma.Ar and Ec.Pm is seen in CX3CRI-Cre;K3"" mice only at 8
months. *p-value <0.05, **p-value <0.01. Data shown represent mean + SEMs. Statistics
performed were 2-sample Student’s t-tests.
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Figure 5: High trabecular BMC and BMD in embryonic Kindlin3-deficient mice.
A. The top panels are representative cross-sectional views of the right femur from 4-month-

old K3 and CX3CR1-Cre;K3™" mice. The yellow arrows point to osteopetrotic and
broadened metaphysis. Blue boxes represent where the ROIs were selected for the trabecular
analysis, i.e. 1 mm proximally from the epiphyseal line. Middle panels represent a cross-
sectional view of the metaphysis. The bottom panels represent the ROIs that were used

for trabecular analysis, i.e. 1 mm3 rectangular prisms standardized across all samples (n=4
mice/group). Note the complete absence of trabeculae. The same thresholding and scale
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bars were applied to each pair of images. B. Top panels are representative cross-sectional
views of the spine from 4-month-old K37 and CX3CR1-Cre:K3" mice. Yellow arrows
point to the over-mineralization at the endplates of the L4 vertebra producing a sclerotic-
lucent-sclerotic/sandwich appearance in the CX3CRI-Cre;K3"" mice. Blue boxes represent
where the ROIs were selected for the trabecular analysis, i.e. the fifth lumbar vertebrae (L5).
Middle left panels represent a cross-sectional view of L5. The bottom panels represent the
ROIs used for trabecular analysis. The same thresholding and scale bars were applied to
each pair of images. C,D. Bar graphs representing the values obtained for trabecular analysis
by Microview Bone Analysis. BV/TV (bone volume/tissue volume) (C), BMC and BMD
(D) values were significantly higher in both femur and vertebra of CX3CRI-Cre; K3 mice
(n=4 mice/group). E. Bar graphs comparing Th.Th (trabecular thickness), Th.N (trabecular
number), and Th.Sp (trabecular spacing) of K3 and CX3CR1-Cre;K3"" mice (n=4 mice/
group). Th.Th and Th.Sp were significantly different in both femur and vertebra of the
CX3CRI-Cre;K3"" mice compared to K3 Th.N was lower in the femur, but not the
vertebrae, of CX3CR1-Cre; K3 mice in comparison to K3 *p-value <0.05, **p-value
<0.01, ***p-value <0.001. Data shown represent mean + SEMs. Statistics performed were
2-sample Student’s t-tests.
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Figure 6: Bone-in-bone appearance of embryonic Kindlin3-deficient mouse pelvis.
A. Top panels are micro-CT scans representing the pelvis of 4-month-old mice. Note

the decreased length and sclerosis of the CX3CRI-Cre;K3" pelvis. The bottom panels
represent a cross-sectional view at L5 showing the bone-in-bone appearance. The same
thresholding and scale bars were applied to each pair of images. B. Top view of the
CX3CRI1-Cre;K3"f mice pelvis showing the smaller size of the pelvis with square-shaped
iliac bone and prominent sclerosis. C. Bar graphs representing BMC and BMD values
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obtained from the iliac bones (n=4 mice/group). ***p-value <0.001. Data shown represent
mean + SEMs. Statistics performed were 2-sample Student’s t-tests.
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Figure 7: Mild osteopetrosis in postnatal Kindlin3-deficient mice.
A. CX3CR1-CrefR-K3"M mice were administered tamoxifen orally from P1 to P5 (red

arrowheads) and injected on P30 for three consecutive days (red arrowheads). Micro-CT
scans were taken at 4 months (indicated by black arrows). B. Top (top panel) and side
views (bottom panel) of skull and mandible obtained from micro-CT scans of 4-month-old
K3 and CX3CR1-CrefR K3 mice. No significant differences in teeth, skull shape,
mandible, or foramen were observed between the two genotypes. C. Bar graphs showing
quantification of skull length and width (n=3 mice/group). D. Side view of the right femur
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from 4-month-old K3 and CX3CR1-CrefR:K3"" mice. E. Representative cross-sectional
views of the right femur from 4-month-old K377 and CX3CR1-CrefR:K3" mice. Yellow
arrows indicate sclerosis at the proximal epiphysis (femoral head), metaphysis, and distal
epiphysis. F. Bar graphs representing the BMD and Ct.Th values obtained for cortical
analysis ROls in D (n=3 mice/group). G. Top panels are representative cross-sectional
views of the spine from 4-month-old K37 and CX3CR1-CrefR:K3" mice. Lower panels
represent a cross-sectional view of L6 vertebra and pelvis. Yellow arrows indicate sclerosis
of the trabecular compartment in the body of L6. H, I. Bar graphs representing the BMC and
BMD values obtained from trabecular bone analysis of femur and L5 vertebra. They were
significantly higher in both femur and vertebra of CX3CR1-CretR:K3"" mice (n=3 mice/
group). *p-value <0.05, **p-value <0.01. Data shown represent mean + SEMs. Statistics
performed were 2-sample Student’s t-tests.
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