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ABSTRACT

Mutations in the human and mouse OSTM1/Ostml1 gene result in the most severe form of
autosomal recessive osteopetrosis, an inherited hematopoietic bone disorder. We isolated and
characterized the Ostm1 gene responsible for the spontaneous murine osteopetrotic gl mutation
and functional rescue of hematopoietic defects was obtained in PU.1-Ostml gl/gl BAC
transgenic mice. However, these transgenic gl/gl mice became overtly ill and died prematurely
around 6-7 weeks with severe neurodegeneration associated with impaired autophagy. To
investigate whether Ostm1 has a direct role in neuronal cells, we generated a conditional
Ostm1'*/1o allele to address the Ostm1 neuronal specificity with Synapsin1-Cre loss of function.
Ostm1'o1ox SYN1-Cre* progenies developed normally until ~7 weeks and were
undistinguishable from control littermates. Around ~8-9 weeks of age Ostm1'®/'°* Synapsin1-
Cre™ mice developed a rapid and progressive neuronal deficit. These mice showed abnormal
limb-clasping reflexes, severe motor defects and stopped gaining weight. Consistently, brain
histology revealed inflammatory response with gliosis, loss of neuronal cells in CA3 and dentate
gyrus of the hippocampus and thinning of the cortex. Spinal cord EM analysis showed axonal
swelling with accumulation of vesicular structures similar to autophagosomes. End-stage disease
is characterized by hind limbs paralysis consistent with reduced motor neurons population,
neuromuscular junctions’ pathology and muscle fiber atrophy. Together, our results provided
evidence that the Ostml plays a major role in neuronal homeostasis and further establish an

Ostm1 neuromuscular crosstalk.



RESUME

Les mutations du géne OSTM1/Ostm1 humain et de souris entrainent la forme la plus sévere
d'ostéopétrose autosomique récessive, une maladie osseuse hématopoiétique héréditaire. Nous
avons isolé et caractériseé le géne Ostm1 responsable de la mutation gl spontanée ostéopétrotique
murine et le sauvetage fonctionnel des défauts hématopoiétiques a été obtenu chez des souris
transgéniques PU.1-Ostml gl/gl BAC. Cependant, ces souris transgéniques gl/gl tombent
gravement malades et meurent prématurément vers 6-7 semaines avec une neurodégéenérescence
grave associée a une autophagie altérée. Pour étudier si Ostm1 a un role direct dans les cellules
neuronales, nous avons généré un alléle Ostm1'%1°* conditionnel pour répondre & la spécificité
neuronale Ostm1 avec perte de fonction Synapsinl-Cre. Les descendances d'Ostm1'®/1ox SYN1-
Cre*™ se sont développées normalement jusqu'a ~7 semaines et ne se distinguaient pas des
compagnons de portée témoins. Vers I'age de 8 & 9 semaines, les souris Ostm1'%/1°* Synapsin1-
Cre™ ont développé un déficit neuronal rapide et progressif. Ces souris ont présenté des réflexes
anormaux de raideur des membres, de graves défauts moteurs et ont arrété de prendre du poids.
De maniere coheérente, I'histologie cérébrale a révélé une réponse inflammatoire avec gliose,
perte de cellules neuronales dans CA3 et gyrus denté de I'hippocampe et amincissement du
cortex. L'analyse par ME de la moelle épiniére a montré un gonflement axonal avec une
accumulation de structures vésiculaires similaires aux autophagosomes. La maladie en phase
terminale est caractérisée par une paralysie des membres postérieurs compatible avec une
réduction de la population de motoneurones, une pathologie des jonctions neuromusculaires et
une atrophie des fibres musculaires. Ensemble, nos résultats démontrent que I'Ostm1 joue un réle
majeur dans I'noméostasie neuronale et établissent en outre une diaphonie neuromusculaire
Ostm1.
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Introduction

The human body is a collection of integrated systems that cooperate together to ensure a proper
functioning. Some of our indispensable functions that we use daily are movement, breathing,
thinking, eating, digesting, and others. The musculoskeletal and the central nervous systems
collaborate to generate the required vital actions. Whether it is the commander as the central
nervous system or the responder like the muscles, any malfunction would impede this proper

functioning.

Neuromuscular diseases refer to a broad group of disorders due to a defect in any of the
following organs: brain, spinal cord and muscle. Some of the known neuromuscular diseases are
amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA). Interestingly, the
similar pathological phenotypes have been found by mutations in other genes that play an
important role in other organs such as the bone. Osteopetrosis associated transmembrane protein
(Ostm1) involved in bone resorption is an example of this phenomenon. The common
observational pathology of the neuromuscular disease is motor defect, weak muscle strength, and
impaired gait. Whether it is only osteopetrosis or neuromuscular diseases, it will hinder the well-
being and the continuity of the patients’ life. Any disease will put the patient in a state of anxiety
and distress. It is only natural that a combination of both neuromuscular disease and

osteopetrosis will make the patients’ life much harder.

The prognosis of the Ostm1 linked disease appears particularly poor due the early death of the
patient within the first year of age. Comparing to other forms of osteopetrosis, Ostm1 deficiency
is more severe due to several complications that appear in different systems. These complexities
will be covered thoroughly through this thesis. Since this gene was also spontaneously and
naturally mutated in mice (such as the grey lethal mice (gl/gl)), these mice are also expected to
have a shorter life span with respect to their normal 2-year life expectancy and comparable to an
Ostm1-defecient patient life expectancy.

The limited access of patients such as the limited number and kind of biopsies, the poor
characterization of the pathogenesis in animals and the difficulty in applying pre-clinical results
on human clinical trials motivates the creation of mouse models for a better understanding of the

structure, the physiology and the pathology of the protein.



In the thesis, we focus on the neuronal function of Ostm1 through the generation of a lox allele
Ostm1'*1**with a unique and specific neuronal Synapsin Cre* to ensure the conditional knockout
of Ostm1 only in neurons. Specifically, we analyze the mouse growth and the behavioral
parameters at the phenotypic level. Then, investigation of the link between the neuronal loss and
the locomotion defect is done through the brain, spinal cord neuronal population and
neuromuscular junction analysis. Finally, we show that ex-vivo studies aid in quantifying and
qualifying the neuronal enriched population using immunochemistry and immunofluorescence

with specific markers.
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1.1 The Nervous System

The nervous system is a network of over 100 billion cells that interact, communicate and regulate
signals to control different functions and maintain homeostasis [1]. The crucial functions of the
nervous system include: sensation and perception, motor function, thinking and planning,
memory, regulation of heart rate, endocrine and exocrine glands, breathing, temperature and
vasculature, emotions, and balance. These sophisticated functions are governed by two divisions
of the nervous system: the central and the peripheral nervous system [2].

1.1.1 Central Nervous System (CNS)

The central nervous system comprises the brain and the spinal cord. The brain is composed of
the white matter that consists of myelinated axons and the grey matter that consists of
unmyelinated cell bodies and dendrites. The brain structure is made of the forebrain, midbrain,
and hindbrain. The forebrain is composed of the diencephalon (the thalamus and the
hypothalamus) and the telencephalon that contains the highest-level cognitive processing, the
cerebrum. The hindbrain structures are: the brain stem, reticular formations, and cerebellum. The
spinal cord protrudes downward from the brainstem. The spinal cord is divided into four parts:
cervical, thoracic, lumbar, and sacral. The spinal cord intervenes with most body parts below the
neck. The common components between the spinal cord and the brain are grey and white matter,
but both differ in localization. In the brain, the grey matter encases the white matter. On the

contrary, in the spinal cord, the grey matter lies deeper than the white matter [3].

1.1.2 Peripheral Nervous System (PNS)

The peripheral nervous system comprises nerves that protrude outside the brain and the spinal
cord. The peripheral nervous system contains 10 of the 12 pairs of cranial nerves and 31 pairs of
spinal nerves. The PNS is the bridge that links the CNS to the rest of the body. Same as the CNS,
the PNS could be subdivided into autonomic and somatic nervous system [4].

1.2 Types of Nerves

In order for the body to receive the message and process it, then translate it into an action or a
response, there should be different kinds of nerves that carry different tasks. The nervous system
is organized into three kinds of nerves which are: sensory, motor and interneurons. The sensory
neurons carry sensory information from the receptors to the CNS and are also called afferent

neurons. On the other hand, motor neurons transmit the information to the targets (muscle and
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glands) from the CNS to the peripheral and are termed efferent neurons. Interneurons are the
most abundant type of neurons and are the mediator between the sensory and the motor neurons.
They are usually found in the brain and in the spinal cord. The spinal cord contains both axons of
the motor and sensory neurons. The sensory information being transmitted by sensory neurons in
the sensory area of the cortex or in the spinal cord is integrated in the motor cortex that is the
highest level in the motor system. The motor cortex governs the limb movements through the
cortico-spinal tract. Some information can bypass this long circuit in case of reflexes where the
entire neuronal message occurs in the spinal cord by transmitting the sensory information
through the dorsal side which is the back side of the spinal cord, and then the stimulus passes
through the motor neurons located in the ventral part of the spinal cord reaching the target, the
muscle. The location of the nuclei of these motor neurons specifies the body area which they
control. For instance, the lateral nuclei control the limbs which are distally located according to

body axis. On the other hand, the medial nuclei govern the proximal muscles [5-7].

1.3 Cells of the Nervous System
The neurons and the glial cells compose the nervous system. These two types of cells are the
fundamental blocks of the nervous system where each one has its specific role and structure.

1.3.1 Neurons

Neurons are unique cells capable of conveying the electrical impulses and converting them into
chemical signals that are processed by other targets. Neurons are the largest cells with highly
precise and polarized structure. Neurons can have a variety of shape that is dictated by the cells
which neurons interact with. These shapes determine the function of the neuron, but all share the
same organelles as other cells. The soma, which is the cell body, contains the nucleus, the rough
endoplasmic reticulum and the ribosomes. Dendrites are the appendages protruding from the
soma body. The receiving message passes from the dendrites to the soma body reaching the axon
hillock where all the messages are integrated. The message will be converted into an electrical
signal that travels through the axon reaching the nerve terminals. To speed up the transmission of

the message and the preventing its loss, the axons are insulated with myelin [5].

1.3.2 Glial Cells
Glial cells, also known as neuroglia, support the survival and normal functioning of the neuron.

One type of glial cell forms the neuron myelination required for signal transmission. The types of
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glial cells are the astrocytes, ependymal cells, microglia, oligodendrocytes and Schwann cells.
The astrocytes provide nutrients from the blood brain barrier to the neurons; hence they control
the passage of these solutes. The ependymal cells produce the cerebrospinal fluid and line the
ventricles of the brain. Microglia cells are the defense cells of the neurons and phagocyte
pathogen and debris. The oligodendrocytes and the Schwann cells both produce the myelin, but
the former is in the CNS, while the latter is in the PNS [8].

1.4 Neuromuscular Junction

Muscle contraction is an indispensable process required for carrying out our daily tasks such as
locomotion and posture. For this contraction to occur, a communication between the muscle and
the motor neurons whose nuclei reside in the grey matter should take place through the
neuromuscular junctions (NMJs). The motor neuron divides into many branches where each
branch forms an NMJ with a muscle fiber. A collection of multinucleated muscle fibers forms a
muscle. The region where the motor neuron terminal innervates with the muscle is called end
plate. The branches further split into tiny branches to generate the synapse. The pattern of a
synapse comprises a presynaptic neuron that contains synaptic vesicles filled with
neurotransmitters acetylcholine, and the postsynaptic cell which is the muscle fiber. When
acetylcholine is released by exocytosis through the fusion of the synaptic vesicles with the
membrane, it binds to the muscle receptors and depolarizes its membrane causing an action

potential. This action potential triggers the contraction machinery [9].

1.5 Macroscopic Bone Structure

The bone constitutes approximately 15% of the total body’s weight and is considered one of the
vital organs in the body [10]. The bone is characterized by its unique conventional functions: it
supports and protects crucial organs, serves a niche for hematopoiesis within its cavities, aids in
movement and locomotion of the body muscles and maintains homeostasis state of minerals
(calcium and phosphate), acid and base [11].

The two types of bone structure are the cortical bone and the trabecular bone, also known as the
spongy or cancellous bone. The cortical bone composes 80% of the total adult human skeleton,
forms the outer layer of the bone, and is highly dense, durable and resistant for break. On the
contrary, the spongy bone makes up the other 20% and is the inner part of the bone. It consists of

trabeculae or rod-like structure network allowing a space for the marrow and the blood vessels; it



is less dense and flexible. Red marrow contains the hematopoietic stem cells which form the

blood cells, whereas the yellow mater is filled of fat and is inactive [12, 13].

1.6 Microscopic Bone Structure

The bone matrix forms the stiffness of the compact bone. The bone matrix has inorganic and
organic components. The inorganic components consist of calcium, phosphate and hydroxide,
which harden to make the hydroxyapatite crystals Caio(PO4)s(OH).. The organic elements are
glycoproteins, collagen and other peptides [14]. The bone matrix is organized into units named
osteons or Harversian system. Every osteon contains lamellae, concentric circles of bony matrix
that surrounds the Harversian Canals. These canals are parallel to the bone while the Volkmann’s
canals are perpendicular to the bone. Both canals contain the blood and lymph vessels, and
nerves. The small spaces between the lamella are called lacunae, which forms the shelter for
mature bone cells named osteocytes. Canaliculi are tiny channels that connect the lacunae for the
supply of nutrients and waste between the Harversian and Volkmann’s canals and the osteocyte

[15].

1.7 Bone Remodeling

Although the bone is rigid and static, it undergoes remodeling. Remodeling is a process by which
the old bone is replaced by a new one to maintain the rigidity, and healthiness characteristics and
functions of the bone [16]. The bone remodeling process is orchestrated by a dual
communication between two types of bone cells. One is involved in removing the old bone by

the osteoclast. The other, which is an antagonist of the former, adds bone and is called osteoblast.

1.7.1 Osteoblast

Osteoblasts are derived from mesenchymal stem cells. They synthesize the bone matrix. They
are cuboidal in shape and express alkaline phosphatase. They are found on the bone surface
composing 4-6% of the total resident bone cells and contain many rough endoplasmic reticulum,
Golgi apparatus and secretory vesicles [17, 18]. After bone formation, the osteoblasts pass
through one of the 3 status: they can die by apoptosis, turn into quiescent bone lining cells found
on the bone surface, or encapsulate themselves by their own matrix (collagen type-1, calcium
and phosphate) and differentiate into osteocytes [19].



1.7.2 Osteoclast

Osteoclasts are large differentiated post-mitotic multinucleated bone resorbing cells originated
from mononuclear progenitors of hematopoietic stem cell lineage. The osteoclasts attach to the
bone through filamentous actin and av3 integrins to create a sealing zone or acting ring [20] .
The osteoclasts are characterized by two main functional domains: the ruffled border and the
basolateral domain. The ruffled border is involved in bone resorption by pumping out protons
through the V-ATPase and secreting enzymes like Cathepsin K to the bone surface. The protons
(H") create an acidic environment with a pH 4-5 in the resorptive lacuna required for the activity
of the enzymes. While in return, the active enzyme breaks the organic component of the bone.
The degraded products are shuttled by vesicles containing the enzyme tartrate-resistant acid
phosphatase (TRAP) to the basolateral membrane to be secreted [21].

Bone resorption and bone formation are two tightly controlled processes (Figurel-1).
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Figure 1-1 Bone Remodeling. Bone remodeling is a continuous process to preserve bone integrity and
quality. The osteoclast precursors mature into multinucleated osteoclasts for resorption. Then osteoblasts
form new bone in the lacunae. (Reprinted with open-access from Owen and Reilly, Owen, R., & Reilly,
G. C. (2018)).

Bone resorption and bone formation are two tightly controlled processes (Figurel-1). The two
processes, resorption and formation are called “coupling mechanism”. This coupling mechanism
was discovered after researchers figured out in 97% of healthy adults that bone formation

followed resorption [22]. Any impaired balance between the two processes could lead to



pathological diseases. For instance, increased osteoclast activity leads to excessive bone
resorption, this condition is called osteoporosis and is also the consequence of inflammatory
arthritis [23-25]. Osteopetrosis is diagnosed by decreased bone resorption either due to
malfunctioning or absent osteoclasts [26, 27]. Other types of Osteopetrosis have normal or

increased number of non-functional osteoclasts with increased bone mass [28, 29].

1.8 Osteopetrosis

Osteopetrosis is a heterogeneous family of inheritable bone disorder in which bone resorption is
defective due to inefficient osteoclasts. The disease was characterized by a German radiologist
Dr. Albers-Schonberg over a hundred years ago through his radiographic analysis from one of
his patients with increased Bone Mineral Density (BMD) [30]. Osteopetrosis is characterized by
an increase in bone mass that can be detected by an X-ray via the variability of the whiteness,
size, and shape. Bone-in-bone appearance refers to the osteopetrotic bone in radiographic images
where two bones appear in a single bone due to the increased calcification (Figure 1-2). Some of
the symptoms of Osteopetrosis are osteosclerosis that identifies the disease as “marble bone

disease”, and decreased bone marrow cavity which causes hematopoietic failure [21, 31, 32].

Figure 1-2 Osteopetrotic Bone. “Bone-in-bone” appearance in the hand phalanges of an autosomal
recessive osteopetrosis patient in a radiograph (Reproduced by free-access from Journal of Clinical and
Diagnostic Research Bhati, P., & Goyal, P. C. (2017)).

1.8.1 Role of Osteoclast in Osteopetrosis
Anomalies in osteoclasts lead to osteopetrosis. There are two crucial routes for defective
osteoclasts which are external and internal defects. The external defect is an environmental

abnormality that affects osteoclastogenesis, whereas the internal route is within the Osteoclast



itself. The defect could be within the initial stage (differentiation of hematopoietic cell stage) till
the final stage (maturation of osteoclast).

These mutations could be grouped into two categories. The first is the absence of mature
osteoclasts due to blocked differentiation. This disease is also known as osteoclast-poor
osteopetrosis. The second type, osteoclast-rich, corresponds to deteriorated resorptive function,
where there are mature non-functional osteoclasts [33, 34].

Osteoclastogenesis consists of well-organized consecutive steps: (1) determination and
commitment of the hematopoietic cell precursor, (2) differentiation and fusion into mature
multinucleated osteoclast, and (3) polarization of the multinucleated osteoclasts (Figure 1-3) [35,
36]. One of the important and earliest transcription factors in stimulation of osteoclastogenesis is
PU.1 which controls the synthesis of the Macrophage Colony Stimulating Factor (M-CSF)
receptor on osteoclast. The monocytes and hematopoietic stem cells differentiate into osteoclast
precursor by the binding of the receptor to M-CSF that is produced by stromal cells and
osteoblasts (Figure 1-3) [37].

Besides M-CSF, another factor was observed its importance in osteoclastogenesis from the
microphtalmia mi/mi mouse model study. The mi/mi mouse is a mouse model that has mutation
in Microphthalamia-associated transcription factor (MITF). This mutation results in the failure of
osteoclasts fusion, low TRAP expression levels and no resorption of the bone occurs. MITF
plays a significant role in early osteoclastogenesis [38].

After M-CSF and MITF stimulation, the Receptor Activator for Nuclear factor x B ligand
(RANKL) on the cellular membrane of osteoblasts interacts with the Receptor Activator for
Nuclear factor k B (RANK) on osteoclast precursor resulting in the induction of many pathways
such as mitogen-activated protein kinases (MAPK), nuclear factor kappa-light-chain-enhancer of
activated B cells (NFxB), and nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1)
(Figure 1-3). The precursor differentiates into mature osteoclast [16, 31-33]. RANK ™~ mice,
which have recombination in RANK alleles, have an absence of osteoclast, meaning that they are
osteoclast-poor. This leads to mice suffering from severe osteopetrosis [39].

In addition to the initiator of osteoclastogenesis, there are also signals that hinder osteoclasts
differentiation like Osteoprotegrin (OPG) (Figure 1-3).
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Figure 1-3 Molecules Involved in Osteoclast Differentiation and Maturation. M-CSF has important roles
in differentiation. RANK-RANKUL interaction controls the late stage of osteoclast differentiation where
any anomaly leads to absence of osteoclasts. OPG competes with RANK for RANKL binding and
inhibits the interaction. (Adapted with unrestricted access from The Japan Academy, Suda, T., &
Takahashi, N., (2008)).

OPG is a soluble protein that competes with RANK for RANKL binding and inhibits the binding
of RANK with RANKL [40].The pathways that are activated by RANK-RANL interaction
activate the transcription of series of genes important for osteoclast differentiation like dendritic
cell-specific trans-membrane protein (DC-STAMP). DC-STAMP plays vital role in the fusion of
mononuclear precursors to form multinucleated osteoclast [41]. RANK-RANL interaction
initiates the expression of osteoclast markers which are TRAP, calcitonin receptor and integrin
avP3 [42-44].

Osteopetrosis can still occur even if there is no disruption or mutation in the differentiation of the
osteoclast. In other words, maturation of the osteoclast is necessary for bone resorption, and
there are many genes that should be transcribed and regulated properly for the osteoclast
polarization. The ruffled border formation is one of crucial domains that mature osteoclast
should acquire for the breakdown of inorganic hydroxyapatite and organic collagen so lacking
this domain results in osteopetrosis. For instance, the grey lethal mouse, which is our lab mice
model and our main interest, lacks a developed ruffled border accompanied by an increased

number of osteoclasts [45].
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Figure 1-4 Osteoclast Physiology. Osteoclasts attach to the bone surface by avp3 integrin to form the
resorption lacunae. Proton (H*) and chloride (CI°) are secreted to maintain acidity and electroneutrality
respectively. Cathepsin K, one of the enzymes, is also secreted to the resorption lacunae for breakdown of
bone matrix. (Adapted with open use from The Japan Academy, Suda, T., & Takahashi, N., (2008))

The acidification of the resorptive lacunae, which is the site between the ruffled border and the
bone, should be maintained by the H* protons that are released by the osteoclasts for normal
function of the digestive enzyme Cathepsin K. In order to preserve that pH, the osteoclasts create
a sealing zone/acting ring with the bone by the adherent filamentous actin (F-actin) and the two

distinct integrins alpha and beta chains (Figure 1-4) [46].

1.8.2 Forms of Osteopetrosis in Human
Osteopetrosis is classified by the severity of the disease, the age of onset, and the inheritance.

The three forms of osteopetrosis are: autosomal dominant osteopetrosis (ADO), intermediate
autosomal recessive osteopetrosis (IRO), and infantile malignant autosomal recessive
osteopetrosis (ARO) [32, 47].

1.8.2.1 Autosomal Dominant Osteopetrosis
Autosomal Dominant Osteopetrosis is the mildest form of osteopetrosis with the occurrence of

approximately 5/100,000 of the population. All patients have normal lifespan [32]. The disease is
subdivided into two categories: ADOI and ADOII. ADOI disease has increased bone density by

amplified calcification due to overactive osteoblasts and a low number of osteoclasts [48]. The
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other group, ADOII disease, is also called Albers-Schonberg disease and is caused by a mutation
in the CLCN7 gene. Most of these mutations are missense and lead to non-functional osteoclast

with less severe osteopetrotic phenotype compared with other forms of oseopetrosis [49].

1.8.2.2 Intermediate Autosomal Recessive Osteopetrosis

Intermediate autosomal recessive osteopetrosis ranges in a medium severity scale between
autosomal dominant osteoporosis and infantile malignant autosomal recessive osteopetrosis. IRO
is less frequent and is caused mainly by mutation in carbonic anhydrase-2 gene (CA-11). CA-II
converts carbon dioxide (CO 2) and water (H20) into H* and bicarbonate (HCO3z"). The proton is
transported across the ruffled border to acidify the resorption lacuna. Conversion failure of the
COzand H;0 leads to osteopetrosis accompanied with renal tubular acidosis and cerebral
calcification [33, 50].

1.8.2.3 Infantile Malignant Autosomal Recessive Osteopetrosis

Infantile malignant autosomal recessive osteopetrosis is the most dreadful form of osteopetrosis
with an incidence of 1/250,000, and higher in some regions like Costa Rica, the Middle East and
The Chuvash Republic of Russia where the rate increases to 3.4/100,00. The disease appears
early around 3 months of age. Most of the children die within 4 years due to their weak immune
system (infections) [51]. Most of the variable spontaneous mutations end up producing normal to
increased number of non-functional osteoclasts that lead to detrimental symptoms on the patient.
The increase of osteoclasts number may be a compensatory mechanism for restoring the
function. Most of the shared symptoms are growth retardation, delayed psychomotor
development, hepato-splenomegaly, micrognathia, delayed tooth development, osteomeoyelitis,
osteosclerosis and dense fragile bone filling the bone marrow spaces which results in anemia,
leukopenia, and thrombocytopenia [51-53].

Moreover, the increase of bone mass spreads throughout the entire skeleton and one of its severe
effects is craniofacial bone anomalies such as nasal obstruction, hydrocephalus and cranial
foramina thickening. The tightness of the cranial opening compresses the nerves and leads to
blindness and deafness as a secondary effect [53, 54]. Beside the secondary effects, some genes,
CLCN7 and Ostm1, primarily affect the central nervous system that will be the main focus of my
thesis [55, 56]. The most frequent genetic mutations in ARO patients are in the T-cell immune
regulator 1 (TCIRG1) gene that codes for a3 subunit of the V-ATPase [57]. Osteopetrotic
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patients could be healed by bone marrow transplant, but success rate is not high due to
complications such as human leukocyte antigen matching and age of the transplantation. The
most successful transplantations are done before the age of 10 years due to the decrease in rate of
rejections [33, 58].

1.9 Mutations in ARO

Mutations effects vary from intrinsic to extrinsic. Within the intrinsic part, defects could arise
from mutations of differentiation genes like TNFRSFIIA that encodes for RANK receptor [59] or
from mutations of maturation genes like TCIRG1, CLCN7, OSTM1 and SNX10 (Figure 1-5) [33].
Most of the mutations in the ARO patients are intrinsic, but there are still some extrinsic defects;
for instance genetic alteration in TNFSFII that codes for protein specialized in cytokine, survival,
and osteoclastogenesis functions [60]. Among the intrinsic genes, mutations in TCRIG1, CLCN7,
and OSTML1 genes are the main causes of ARO in humans and mice and are the most prone to
natural spontaneous mutations. These spontaneous mutations help scientists to characterize the
genes involved and to create mice models to investigate the effects of these mutations on the
entire body. Moreover, mice models can serve as the important step to test the success rate of a

treatment prior to trial in humans.

1.9.1TCIRG1

TCIRG1 mutations score more than 50% of all mutation in ARO disease [33]. TCIRG1 encodes
for a3 subunit of the Vacuolar proton ATPase (V-ATPase or H*-ATPase) with a mass of 116
KDa. V-ATPase is located on many intracellular compartments, endosomes, lysosomes and the
ruffled border of a mature osteoclast. Its main duty is to acidify the lacuna by pumping H* in the
compartments creating a pH gradient. The V-ATPase is made up of two domains, V1 and VO.
V1 is a cytosolic domain composed of eight subunits (A-H) and responsible of ATP hydrolysis
by A and B subunits [61]. The other subunit, V0, is a trans-membrane domain where protons are
pumped through a, ¢, ¢”, d, e and the accessory subunits Ac45 and M8-9 [62, 63]. The “a”
subunit has 4 isoforms, al, a2, a3, and a4. Osteoclasts only express the a3 subunit, so any
mutations in the TCIRG1 will prevent the embedding of the V-ATPase in the plasma membrane
that will result in osteopetrosis [64]. The oc/oc mice model with 1.6 kb deletion in TCIRG1 gene

including the start site dies within 3-6 weeks due to non-functional osteoclasts (Figure 1-5) [65].
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Figure 1-5 Diagnosis and Mechanisms Underlying Osteoclast-Rich ARO. (a) Vitronectin receptor (green)
and nuclei (orange) staining cultured osteoclast. (b) Undamaged F-actin ring identified by TRITC-
phalloidin (red) on a mineralized substrate (green) were seen in osteoclast. (¢) Osteoclast lacking ruffled
border at the interface site with the bone (Adapted with permission from Springer Nature, Nature Reviews
Endocrinology, Sobacchi, Schulz et al. 2013).

1.9.2 CLCN7

CLCNT7 mutation ranks the second more common mutation with percentage of approximately
15% of all ARO mutations. The CLCN7 encodes for 89 kDa chloride/proton exchanger [55].
During osteoclast polarization, lysosomes containing the CLCN7 protein and others are fused
with the cellular membrane forming the ruffled border. CLCN7 maintains the charge balance in
the lacuna by expelling protons coupled with chloride ions [66].

The CLCNY deficient mouse model, which has a point mutation in the CLCN7 gene, is
osteopetrotic. Although it was found to have normal lysosomal pH, there was disruption of
electroneutrality due to low chloride ions. CLCN7 deficient mouse model have drastic lysosomal
accumulation in the hippocampal and the cortical neurons, revealing the role of CLCN7 in
trafficking by the chloride ion concentration modulation [67].

Clen7 knockout mice models (Clen77) displayed severe neuronal and retinal degeneration
beside to osteopetrotic symptoms. These mice had a very short life span and died within 7 weeks
[68]. Kasper et al. (2005) wanted to cure this osteopetrotic phenotype by creating transgenic gene
CLCN7 under the regulation of TRAP promoter. This TRAP-Clcn7 mice model had normal bone
size, shape and density, but it still showed neuronal abnormalities and visual impairment. This

phenotype revealed similar features of neuronal ceroid lipofuscinoses (NCL) by accumulation of
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avacuolar lipopigments, and granular osmophilic deposits in the perikarya of hippocampal and
cortical neurons. An intense activation of astrocytes and microglia occurs in the cortex and the
hippocampus. Their life span was extended by 3 weeks. Kasper and his colleagues concluded
that the loss of CLCN7 primarily affects the central nervous system unlike other osteopetrotic
genes such as TCIRG1 where the neurological compression with no neurological anomalies was
a secondary effect due to bone mass increase [69].

This suggests that certain genes regulating osteoclast function can play additional important roles
in other tissues including the brain.

1.9.30STM1

OSTML1 is the central point of this thesis. 4-6% of the patients suffer from OSTM1 mutation with
severe symptoms [33]. OSTM1 gene has 6 exons and codes for Osteopetrosis associated
transmembrane protein (Ostm1) that is a type | trans-membrane protein. The immature Ostm1
protein with a mass of 34 kDa is post-translationally modified and highly N- glycosylated to
reach a mass of 60 kDa. Ostm1 is localized within endosomes/lysosomes by being synthesized in
the endoplasmic reticulum (ER), and trans-Golgi network [70]. Ostm1 is the B-subunit of
CLCNY7 (Figure 1-5). Ostm1 and CLCN7 mutually rely on each other. Ostm1 needs CLCN7 to
be shuttled from the ER to the lysosome, on the other hand Ostm1 maintains the stability of
CLCNY7 through its proper binding [71].

OSTM1 mutations are considered the most severe due to early age onset of ARO symptoms
where patients die within the first year that is considered a short life period [72]. The classic
osteopetrotic phenotype from which human patients suffer is increased bone mineralization. The
endochondral ossification is disrupted where neither bone resorption nor detectable cartilage is
seen. The robust trabecular bone growth leads to the progression of the disease affecting many
organs and tissues [73]. These patients develop bone marrow suppression that results in all blood
cell type deficiencies (pancytopenia) and increased infection susceptibility. The suppression
stimulates the extramedullary hematopoiesis in the spleen and the liver; thus, it undergoes
abnormal enlargement (hepatosplenomegaly). In addition, visual and neuronal degeneration

occurs which will be discussed in depth later in the thesis [73].
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1.10 Ostm1 Partners

Ostm1 null mice had impaired melanosome dispersion, lysosome lacking fusion ability with
plasma membrane, and accumulated neuronal vesicular structures (metabolites and
autophagosomes). The multiple roles of Ostm1 and its most severe phenotype in ARO highlight
the presence of interacting partners. Mimicking the physiological conditions in the cell lines
ensures the same interaction as in vivo. Affinity purification and mass spectrometry experiments
identified 16 unique Ostm1 interacting proteins. These included kinesin motor KIF5b, present in
high amounts, but also protein remodeler EDD1/UBRS5 and nuclear pore importin KPNB1. These
results were consistent with GST pull down assay and co-localization experiments. Due the
movement of the kinesin motor protein, a live time lapse imaging examined the dynamic co-

localizations of the fluorescence (Figure 1-6) [70].

Moreover, Ostm1 perinuclear colocalization supports its interaction discovery with
KPNB1/Importin B1 which participates in nucleocytoplasmic trafficking [70, 74]. This evidence
depicts a role of Ostm1 in cargo and organelles shuttling as an adaptor in the KIF5B complex

throughout the impaired osteoclast, melanosomes and neuronal cells in the gl/gl mice.
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Figure 1-6 Identification of Ostm1 Partners. Time lapse confocal microscopy images of ECR293 cells

showed co-localization of Ostm1-FL-EGFP and KIF5B-YFP (Adapted with permission from American
Society for Microbiology, Molecular and Cellular Biology. Pandruvada, Beauregard et al. 2016).




1.11 Osteopetrosis and the Central Nervous System

In addition to the suppression effect of bone mass increase on the bone marrow cavity, the
aberrant bone mass increase compresses the main processor, the brain. Some patients experience
abnormally large thickened head, known as macrocephaly, and cranial foramina narrowness that
accumulates the cerebrospinal fluid (CSF) and compresses the blood vessels and nerves passing
through respectively. As a result, deafness and blindness can occur [75]. These secondary effects
could be erased by treating the primarily effect which is osteopetrosis. The malfunctioning
osteoclasts could be substituted by hematopoietic stem cell transplant (HSCT) where the patient
returns into a healthy life afterwards [33, 58].

As described above, neuronal compressions are marked as secondary effect like mutations in
TCIRGL1 [72]. However, genes with multifunction and multi-organ expression such as CLCN7
and Ostm1 cannot be completely cured by HSCT. As seen above, the autonomous role of CLCN7
in the CNS had a primary effect rather than a secondary effect upon restoring bone remodeling in
the TRAP-Clcn7. Other treatments should be added to HSCT for a full rescue.

Concerning Ostm1 and the CNS, our lab reported neuronal defects in brain of the Ostm1 mutant
mice with transgenic bone rescue. These findings indicate that with normal bone mass growth
the mice suffered from neurodegeneration. Hence, the loss of Ostm1 has a primary effect on the

neuronal system rather than a secondary effect. [56].

1.11.1 Case Studies

The first OSTML1 related ARO patient was reported by Chalhoub et al (2003). This Italian patient
expressed shorter Ostm1 RNA due to skipping exon five of the (Ostm1) gene [76]. Another ARO
patient with OSTM1 mutation was examined thoroughly in our lab. Sequencing was done and the
results displayed nonsense mutation in exon one where T substituted G generating a stop codon
[73].
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Figure 1-7 OSTM1-Related ARO Patient Cerebral MRI. (A) Coronal T2 displaying sub-ependymal
heterotopias, delayed myelination and global atrophy (B) Axial T1: sub-ependymal heterotopias (C) Axial
T1 showing sub-ependymal heterotopias (Reprinted with permission from John Wiley and Sons, Journal
of Bone and Mineral Research, Maranda, Chabot et al. 2008)).

This sequence also transcribed a shorter RNA and translated a putative truncated protein lacking
the trans-membrane domain, so this protein will be either degraded or secreted by the cell [70,
71]. The patient had non-functional osteoclasts that led to an increase in bone mineral density.
The patient suffered from eyesight impairment and seizures at 4 months age.

The complication of these initial symptoms led to an early death at 1 year of age and was
accompanied by neurological defects. The patient lacked any cranial protrusions which indicated
that the neurodegeneration was not a secondary effect. Cerebral magnetic imaging (MRI) (Figure
1-7) results revealed cerebral atrophy, delayed myelination, and bilateral atrial subependymal
heteropias. Heteropias in this case was the protrusion of gray matter into the ventricles [77]. This
abnormal delocalization is a sufficient evidence of abnormal neural growth. Computed
tomography (CT) scan showed neither auditory nor optic nerve compression which also
confirmed the primarily role of Ostm1 in neuronal function [73].

Taking all these novel OSTM1 patients into consideration and for a deep and further
understanding of Ostm1 role, generating a mouse model mirroring these patients would be an
ideal approach to get a better understanding of the role of Ostm1 and its disease prognosis. Mice
models help to target and tackle the gene function in the entire body or in a specific organ and
tissue in order to identify the mechanism of action and to aid scientists in creating an efficient

treatment.
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1.12 Grey lethal mouse model

The grey lethal mouse (gl) is a mouse model having osteopetrotic syndrome. These mice are
named grey-lethal due to their grey coat color instead of an agouti color and the gl/gl mice live
up to 3-4 weeks [76]. The color defect is not due to agouti gene mutation but due to an
accumulation of pheomelanin granules in the melanocytes [78].

In the last decade, several molecular and cellular researches have been done on the gl/gl mice to
detect the role of Ostm1. One of these investigations was contributed by Prinetti et al. (2009)
[79] where they tried to depict the function of Ostm1 from the brain composition. Ostm1 and
CICN7 form a complex that embeds in the endosomes and lysosomes of different cells including
neuronal cells. Mutation in either genes results in lysosomal storage and neuronal defects beside
to osteopetrosis. These gl/gl mice had smaller diffused translucent brain hemispheres with
respect to the wild type (wt). Dissecting the brain showed loss of neuronal demarcation between
the grey and white matter. These preliminary results reveal hypomyelination (myelin loss) [72].
To understand the nature of the neuronal prognosis, the biochemistry of the brain should be
analyzed. Brain immunohistochemical images staining of myelinated fibers and
oligodendrocytes displayed lack of myelin in hippocampus, and a decrease of myelin in
thalamus, and in the cortex [79]. To determine the reason of myelin decrease, the myelin
components, galactosylceramides, sulfatides, and sphingomyelin, were tested. In addition to
myelin elements, gangliosides, glycerophospholipids, and cholesterol were screened to complete
the biochemical analysis. Both cholesterol and glycerophospholipids were the same in the gl/gl,
and wild type, whereas, the monosialogangliosides GM3 and GM2 scored a gradual increased
percentage from day 8 to 12. In contrast to the increase which maybe the trigger, the gl/gl mice
suffered from 50% decrease in galactosylceramide, sulfatide and sphingomyelin which explains
the reason of myelin decrease and fragmentation. Extrapolating the cause behind neurological
impairment where the lysosome storage could occur, Prinetti, A. et al. (2009) [79] hypothesized
that the accumulation of gangliosides could be the effect of lysosomal defect. After the cultural
fibroblast experiments that showed normal lysosomal enzyme activity, studies are still being
pursued to test whether the demyelination is the effect of oligodendrocytes or secondary to
neuronal pathology. This pathology does not resemble the Krabbe disease, which is an
inflammatory disease caused by the defective galactosylceramiadse, but shares the concept that

the accumulation of substrates causes toxicity and neurodegeneration. The piling of
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galactosylsphingosine, substrate of galactosylceramiadse, stimulates apoptosis of
oligodendrocytes and macrophage engulfing [80]. The accumulation of certain sphingolipids that
constitutes the lipid rafts could modulate the cellular signal and also disturbs the organization of
the plasma membrane that would initiate neurodegeneration. For instance the amyloid precursor
protein (APP) in Alzheimer disease and synuclein in Parkinson disease both seem to be located
in the lipid rafts [79, 81-83].

Moreover, bone remodeling is disrupted leaving a severe impact on itself and on many organs.
The increased bone mass and the piling of trabeculae in the bone marrow space lead to its
suppression. Hematopietic defects are generated and produce different blood cell type diseases,
anemia and lymphopenia. In the lymphopenia category, B lymphocytes and CD4*CD8* double
positive T cells decrease in number and the single positive CD4" and CD8" T cells undergo an
increase in population suggesting an alteration in the differentiation trend [84]. Beside increased
BMD, these mice exhibit no teeth due to a blocked tooth eruption held by malfunctioning
osteoclasts [45, 84].

Moving to cellular and subcellular pathology, TRAP staining showed that the osteoclast number
in gl/gl mice is increased and their cytoskeletal organization was damaged and formed a
defective ruffled border compared to wt [45].

Switching from phenotypic analysis to genomic study, our lab isolated and characterized the
Ostm1 gene responsible for the spontaneous recessive grey-lethal (gl) mutation [76]. The
spontaneous gl mutation is a deletion type mutation in the promoter, exon 1 and 3 kb of the first
intron. The deletion shortened the 23 kb OSTM1 genomic DNA by approximately 7.5 kb. This
resulted in the absence of RNA and protein (Figure 1-8) [76].
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Figure 1-8 Schematic DNA Structures of the Wild-Type and the gl Mutant Ostm1 Gene. Wild-type Ostm1
gene is approximately 23 kb with 6 exons and 5 introns. The gl mutation corresponds to a deletion of 7.5
kb which covers the exon 1 with the start site and 3 kb of first intron (Reprinted with permission from
Springer Nature, Nature Medicine, Chalhoub, Benachenhou et al., (2003))
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Analysis of Ostm1 expression was run by our lab on different organs, and it was found that
Ostm1 is present in several tissues and organs such as: liver, spleen, kidney, melanocyte and
brain, in addition to the bone [76].

Adding up to the spontaneous exon 1 mutation in gl mice and in ARO patients, mouse Ostm1
protein is 83% homologous to the human Ostm1 protein [76]. All these evidences create an
opportunity to develop a transgenic mouse model for a deep understanding of the Ostm1

mechanism and a translation of preclinical treatments into clinical trials on human.

1.13 PU.1 Transgenic Mice

Our lab wanted to cure these abnormal multinucleated osteoclasts by creating a transgene. Ostm1
transgene was coupled to a TRAP promoter (Trap-Ostm1) to target mature osteoclast, but
unfortunately the Trap-Ostm1 gl/gl mouse ended up displaying osteopetrotic syndrome as in gl/gl
[84], unlike the Clecn7” model that was corrected with TRAP-Clcn7 transgene [85]. Therefore,
Ostm1 seems to play an essential role in the early hematopoietic lineage. Trying another attempt
with promoter PU.1 expressed at an early stage of hematopoietic differentiation, the PU.1-Ostm1
gl/gl mice were temporarily rescued. The PU.1 regulatory region includes an enhancer sequence
14kb upstream from the promoter site, and in order to include all this genomic DNA in the
transgene for a proper transcription, a bacterial artificial chromosome (BAC) was used [84, 86].
PU.1-Ostm1 BAC was generated from isolating the PU.1 BAC clones containing Thpl from
129Sv mouse pBelol1l BAC genomic library [84]. The pLD53.SC1 vector constructed with two
homologous regions underwent homologous recombination with the original PU.1 BAC
containing the Thpl gene to excise the Thpl gene creating BAC PU.1A Tbhpl.
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Figure 1-9 Creation of PU.1-Ostm1 Transgene and Rescue of Osteopetrosis in PU.1-Ostm1-gl/gl mice. A

schematic representation showing the BAC PU.1-Ostm1 from BAC PU.1 ATbpl. (Adapted with free
access from the Journal of Biological Chemistry Pata, Héraud et al. 2008)
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Then another pLD53.SC1 cloned with Ostm1 ORF and polyA sequence inserted between PU.1
5’ and 3’ was swapped by the homologous recombination sites of the BAC PU.1A Thpl to
remove the PU.1 gene keeping its promoter (Figure 1-9) [84].

Surprisingly, these mice survived a longer life span than the gl/gl mice, 6-8 weeks, but didn’t
achieve the normal 2-year life span. Looking at the advantages of this PU.1-Ostm1 transgene,
these mice had normal tooth eruption, bone modeling and remodeling, and recovery of normal
bone marrow cavity size that ensures normal hematopoietic stem cells growth (Figure 1-10) [84].
Moreover, to ensure that the hematopoiesis differentiation process was normal, the number of
myeloid and lymphocytes cells was counted, and it was the same as in the case of wild type

using fluorescence-activated cell sorting (FACS) [84].

Figure 1-10 Bone and Hematopoietic Phenotypes of gl/gl and PU.1-Ostm1-gl/gl Mice, and Rescue of
Osteopetrosis in PU.1-Ostm1-gl/gl Transgenic (TR) Mice. gl/gl mice lacked tooth eruption and have
reduced bone marrow that is rescued in transgenic PU.1-Ostm1-gl/gl mice. Top panel reveals tooth
growth and the two bottom panels display bone marrow development in the bone with Hematoxylin and
Eosin (H&E) staining. (Adapted with free access from the Journal of Biological Chemistry, Pata et al.,
2008).

Through subsequent analyses and knowing that Ostm1 is highly expressed in the central nervous
system, histological examination was done on the PU.1-Ostm1-gl/gl mice. Severe brain atrophy
was marked by neurodegeneration and rapid onset of astrogliosis and microglial inflammation.
The microglial cells were observed in a phagocytic state with Ibal-Ca?* binding protein staining.

The astrocyte population was quantified in the hippocampus and cerebral cortex in the PU.1-
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Ostm1-gl/gl mice and wild type (+/+). In the hippocampus, there was no significant difference at
3 weeks then it drastically increased by 7 folds at 5 weeks. On the contrary, the cortex showed a
high astrocyte peak of 4 folds at week 3 in the PU.1-Ostm1-gl/gl mice with respect to the wild
type where it kept increasing reaching 30 folds at 5 weeks. Brain sections immunostaining
detected neuronal loss in the CA3 and the CA2 layers of the hippocampus and thinning in the 4
cerebral cortex layers (Figure 1-11). Further investigation showed trafficking of carbohydrates,
ubiquitinated proteins, and lipids, especially in the axons. Double membrane inclusion bodies
number was increased and represented an accumulation of autophagosomes [56].
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Figure 1-11 Neurodegeneration and Cerebral Atrophy in PU.1-Ostm1-gl/gl. (A) Hippocampal
neurodegeneration in PU.1-Ostm1-gl/gl detected with NeuN staining on brain sections. (B) Cortical
neuronal loss in PU.1-Ostm1-gl/gl visualized by NeuN staining on brain cortex sections. (Reproduced
with free access from the Journal of Biological Chemistry, Héraud, Griffiths et al. 2014)

Besides the function of Ostm1 in the early and the late stage of hematopoiesis including
myelopoiesis and lymphopoiesis where there is a required crosstalk mechanism in osteoclast
stimulation and activation, and osteoclastogenesis, Ostm1 has another independent role in the

neuronal physiology which will be discussed in my thesis.

1.14 Autophagy

Autophagy is a cell cleaning process where toxic, malformed, and non-functional products are
recycled in the cell. Autophagy relies on the formation of phagophores (double membrane
vesicles), engulfing the cytoplasm constituents including proteins targeted for degradation,
fusion with lysosome, and finally degradation of the material to produce amino acids, free fatty
acids and nucleotides. This series of steps makes the autophagy which is also called
macroautophagy [87]. Several studies extrapolated several involvements of autophagy. Some of
these involvements were in starvation, anti-aging, tumor suppression, cell death and
development. Autophagy is regulated by nutrient sensors such as the mammalian target of

rapamycin (mTOR) which inhibits autophagy during nutrient abundance [88]. Phagophores,
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originated from plasma membrane and ER, undergo initiation and nucleation upon
phosphatiylinositol 3-kinase catalytic subunit type3 (PIK3C3) (known as VPS34) binding within
the complex containing beclin 1 (BECN1) and autophagy-related protein 14 (ATG14). Upon
complex formation, two ubiquitin-like steps lead to phagophore elongation. First, the binding of
ATG7 and ATG10 conjugates ATG12 with ATG5. The second step involves the cooperation of
ATG7 and ATG3 to cleave microtubule-associated protein 1 light chain 3 (LC3)-I into LC3-II.
The product of the first step, LC3-I1, bound to phosphatidylethanolamine (PE) is recruited to the
membrane. While LC3-11 on both sides of the phagophore is closing the double membrane, it
recruits sequestosome 1 (p62) bound to ubiquinated proteins for degradation. Once the
phagophore is closed, it is called autophagosome. The final stage for the recycling of the

constituents is the fusion of the autophagosome with the lysosome (Figure 1-12) [89].
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Figure 1-12 Autophagy Pathway. Autophagy starts by an initiation process through direct activating
phosphorylation of ATG 13 and ULK1 complex or by an indirect activating dephosphorylation of mTOR.
Next, a nucleation step occurs by multiple proteins binding the phagophore. Reaching the elongation step
where two ubiquitin-like processes result in LC3-11 binding the phagophore. These cause the enclosure of
the phagophore (Adapted with permission from Elsevier, Cell, Galluzzi, L et , 2019).

The reason for neuronal death in PU.1-Ostm1-gl/gl mice was unknown; the cell usually commits
one of the following pathways for its death: apoptosis, autophagic cell death or necrosis [90].
Apoptotic mechanism was tested through tunnel assay where only few cells were revealed to be

positive, indicating that the cells are dying by one of the other two mechanisms. Intracellular
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analysis was done on these neurons to define their pathology based on other neurodegenerative
disorders. Abundant accumulation of carbohydrates and lipid stained with periodic acid-Schiff
and Oil Red O, respectively, was seen indicating a hampered trafficking of intracellular
metabolites that represents an impaired autophagy mechanism (Figure 1-13) [56].
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Figure 1-13 PU.1-Ostm1 gl/gl Mice Neurons Displaying Carbohydrates and Lipids Accumulation. (A)
Comparison of carbohydrates storage in the CA3 layer of hippocampus in each of 3 weeks old PU.1-
Ostml gl/gl and PU.1-Ostm1 +/+ mice where arrowheads in PU.1-Ostm1 gl/gl indicate an enhanced
amount of carbohydrates with periodic acid-Schiff staining. Scale bar, 20 um. (B) 5 weeks old PU.1-
Ostm1 gl/gl mice hippocampus frozen sections displayed high lipid quantity annotated by arrowheads
relative to PU.1-Ostm1 +/+. Scale bar, 50 pum. (Reprinted free access from the Journal of Biological
Chemistry, Héraud, Griffiths et al. (2014)).

To validate the above evidence, mTOR that regulates the autophagy pathway was monitored.
The total brain extracts of PU.1-Ostm1 gl/gl contained 30-40% less activated phospho-Akt and
phosphor-mTOR with respect to the control extracts [56]. This alteration stimulates an increase

of autophagy that will be more investigated by specifics markers in the results chapter.

1.5.2 Rescue of Neurodegeneration in Double Transgenic Mice

The fact that Ostm1 is highly expressed in the brain and knowing which cells express Ostm1,
helped in identifying the reason of the prognosis. Astrocytes, microglia and neurons were found
to express Ostm1 using gPCR analysis. Our lab questioned whether the inflammatory response
was directly responsible for the phenotype or indirectly resulted from neuronal defect [56]. To
address this question, another transgene should be expressed concomitant with the PU.1 Ostm1
for a full rescue. A double transgenic PU.1-Ostm1-GFAP-Ostm1-gl/gl and PU.1-Ostm1-SYN1-
Ostm1-gl/gl were generated from crossing PU.1-Ostm1- gl/+ mice with GFAP (Glial Fibrillary
Acidic Protein)-Ostm1 transgenic founders to target astrocytes and from crossing PU.1-Ostm1-
gl/+ mice with Synapsin 1 (SYN1) Ostm1 transgenic mice to target neurons, respectively [56].
Only the PU.1-Ostm1-SYN1-Ostm1-gl/gl revealed a full rescue in these mice that survived after
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6-7 weeks and showed an indistinguishable CNS structure from the controls by MRI (Figure 1-
14) [56].

Syn1-Ostm1-
PU.1-Ostm1 ql/gl

PU.1-Ostm1 +/+ PU.1-Ostm1 gl/gl

Figure 1-14 SYN1-Ostm1 Transgene Rescued the Cerebral Atrophy and CNS Degeneration. MRI scan of
4-week-old and 6-week-old PU.1-Ostm1 +/+, PU.1-Ostm1 gl/gl, and PU.1-Ostm1-SYN1-Ostm1 gl/gl
brain. PU.1-Ostm1- SYN1-Ostm1 gl/gl exhibited full brain size and morphology as in PU.1-Ostm1 +/+
(Reprinted free access from the Journal of Biological Chemistry, Héraud, Griffiths et al. (2014)).

Therefore, one can conclude that Ostm1 loss primarily impacts neurons rather than a

combination of cells and plays a crucial role in regulating cellular metabolites in neurons.
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Hypothesis and Approach

The unexpected death of the PU.1-Ostm1- gl/gl mice after 6-7 weeks with full bone and
hematopoietic cell recovery triggered and unraveled further analysis of organs expressing Ostm1
[49]. In addition, the neurological complications that human OSTM1 related ARO patients
suffered from revealed a prominent autonomous role of Ostm1 in the CNS [67]. To decipher the
function of the protein from the pathological context compared to the normal one, a conditional
neuronal loss of function has been produced. Cre—lox system was used to abrogate Ostm1 in the
neurons excluding other organs and systems by introducing lox sites to the Ostm1 allele that will
be excised by neuronal specific SYN1-Cre deleter transgenic mice. Then, we analyzed the
phenotypic changes for the mouse growth to determine the role of Ostm1 in the neuronal system

and whether neuronal Ostm1 loss has secondary effects on other systems.
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Chapter 2

Materials and Methods
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2.1 Mice

All the procedures and protocols were approved by the Local Institutional Animal Care and Use
Committee and followed the guidelines of the Canadian Committee for Animal Protection
(Appendix 1). All the mice were supplied with tap water ad libitum and laboratory chow. They
were sheltered in 12-hour light/dark cycle at temperature of 22-26 °C. All the mice were

backcrossed on a C57BL/6J background for at least 10 times.

2.1.1 Grey-Lethal Mice
The mouse strain GL/Le dI’+/+gl was obtained from the Jackson Laboratory, and this strain was

maintained by crossing brothers with sisters.

2.1.2 Ostm1 Floxed Mice

To mirror the Italian patient who had a skip of exon 5 [70], a mouse model with loxP sites in the
introns surrounding exon 5 was generated. When Cre was expressed, it excised the flanking
regions of exon 5 resulting in Ostm1 protein lacking the trans-membrane domain that will be
either degraded or secreted. Two lines were created KO237 and KO195 and the latter was

analyzed in depth.

2.1.3 SYNAPSIN-1 Cre Mice
The SYNAPSIN-1 Cre mice (SYN1-cre) only expressed the Cre recombinase in the neurons.
This mouse strain B6.Cg-Tg (SYN1-cre) 671Jxm/J was obtained from the Jackson Laboratory.

2.1.4 Genotyping

The tail biopsies were lysed with buffer (50 mM Tris-HCI (pH 8), 100mM EDTA (pH 8), 100
mM NaCl, 1% SDS) and with 150 pg of Proteinase K for an overnight in 55° C incubator. Then,
DNA precipitation occurred by adding 5 M NaOH and 100% Ethanol followed by resuspension
in TE buffer (200mM Tris-HCI (pH 8), 1ImM EDTA (pH 8)).

After extracting the DNA, polymerase chain reaction (PCR) reaction steps took place where 0.1
— 0.5pg of DNA was added in the PCR buffer reaction (10 mM Tris-HCI pH 8.3, 50 mM KClI
and 1.5 mM MgCI2) along with 12 uM primers (table 1), 1.25 mM dNTP and Taq polymerase.
The mixture underwent 35 PCR cycles that are comprised of 94° C for 30 seconds, 63° C for 30
seconds, and 72° C for 30 seconds with a 10-minute final step for elongation. The PCR reactions

were analyzed on agarose gels stained with ethidium bromide for visualization.

30



The conditional knockout (cKO) Ostm1 PCR assay aimed to differentiate the size of introns
flanking exon 5, cKO Ostm1 floxed allele had a size of 200 bp, the wild-type allele had a size of
100 bp, and the delta allele generated from ablation of exon 5 had 100 bp. Ostm1 assay helped in
distinguishing wild-type and mutated gl allele by generating 236 bp and 330 bp respectively.
Finally, the SYN1-Cre amplicon was 500 bp long. (Table 1).

2.1.6 Crosses

Ostm1'%"**mice were crossed with SYN1-Cre* mice to generate F1 heterozygous Ostm1'%%/*
SYN1-Cre. F1 female Ostm1'®* was crossed with a male heterozygous Ostm1'®/* to generate
homozygous Ostm'®/1* Syn-Cre*. Only female heterozygous Ostm1'/* SYN1-Cre* were used

since recombination in the male germline can occur (Figure 2-1) [79].

K

lox/lox +/+ synapsin cre+
F11 X Q
Male: lox/+ Female: lox/+ synapsin cre+

F2:

lox/lox synapsin cre+
Figure2-1 Breeding Scheme of Ostm1'*/**SYN1-Cre Mice.

2.2 Molecular Analysis

2.2.1 DNA Expression and Recombination Percentage.

DNA was extracted and visualized using the protocol of genotyping, and then the band density of
the lox and delta were quantified to calculate the recombination efficiency. The bands were
quantified by ImagelJ. The delta band intensity was divided by the total of delta and lox and
multiplied by 100 to obtain the recombination percentage.
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2.2.2 RNA Expression

2.2.2.1 RNA Isolation

Mice tissues were homogenized with Trizol and incubated 5 minutes for complete dissociation of
nucleoprotein complexes. Chloroform was mixed with the homogenized sample to obtain two
layers: the aqueous phase and the organic phase. Isopropanol precipitated the RNA in the
aqueous phase. The RNA pellet was washed with 75% Ethanol and dissolved in DEPC treated
water. The quality and the quantity of the RNA were evaluated by gel electrophoresis and

spectrophotometer respectively.

2.2.2.2 Reverse Transcription PCR (RT-PCR) Analysis

1 pg of the extracted RNA was treated with DNAse for 15 minutes at room temperature. The
samples were incubated at 75° C with 2.5mM EDTA to denature the DNAse enzyme. Adding the
10 mM poly dT primers and 2.5 mM dNTP to the sample, it was incubated for 10 minutes at 70°
C to anneal primers. cDNA was transcribed from RNA upon addition of the M-MuLV Reverse
Transcriptase in RT M-MuLV buffer (50 mM Tris-HCI, 75 mM KCI, 3 mM MgClI2, 10 mM
DTT pH8.3) for 1 hour in 42° C. The enzyme was inactivated afterwards at 70° C for 15 minutes
of incubation.

Between 1/10 - 1/5 of the diluted cDNA with specific primers (Table 2) was carried through the
PCR for 30-35 cycles. The PCR cycle conditions were 94° C for 30 seconds, 63° C for 30

seconds, 72° C for 30 seconds followed with 72° C for 10 minutes of elongation.

2.2.2.3 Real-time PCR (gqPCR) Analysis

The qPCR was done by MX3005 Startagene using SYBR Green Mastermix (Qiagen,
Mississauga, Ontario, CA). The reaction mixture was composed of 1 pl of cDNA, dNTP, primer
(Table 3), and polymerase to reach 20 ul volume. The cycle that the mixture went through was
95 °C for 15 minutes to denature the DNA and activate the Hot start Taqg DNA polymerase. This
was followed by 40 repeated cycles, each consisting of 95° C for 30 seconds, 60° C for 30
seconds and 72° C for 30 seconds. The resulted amplicons were normalized to an internal control,

ribosomal protein S16 and quantified.
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2.3 Biochemical Analysis

2.3.1 Antibodies

These antibodies, which were used for the biochemical analysis, are primary antibodies
including: rabbit anti-LC3 (Sigma), rabbit anti-p62 (Abcam), rabbit anti-Beclin (SantaCruz),
rabbit anti-Ubiquitin (Dako), mouse anti-B-actin (Sigma), and the secondary antibodies which

are: Horseradish Peroxidase (HRP) labeled goat anti-mouse and goat anti-rabbit IgG (BioRad).

2.3.2 Protein Extraction and Quantification

Tissues were homogenized by manual Potter-homogenizer in 1 ml of 1x RIPA buffer (150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0) with protease
inhibitors (1 mM PMSF, 1 mM -glycerophosphate, 2 mM Sodium Orthovanadate, 1/1000 of
Protease Inhibitor Cocktail (Sigma)) for 100 mg of tissue. Following 30 minutes of incubation on
ice, the samples were centrifuged at 12,000 RPM for 30 minutes to remove the un-dissolved

particles. After centrifugation, Bradford Assay was used to quantify the protein extracts.

2.3.3 Western Blots

Different resolving gels were prepared depending on the size of the protein to be detected,
followed by an addition of 5% staking gel on the top of the resolving gel. After gel preparation,
15 pg of the proteins extract was resuspended in the sample buffer (62.5mM Tris-HCI pH 6.8,
2% SDS, 10% glycerol, 0.002% bromophenol blue and 5% B-mercaptoethanol) and boiled for 5
minutes before loading on the gel. The gels were inserted in the running buffer (25 mM Tris, 190
mM Glycine, and 0.1% SDS) and the loaded proteins were run in the gels at 100 V for 30
minutes with gradual increase to 150 V until the ladders were separated.

Next, the proteins were electro-transferred to Polyvinylidene Fluoride (PVDF) membranes by
300mA current for 2 hours. The transfer occurred in a transfer buffer (25mM Tris and 190mM

Glycine) that was kept cold to prevent protein denaturation.

Then, the membranes were washed with 1XTBST (20 mM Tris, 137 mM NaCl, and 0.1% Tween;
pH 7.6) for 15 minutes and blocked with 5% skim milk in 1IXTBST. A second round of 1XTBST
washing was done, before incubating with diluted primary antibody (1/1000 for all antibodies
except B-actin for 1/5000) for an overnight at 4° C. The membranes were washed to remove

unspecific binding and incubated in secondary antibody dilution (1/10,000) in 5% skim milk in
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1XTBST. Following the last washes, the membrane bands were detected by adding ECL Western
Blotting Detection Kit (Amersham GE Healthcare). For other protein detection, the membranes
were incubated with stripping solution (2% SDS, 62.5 mM Tris-HCI (pH 6.7), 0.6% B-
mercaptoethanol) for 30 minutes to detach the bounded antibodies preventing confusion between

the old and the new band. Bands were processed using Image J for quantification.
2.4 Histological Analysis

2.4.1 Tissue Embedding and Sectioning

2.4.1.1 Paraffin Embedding and Sectioning

The mice were anesthetized with 2.5% avertin in 1XPBS (137 mM NaCl, 2.7 mM KCI, 4.3 mM
NaHPO4, and 1.47 mM KH2PO4) of pH 7.5 for 0.018 ul per gram of mouse mass. They were
then perfused with 1xPBS and fixed with 4% PFA. The brain and the spinal cord were isolated
and incubated also in PFA for 2 hours. After fixation, the medium was changed into 1xPBS and

the tissue was embedded in paraffin and cut (5 um).

2.4.1.2 Optimal Cutting Temperature (OCT) Embedding and Sectioning

The mice were euthanized and the organs, hind limb muscle (Tibialis anterior (TA) and
Gastrocnemius (Gastro) and spinal cord, were isolated and mounted in OCT compound (Tissue
Tek). 10 um sections were generated using a cryostat and were dried at room temperature for 1

hour before being stored in the -80 °C.

2.4.2 Cytoarchitectural Studies

In order to visualize the general features of an organ, the frozen sections underwent Hematoxylin
and Eosin staining. First, the frozen tissues were fixed in 4% PFA for 45 minutes. Following a
hydration step in 1xPBS for 3 minutes at room temperature (RT), the sections were dipped in
95% ethanol for 1 minute at RT, and all the consecutive steps were done at RT. Staining the
samples in Hematoxylin (sigma) for 15 minutes lets the Hematoxylin bind with nucleic acids
releasing the deep blue-purple color. The unspecific staining was rinsed with water for 15
minutes and the samples were dehydrated two times by dipping for 2 minutes each in increasing
ethanol concentrations (95% and 100%). The paraffin-embedded samples required an extra step
before starting the staining: deparaffinization and rehydration which will be clarified in the

immunohistochemistry treatment section. Any further analysis such as quantification of muscle
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surface area was done using Zeiss Axiovert microscope to capture the images and then processed

on ImageJ software for quantification.
2.4.3 Immunohistochemistry

2.4.3.1 Antibodies

Incubations in primary antibodies were followed by incubations in secondary antibodies instead
of incubation in labeled primary antibodies alone. The primary antibodies that were used in this
biochemical analysis are: mouse anti-NeuN (Chemicon), mouse anti-GFAP (Sigma), mouse anti-
MBP (Abcam), rabbit anti-LC3 (Sigma), rabbit anti-p62 (Abcam), rabbit anti-Beclin (Santa
Cruz), and rabbit anti-Ubiquitin (Dako). The secondary antibodies are: Horseradish Peroxidase
(HRP) labeled goat anti-mouse and goat anti-rabbit IgG (BioRad).

2.4.3.2 Immunohistochemistry Treatment

Sections were incubated twice in xylene for paraffin removal for 5 minutes. Following a
rehydration step, the sample sections were dipped in decreasing ethanol concentration (100% to
70%) for 5 minutes in each concentration. To improve antibody binding, the slides underwent an
antigen retrieval process by incubation in 10 mM sodium citrate of pH 6 for 20 minutes at 95° C.
The samples where then blocked with hydrogen peroxide to quench the endogenous peroxydase
for 7 minutes and incubated in permeabilization buffer (0.05% saponin in 1xPBS) to allow
access for the diluted primary antibody. Afterwards, the samples were incubated in blocking
solution (3% BSA, 0.05% Saponin in 1XPBS) and then in primary antibody dilution (1/100 for
antibodies except GFAP for 1/400 dilution in the blocking solution) for 2 hours to prevent
unspecific binding, and to detect the antigen respectively. Rinsing the samples with 1xPBS for 3
times each to remove false positive signal, the samples were incubated with secondary antibody
(1/100) for 90 minutes. The signal was revealed using DAB peroxidase substrate kit and the

samples were counterstained with hematoxylin followed by mounting.

2.4.4 Immunofluorescence

2.4.4.1 Antibodies
The following antibodies were used in this study. The primary antibodies were goat anti-ChAT

(Abcam), rabbit anti-ubiquitin (Dako), and mouse anti-NeuN (Chemicon). The secondary
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antibodies were goat anti-mouse Alexa-488, goat anti-rabbit Alexa-546, and donkey anti-goat
Alexa-647 (Molecular Probes).

2.4.4.2 Immunofluorescence Treatment

The sections were treated in the same process of immunohistochemistry treatment until the
permeabilization step. After permeabilization, the samples were blocked in 0.3% Triton, 3%
BSA in 1xPBS and incubated in primary antibody (1/100 dilution) overnight. Incubating the
samples in secondary antibody in 1xPBS for 1 hour was followed by washing 3 times with
1xPBS and staining the nuclei with Hoescht or 4’,6-diamidino-2-phenylindole (DAPI). Finally,

the sections were washed and mounted.

2.4.4.3 Immunofluorescence for the Neuromuscular Junction

The transverse abdominal (TVA) muscles were dissected from the euthanized mice and fixed in
2% PFA in 1xPBS for 10 minutes. The media was substituted with 1XxPBS and the samples were
dissected to remove the epithelial and connective tissue above the muscle layer. Following
permeabilization with 0.3% Triton in 1xPBS for 30 minutes, the samples were blocked with 4%
BSA and 1% Triton for 30 minutes followed by an overnight incubation in mouse-
Neurofilament-M and mouse-SV2 (Developmental Studies Hybridoma Bank, lowa City, 1A)
antibodies. Before incubating the samples with the secondary antibody goat anti-mouse Alexa-
488 in 1xPBS solution containing 0.3% Triton and 1% BSA for 60 minutes, the samples were
rinsed to remove unbound antibodies with PBS for 15 minutes. Tetra-methylrhodamine (TRITC)
conjugated with alpha-bungarotoxin (Life Technologies, Carlsad, California) was used to stain

motor endplates (MEP). Finally, the sample was mounted using an agueous media.
2.5 Ultrastructural Analysis

For preparing samples for electron microscopy, the same procedures as those for the paraffin
embedding and sectioning protocol (Section 2.4.1.1) were done to isolate the organ, but the only
difference was the addition 2% glutaraldehyde in the PBS to preserve the samples. Spinal cord
samples were post-fixed 2 hr in the same solution, washed in phosphate buffer 0.1M and kept in
phosphate buffer 0.2 M at 4° C until processing. The samples were post-fixed with 1% OsO4 in
cacodylate buffer for one hour at 4° C then dehydrated in graded series of ethanol and embedded

in Epon [91]. After embedding, ultrathin sections of the lumbar region of the spinal cord were
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obtained using a Reichert Ultracut microtome and mounted on naked nickel grids. Sections were
stained with 2% aqueous uranyl acetate and lead citrate. Examination was performed with a
Philips CM100 transmission electron microscope. Electron micrographs were captured using an
AMT XR80 digital camera.

2.6 Myofiber Staining

The 10 um muscle sections that were embedded in OCT and cut using cryostat were incubated in
0.2% Nitro-Blue Tetrazoluim (NBT) in 0.05 M, pH 7.6, 0.05 M TRIS Buffer and an equivalent
amount of 200% NADH in TRIS Buffer solution. Then, the samples were rinsed with deionized
water followed by acetone immersion in increasing concentrations (30, 60, and 90%) and then
decreasing concentrations (the same in reverse order) to remove unbound NBT. After washing
three times the samples with deionized water, they were mounted with an aqueous medium. The
images of the muscle fibers were quantified by ImageJ and classified into myofiber types (I, lI1A,

11B) based on the blue staining intensity.

2.7 Statistics
The experiments were done on 3 samples of the mutant and the control mice. The result of each

sample was analyzed using ImageJ to count the number of neuron, astrocyte, and motor neuron
cells, to measure the intensity, and to quantify the surface area, followed by calculation of the
mean of the 3 samples and standard error mean then the results were illustrated with different
graphs using GraphPad Prism. In GraphPad Prism, the results were statistically analyzed using

unpaired two sample Student’s t test with a significant p value < 0.05.

Table 1: PCR Analysis Primers

Name: Sequence:

KO Ostm1 gl For 3: 5’-AATAGCCAGGGTTGCACAGAGAGT-3’

KO Ostm1 gl Ex 5 Rev: 5’-GCTGGTTTACAATTAGTAAGTG-3’

KO Ostm1 gl Rev 3: 5’-TTTCACAGGGATAGTATTTTGATGC-3’
Ostm1 gl For 1: 5’-CCTCTGGAAGACTAATACTTGCTG-3’

Ostm1 gl For 2: 5’-GCTACATCTGGGTCCTTTCG-3’

Ostml gl Rev 1: 5’-GCCTGGAACAGAGCAAAGC-3’

Ostm1 gl Rev 2: 5-CGCTTGCTTTTGTCTGTTACCTTTGTGTTC-3’
Cre For: 5’-AATGCTTCTGTCCGTTTGC-3’

Cre Rev: 5’-CGGCAACACCATTTTTTCTG-3’

37



Table 2: RT-PCR Primers

Name:

RT Ostm1 Ex 3 For:
RT Ostml1 Ex 5 Rev:
iCre For:

iCre Rev:

gSyn endo For:
gSyn endo Rev:
gNFH endo For:
gNFH endo Rev:
gNeuN For:

gNeuN Rev:
B-Actin For:
B-Actin Rev:

Table 3: gqPCR Primers

Name:

qOstm1 For 1:
gOstm1 Rev 1:
gNeuN For:
gNeuN Rev:
qS16 For:
gS16 Rev:

Sequence:

5’-CCTGCTTTGAGCATAACCTGC-3’
5’-CTGCAGTCCCAACTTTCGTGAG-3’
5’-CCTGGTCTGGACACAGTG-3’
5’-TTGCCCCTGTTTCACTATC-3’
5’-TGGGTAGACACGTGCTCAGA-3’
5’-GATGACTCAGGCTCTGCCTC-3”

5’-GAGGACCGTCATCAGGCAGACATTGC-3’

5’-TAAGCGGCAATCTCAATGTCCAGG-3’
5’-TTGAGGTCAATAATGCCACAGCCC-3
5’-GAGGTGGTGCAGCTCGAAATGTAT-3
5’-TGACGATATCGCTGCGCTG-3’
5’-ACATGGCTGGGGTGTTGAAG-3’

Sequence:

5’-GTGGTTGCTGTGTCTGTGTTC-3’
5’-CAGGAGACTTCCGCCACAG-¥’
5’-TTGAGGTCAATAATGCCACAGCCC-3’
5’-GAGGTGGTGCAGCTCGAAATGTAT-3
5’-GCTACCAGGGCCTTTGAGATG-3’
5’-AGGAGCGATTTGCTGGTGTGC-3’
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Chapter 3

Results
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3.1 Ostm1 Neuronal Conditional Knockout Mouse

To characterize the prognosis of the disease in the nervous system in-vivo, recombinant mice
were generated. These mice are genetically modified, specifically, a gene is inactivated in a
certain organ or their entire body. This modified knockout resembled the spontaneous mutation
and displayed the defective phenotype that enabled its analysis. From that point on, one can
extrapolate the role of the gene. The strategy for the knockout mouse was not only to continue
investigating the role of Ostm1 after the double transgenic rescue of the PU.1-Ostm1-SYN1-
Ostm1-gl/gl mice [56] but also to mimic the Italian patient who had a mutation leading to the
skipping of exon 5 [76]. The strategy comprised the creation of loxP sites flanking the
transmembrane Ostm1 domain and then a recombinase excising the flanking sites. First, the
artificial DNA (vector) consisting of loxP sites surrounding exon5, neomycin, upstream 5’
homology arm, and 3” homology arm was introduced to embryonic stem cells (ESC) for genetic
targeting. An additional step could be included to enrich the selection and prevent the random
insertion of the artificial DNA (vector) by adding another marker that is antagonist to neomycin
gene like herpes simplex virus thymidine kinase (HSV TR). This negative selection marker HSV
TR would be added outside of the homology arms region of the vector, hence, if a homologous
recombination occurs, the entire DNA between the homologous arms would be integrated and
the genes outside that area would be lost. In the case where all of the sequence was integrated
randomly with the HSV TR, the cell will then die due to the incorporation of the activated
ganciclovir in the selecting medium by HSV TK [92]. The two arms are the basis of the
homologous recombination with the endogenous exon 5. After transfection, cells that grow on
toxic agent neomycin medium were selected due to having successful recombination including
neomycin in their genome. The engineered embryonic stem cells (ESC) are injected into a mouse
blastocyste to give a chimeric newborn. Following the crossing of these chimeric mice to
produce heterozygote with one copy of the recombinant allele, these heterozygotes were
interbred to produce homozygous recombinant alleles. The neomycin flanking frt site was
excised by flipase (FLPeR) to prevent the interference with gene expression [93]. The expression
of flipase was done by mating the homozygous mice with transgenic FLPeR mice [94]. The
resulted mice were mated with Synapsin-Cre (SYN1-Cre) to target only the neurons and generate

homozygous Ostm12¢*°™ mice (Figure 3.1).
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Figure 3-1 Ostm1 2¢x°" Allele Generation. LoxP sites and frt sites flanking exon5 and neomycin were
recombined with endogenous exon 5 creating a recombinant allele. Ostm1 2¢x°" gllele was produced by
two consecutive excisions. (First, FLPeR removes neomycin, and then SYN1-Cre to delete exon 5.)

In addition to the spatial Cre expression, Cre can be controlled timely either in embryonic or
postnatal stage by using a specific promoter. Cre-loxP system is a successful approach to
avoiding activation of immune response and the harmful consequences of the transgene during
embryogenesis. SYN1 rat promoter was used to target the brain and the spinal cord [95].
Synapsins are a family of neuronal phospho-proteins. They regulate the release of the
neurotransmitters at the presynaptic terminal by binding to the vesicles. Beside their role in
neuronal networking, they play a crucial role in tuning neuronal plasticity [96]. Synapsin 1 is
expressed in all differentiated neurons and can be used as a promoter to direct the excision of Cre
recombinase. Since neuronal conditional Ostm1 loss will mirror the gl/gl and osteopetrotic
patients, it should be deleted as early as possible. This condition was satisfied by Synapsin 1
promotor due to its early and continuous expression starting at E.12 in the rat’s brain and spinal
cord [95, 97].

3.2 Recombination Percentage Efficiency and Specificity
To detect whether Cre complied with the specificity and efficiency recombination, the Ostm1 2

exon5 allele was measured at different nucleic acid level, DNA and RNA.

3.2.1 DNA Recombination Level
To check whether this recombination was specific, DNA extracts were collected from different
organs, brain (Br), spinal cord (Sc), and liver (Lvr) and were amplified by PCR that was

followed by analysis in gel mobility. Concomitant with the neuronal Cre promoter, the genomic
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amplicon corresponding to the null allele lacking exon 5 is only detected in brain and spinal cord
attesting Cre appropriate expression and proper recombination (Figure 3-2).

Besides the specific Ostm1 neuronal knockout, calculating the efficiency of Cre is an essential
factor if the loss of function occurred. To know the percentage of recombination required to
mimic the spontaneous mutation, one should know the inheritance patterns of the gene. Gl
mutation belongs to the autosomal recessive osteopetrosis, thus both alleles are required to be
defected to have phenotype. In this case, the percentage of recombination should be more than
50%. The PCR products indicated that 23% of cells were recombined in the brain, and 20% in
the spinal cord at 4 weeks. Considering that neurons represent 35% of the mouse brain and 30%
in the spinal cord [98-100], the percentage of recombination in neurons reach approximately
64% in the brain and 64% in the spinal cord (Figure 3-2 A).

Further analysis that could be extrapolated from DNA recombination is monitoring this
percentage with age. The percentage recombination was monitored in the Ostm1'®/'°* SYN1-Cre*
and in the Ostm1'®/°* SYN1-Cre™ at 4w and 12w. Surprisingly, the percentage decreased from
64% to 48% in both brain and spinal cord considering the percentage of neurons is
approximately similar at 4 and 12 weeks [101]. This raises a question as to whether there may be

a neuronal death with age (Figure 3-2 B).

4 weeks 12 weeks

Ostm'*1%¢ SYN1-Cre- Ostm"9*SYN1-Cre* Ostm/®/1o* SYN1-Cre~ Ostm'®/1** SYN1-Cre*

Br ScC ScL Br ScC ScL Lvr Ctl Br ScC ScL Br ScC ScL Lvr Ctl

Delta

Cre Cre

Gl Gl
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Figure 3-2 Semi-Quantitative PCR Results of Different Tissues of the Ostm1'®/°*-SYN1-Cre* and
Ostm1'o/x.5YN1-Cre" at 4w and 12w with Exon 1 Ostm1 as Internal Control Showing Specificity. With
age, the recombination percentage in the brain and in the spinal cord decreased approximately from 64%
to 48%. Br=brain; ScC= cervical spinal cord; ScL= lumbar spinal cord; Ctl = negative control (no DNA)

64% 61% 64% A% 48% 48% 47%

3.2.2 RNA Expression

Heading to the transcriptional level, the expression analysis was done to confirm the results of
the DNA recombination. RNA was isolated and underwent reverse transcription followed by
PCR amplification for Ostm1 exons 5 and 6 with -actin as control. Before the start of the qPCR,
the quality of the RT-PCR products was assessed by running them on an agarose gel. In the brain
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and spinal cord, only the amplicon for specific neuronal deleted exon5 Ostm1 appeared. The RT-
PCR gels (Figure 3-3 A) showed similar pattern as the PCR-gel (Figure 3-2). To ensure that
neuronal cells were found in the sample, different neuronal markers such as neuronal nuclei
(NeuN), neurofilament heavy chains (NFH), and Synapsin 1 (SYN1) were tested. NeuN is a
neuronal nuclear protein that functions as Rbfox3, a family of splicing factors [102]. NFH is a
neuronal intermediate filament that forms and supports the cell architecture and interacts with
other proteins aiding in transporting organelles and optimizing the conduction velocity [103,
104]. Both Ostm1'*/1* SYN1-Cre* and Ostm1'*/* SYN1-Cre™ express NeuN, NFH, and SYN1
in the brain, spinal cervical and lumbar at 4 and 12 weeks but these gels showed semi-
quantitative results that were not precisely measurable.

Quantification of these genes with respect to S16 was processed by gPCR in which the Ostm1
expression from the Ostm1'*/1*-SYN1-Cre* showed the expected RNA value relative to the
Ostm1'%1°x SYN1-Cre". In the brain, the Ostm1 RNA prevalence of Ostm1'°/ SYN1-Cre* was
reduced by 67% at 4 weeks and by 50% at 12 weeks relative to Ostm1'®/°**.SYN1-Cre".

In the cervical spinal cord (ScC), the Ostm1 amplicon was also decreased compared to the
control by 76% at 4 weeks and by 60% at 12 weeks. In the lumbar spinal cord (ScL), the Ostm1
was lessened relative to the control by 73% at 4 weeks and 62% at 12 weeks. In contrast to non-
neuronal organs such as the liver shown in the bar graph, the RNA decrease was not significant
in the Ostm1'>/°X SYN1-Cre* compared to the controls at 4 weeks and at 12 weeks, the Ostm1
expression was approximately the same in both (Figure 3-3 B). All the evidence above indicated
tissue specificity and efficacy of SYN1- Cre recombinase.

As the mouse aged, the reduction in Ostm1 expression level of the Ostm1'*/'°*.SYN1-Cre*
mouse lessened compared to the control. For instance, the RNA percentage loss in the brain
decreased from 67% to 50% at 4 weeks and 12 weeks, respectively, indicating a decrease in null
allele number. Ostm1 expression was tested in both neuronal and non-neuronal cells which
express Ostml. Results indirectly showed neuronal degeneration due to an increase of Ostm1

peaks with time.
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Figure 3-3 Ostm1 and Neuronal Markers Expression Showing Specificity and Efficiency of the
Recombination. (A) Semi-quantitative gels showing the null allele in neuronal organs with age. The
markers were normalized to B-actin. Br=brain; ScC= spinal cord cervical; ScL= spinal cord lumbar; Ctl =
negative control; NeuN=neuronal nuclei; NFH=neurofilament heavy chains; Syn=Synapsin 1. (B)
Quantification of Ostm1 expression by qPCR at 4w and 12w in the brain, spinal cord (cervical and
lumbar) and liver respectively (n=3). The Ostm1 expression was reduced in the brain and spinal cord, but
this reduction decreased with age hinting on neuronal decrease. The Ostm1 was normalized to S16. **, p
<0.01, ***, p <0.001, **** p < 0.0001. Error bars, S.E. 4w= 4 weeks, 12w= 12 weeks.

To directly test this hypothesis, expression of the neuronal marker NeuN was analyzed across age.
The results suggested a decrease in the RNA NeuN levels in Ostm1'°/™* SYN1-Cre* with respect
to the control from non-significant value at 4 weeks in all organs till 65% in the brain, 50% in
cervical spinal cord, and 57% in lumbar spinal cord at 12 weeks (Figure 3-4). This decrease in
expression could be due to either downregulation of the NeuN marker or decrease in number of
cells, it also could be a combination of both. These evidences suggested that further tests should

be ensued.
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Figure 3-4 Quantification of NeuN Expression in Mutant and Control Mice with Age. At 4 weeks the
expression was non-significantly different in the mutant and the control. At 12 weeks the level of NeuN
lessens by 65% in the brain, 50% in the cervical spinal cord, and 57% in lumbar spinal cord (n=3). The
NeuN was normalized to S16. Approximately same sample size was used for the 4 and 12 weeks.
NeuN=neuronal nuclei, 4w= 4 weeks, 12w= 12 weeks. **, p < 0.01, **** p < 0.0001. Error bars, S.E.

3.3 Phenotypic Characterization of Ostm1'*/°*-SYN1-Cre* ice

These mice had a short life span of 12-14 weeks compared to the wild type (2 years) but doubled
relative to the 6-7 week life expectancy of the PU.1-Ostm1-gl/gl mice. Along this life span,
several phenotypes were observed, indicating a neuronal defect. Before 8 weeks, the littermates
were indistinguishable from the controls. Starting at 8 weeks, the mice had some gait problems
and the motor tasks (balance beam, rotarod, and inverted grid) were challenging for them. This
motor defect worsened with age by the occurrence of tremors and abnormal limb clasping reflex

reaching limb paralysis at 12 weeks (Figure 3-5 A).
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Figure 3-5 Phenotypical Observation in the Ostm1'*/°*-SYN1-Cre* and Cre". (A) The Ostm1'®/*-SYN1-
Cre* mouse suffered from hind limb clasping at 12 weeks. (B) The mutant started losing weight at 8
weeks and continued with age (n=5). Error bars, S.E.

Also in the final stages, the mice developed kyphosis, a pathological condition of excessive out-

warding of the spinal cord. Limb paralysis caused the mice to drag their legs whenever they
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wanted to move. These changes transformed the mouse into a non-ambulatory and moribund
state. The Ostm1'°'°* SYN1-Cre* mice did not only faced locomotion defects but also a weight

decrease at 8 weeks and onwards (Figure 3-5 B).

3.3.1 Spinal Cord Size Reduction

A general histologic approach using hematoxylin and eosin (H&E) staining indicated that the
spinal cord of the mutant mice and the control were similar at 4 and 8 weeks, but this observation
changed at 12 weeks resulting from the decrease in the total size of the spinal cord that could

explain disruption of the neural system that will be analyzed for its constituents (Figure 3-6).
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Figure 3-6 H&E Stained the Lumbar Spinal Cords of Different Ages Showing its Morphology.
Reduction in surface area of the 12 week lumbar spinal cord mutant compared to the control. The total
size of the ScL was approximately similar until 8 weeks. 4W= 4 weeks, 8W= 8 weeks, 12W= 12 weeks.
Scale in entire ScL= 200 pm, and in the zoom anterior horn of ScL = 50 pm.

3.3.2 CNS Inflammatory Response

One of the important hallmarks of a defective nervous system is the activation of the
inflammatory response. The neuronal inflammatory response consists of activating glial cells
such as microglia and astrocytes. An assessment of the central nervous system was done in order
to understand in-depth the hallmarks of this pathogenesis and its similarities with the PU.1-
Ostm1-gl/gl mice. Since the behavioral deficits started at 8 weeks, we questioned whether any
disturbances occurred previously. The astrocytes were detected by GFAP staining. The number
of astrocyte population of the 4-week-old Ostm1'®/1°* SYN1-Cre* and Ostm1'®/1ox SYN1-Cre’

looked alike in the spinal cord.
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Figure 3-7 GFAP Staining Showing the Number of Astrocyte at 4, 8 and 12 Weeks in Ostm1'*/*-SYN1-
Cre ScL Sections Relative to the Control. (A) The GFAP immunostaining became stronger (darker) with

age in the mutant. Scale bar, 200 pm; 50 pm inset. (B) Quantification of astrocyte in 102 mm? of ScL was
elevated by 2.5 fold at 8 weeks and 3 fold at 12 weeks in the mutant with respect to the control (n=3). **,

p <0.01, *** p < 0.001. Error bars, S.E. 4W= 4 weeks, 8W= 8 weeks, 12W= 12 weeks.

The astrocyte inflammatory response started appearing at 8 weeks where the GFAP
immunostaining signal appeared slightly higher than the control and continued to become
stronger at 12 weeks (Figure 3-7 A). The immunostaining was followed by quantification of the
astrocytes relative to the controls for further support that was increased by 2.5 fold at 8 weeks
and 3 fold at 12 weeks (Figure 3-7 B).

3.3.3 Myelination Reduction

Due to the decrease of myelin specific lipids that was detected from the translucent morphology
of the brain in the gl/gl mice [79] and knowing that most neuronal axons are located in white
matter region of the spinal cord [105], we questioned whether the spinal cord of the Ostm1'®/1ox.
SYN1-Cre* suffered from hypo-myelination. To investigate this hypothesis, spinal cords were
immunostained for myelin binding protein (MBP) at different developmental age. The
appearance of the spinal cord section looked indistinguishable at 4 weeks in the OstmZ'o/1ox
SYN1-Cre” and Ostm1'*/1™* SYN1-Cre*.
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Figure 3-8 MBP Immunostaining Displaying Myelin in the Mutant and the Control ScL. The myelin color
indicated by the brown intensity as it became lighter with age in the mutant indicating hypo-myelination.
White holes in the white matter are neuronal axons indicated by arrow. GM= gray matter, WM= white
matter, 4W= 4 weeks, 8W= 8 weeks, 12W= 12 weeks. Scale in entire ScL= 200 pum, and in the zoom
anterior horn of ScL = 50 um.

The difference in the Ostm1'®/°* SYN1-Cre* compared to the control began at 8 weeks when the
reduction in immunostaining intensity indicated hypo-myelination and became lighter at 12
weeks.

Furthermore, these mutant spinal cord samples did not only lack a defined demarcation between

the white matter and the grey matter, but the grey matter infused the white matter (Figure 3-8).

3.3.4 Neurodegeneration in the Spinal Cord

To link behavioral defect with the central nervous system, the well-being and the viability of the
neurons were evaluated. NeuN staining marked the neurons for visualization. At the start of the
slightly pronounced astrocyte activation, the neuronal population number in the Ostm1'®/lox
SYNZ1-Cre* resembled the control (Figure 3-9 A). Neuronal loss was evident at 12 weeks when

the NeuN stained neurons decreased by 27% (Figure 3-9 B).
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Figure 3-9 NeuN Staining of ScL Sections in Ostm1'*/°**-SYN1-Cre  and SYN1-Cre*at 4, 8 and 12
Weeks.(A) The immunostaining looked similar until 8 weeks; afterwards the number of neurons lessened
in the mutant at 12 weeks. Scale bar, 200 um; 50 um inset. (B) Quantification of neuron numbers in the
entire ScL showed a decrease of 27% only at 12 weeks (n=3). ***, p <0.001. Error bars, S.E.
NeuN=neuronal nuclei, 4W= 4 weeks, 8W= 8 weeks, 12W= 12 weeks.

3.3.5 Motor Neuron Loss

Particularly, the motor phenotype defect is correlated with damaged motor neurons. We
examined the ventral horn of the spinal cord since it harbors motor neurons that send their axons
to the skeletal muscles. Motor neurons were quantified in the lumbar spinal cord ventral horn by
specific staining with cytosolic Choline Acetyltransferase (ChAT), an enzyme that biosynthesis
acetylcholine which is the neurotransmitter released by motor neurons to activate the muscle
[106], and nuclear DAPI. The motor neurons were counted in the Ostm1'°1°* SYN1-Cre~ and

SYN1-Cre* at 12 weeks. A 57% decrease was noticed relative to the control (Figure 3-10).
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Anterior horn of spinal cord lumbar
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Figure 3-10 Representative Images of Motor Neurons in ScL Co-Immunostained with Cytosolic ChAT
and Nuclear DAPI. (A) Reduced number of motor neurons was detected in the anterior horn of ScL
mutant compared to the control. Scale bar, 200 pm; 50 pm inset. 12W= 12 weeks, ChAT= Choline
Acetyltransferase. (B) Quantification of motor neuron number in 0.17 mm? show a decreased by 57% in
mutant at 12 weeks (n=2). **, p <0.01. Error bars, S.E.
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Taken together the histology data demonstrated a widespread activation of astrocytes in the
mutant spinal cord that was followed by neuronal loss especially in the motor neurons. This

neuronal loss may trigger a massive increase of astrocytes by 12 weeks of age.

3.3.6 Axonal Swelling and Neuromuscular Junction

To further gain insight in the neuronal pathogenesis, ultrastructural analysis of the anterior horn
of the lumbar spinal cord was conducted in the 12-week-old Ostm1'®/°x SYN1-Cre* and Cre.
The axons of the neurons in the Ostm1'®/°* SYN1-Cre* were larger than those in the control at
12 weeks corresponding to axonal swelling. Looking inside the axon there was abundant
accumulation of electron dense inclusions (Figure 3-11), referring to storage defects in cortical
and hippocampal neurons of PU.1-Ostm1-gl/gl whose vacuolation imaged by electron
microscopy at a higher magnification revealed disorganized neurofilaments and accumulation of
cellular structures similar to autophagosomes [56]. These inclusions in the spinal cord may

resemble autophagy components that require further testing by immunohistochemistry.

Anterior horn of lumbar spinal cord 12W

Ostm1'o¥/l*SYN1-Cre” Ostm1'o¥/lx SYN1-Cre*

Figure 3-11 Representative Images of Ultra-Structural Analyses of Axonal Cross-Sections in the Anterior
Horn of ScL in the Ostm1'%/*x-SYN1-Cre- and Cre* by EM. The mutant axons cross sectional area was
larger and contained many inclusions compared to the control. The myelin boundaries were also thinner
in the mutant. Ax= axon, EM = electron microscopy, 12W= 12 weeks. Scale bar, 500 nm.

Consistently with histology staining, the myelin surrounding axons was thinner in the SYN1-
Cre™ compared to the control.

Since locomotion requires collaboration of the motor neurons and the muscles, a bridge should
be linking the two: the neuromuscular junction (NMJ). NMJ analysis provides a broad insight
about different features: the morphology of the motor neurons, the frequency of innervations and
the size of motor endplates. Any disturbances of the NMJ indicate neuromuscular pathogenesis
such as the SMA disease in which the NMJs are the initial sites of pathogenesis [107]. To
validate the axonal swelling that was seen in the ultra-structural analysis and detect other

symptoms of NMJ defect, mouse Transverse abdominus (TVA) muscles were immunostained
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with neurofilament (NF-M) and synaptic vesicle 2 (SV2). At 12 weeks, the Ostm1'*/™*-SYN1-
Cre™ demonstrated pre-synaptic swelling/ enlargement detected by axonal neurofilaments green

staining (spheroids) with respect to the control.

NFM/alpha-BTX

TVACre TVA Cre®

12w

Figure 3-12 Representative Image of NMJ Examination in the TVA of the Mutant and the Control at 12
Weeks Using NFM/alpha-BTX Immunostaining. Swelling in the pre-synaptic axons of the mutant
compared to the control was pointed by arrows. TVA= Tranversus abdominis, NFM= neurofilament,
alpha-BTX= alpha-bungarotoxin, 12W= 12 weeks. Scale bar, 20 um.

The motor endplates stained by alpha-bungarotoxin (red) sometimes appeared approximately
similar in size in both mice (Figure 3-12) but denervation and reduced NMJ size were present in
mutant samples. Overall, these results showed that the loss of Ostm1 function leads to hypo-
myelination, widening and protrusion of the axons suggesting a hindered intracellular cargo

transportation.

3.3.7 Muscle Fiber Cross-Sectional Area Reduction

Since contraction of the muscle is initiated by the motor neurons, an assessment of the impact of
motor neuron axonal swelling on the muscle was monitored. Tibialis anterior (TA) muscle cross-

sections were stained with H&E for a general observation.
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Figure 3-13 Muscle Fibers Area Analysis in the Ostm1'*/**-SYN1-Cre* and Control.(A) Representative
images of H&E staining of TA and Gastro muscles sections indicated similar size until 8 weeks in both
samples. By 12 weeks, the muscle fibers were smaller in size in the mutant compared to control. Scale
bar, 50 um. (B) Quantification of the average cross-sectional surface area of myofibers in TA and Gastro
of mutant and control at 4, 8, and 12 weeks. **** p <0.0001. Error bars, S.E. (C) Average cross-
sectional surface area at 12 weeks. TA= Tibialis anterior, Gastro= Gastrocnemius, 4W= 4 week, 8W= 8
week, 12W= 12 week.

The morphometry of the myofibers in the Ostm1'*/**-SYN1-Cre* did not change at 4 and 8
weeks compared to the control. However, by 12 weeks, most myofibers decreased in size in the
Ostm1'%1ox SYN1-Cre* (Figure 3-13 A). To support this result, the average surface area of the

myofiber was calculated. The analysis presented non-significant change in the values in both
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mice at 4 and 8 weeks. However, at 12 weeks, the mean surface area of the Ostm1'*/1™* SYN1-
Cre™ fibers was significantly reduced to approximately half the average of the surface area of the
control (Figure 3-13 B, C).

20 Il Syn Cre- o Il Syn Cre-

Syn Cre+

Distribution percent
Distribution percent

0
M%W%am:%%m@ m@,%m%m&%%m%%“
4W TA Myofiber area (um?) 4W Gastro Myofiber area (um?)
20, Il Syn Cre- i Il Syn Cre-

8 Syn Cre+

|
J‘ray WIJ u. ’

||||||||||||||||||||
Q

,\@?@“@“@ Qfﬁ:u.: 2?:@:‘»“% \%WW

Distribution percent
Distribution percent

SH S
SSSSS, "

8W TA Myofiber area (um?) 8W Gastro Myofiber area (umz)
2 Il Syn Cre- 29 ; Il Syn Cre-
20 [ Syn Cre+

Distribution percent
Distribution percent

0
SV Sl
sti

12W TA Myofiber area (um?) 12W Ga

Figure 3-14 Distribution and Quantification of the Myofibers Size in TA and Gastro Muscles from
Mutant Mice Compared to Control at 4, 8 and 12 weeks. The mutant myofibers showed a shift toward the
small range size with age in both TA and Gastro muscles compared to control (n=3). TA= Tibialis
Anterior, Gastro= Gastrocnemius, 4W= 4 weeks, 8W= 8 weeks, 12W= 12 weeks.

Then we questioned whether this reduction was only limited for the TA or represented a more
general defect. The Gastrocnemius muscle (Gastro) was thus investigated and a similar 50%
decrease at week 12 in the average cross-sectional myofibers surface area of the Ostm1'®/lox
SYN1-Cre* was quantified (Figure 3-13 A, B, C).

We also determined the muscle fiber size distribution with progression of the pathology. With
age (4, 8 and 12 weeks), fibers size distribution in mutant TA and Gastro muscles demonstrated a
significant shift toward smaller size (Fig 3-14) consistent with observed denervation (Fig 3-12).
To determine if the reduction of muscle fibers size affected differentially slow contracting, small,
oxidative type | fibers; fast contracting, large, glycolytic type I1B fibers; and fast contracting,

intermediate, oxidative-glycolytic type 1lA; specific Nicotinamide Adenine Dinucleotide
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Tetrazolium Reductase (NADH-TR) staining was undertaken [108, 109]. In the TA, the mean
myofibers surface area of type I, type 1A, and type IIB in the mutant decreased by non-
significant 20%, non-significant 23%, and significant 32%, respectively, compared to the control
as shown in Figure (3-15) indicating that neurodegeneration affected all muscle fiber types.
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Figure 3-15 NADH-TR Stammg Reveal Differentiated Muscles Fibers Types in the Mutant and the
Control. Reduction in the type I, lIIA, 11B cross sectional surface in the mutant compared to the control as
seen in the TA section image and quantification (n=3). NADH-TR= Nicotinamide Adenine Dinucleotide
Tetrazolium Reductase, TA= Tibialis Anterior, 12W= 12 weeks. Scale bar, 50 um. * p < 0.05. Error bars,
S.E.

Absence of Ostm1 led to a secondary muscle deficit phenotype. The deficit in the muscle was
characterized by reduction of the myofiber surface area. The reduction affected general hind limb
muscles (TA, Gastro) myofibers shifting their size distribution toward the small range. In
addition, the reduction spread to all its types (I, 1A, 11B) with type 11B being greatly reduced.

This massive decrease in muscle size led to muscle wasting, weakness, and paralysis.

3.4 Molecular Mechanism Responsible for Neuronal Deficit

To decipher the mechanism associated with neuronal degeneration, the intracellular autophagy
pathway was analyzed including major molecular players involved in autophagy response. This
was based on our previous intracellular examination of PU.1-Ostm1-gl/gl that showed a

stimulation of autophagy pathway [56].

3.4.1 Ubiquitin Accumulation
Ubiquitin binds to proteins to recruit them into the recycling pathway. Spinal cord sections of the
Ostm1'*/1X.SYN1-Cre* and the Ostm1'*/**-SYN1-Cre” were co-immunostained for ubiquitin

and NeuN at 4w, 8w and 12w to detect autophagy mechanism.
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Figure 3-16 Ubiquitin Accumulation in the Ostm1'®/**.SYN1-Cre*. (A) Co-immunostaining of Ubiquitin
and NeuN displayed an accumulation of Ubiquitin at 8, and 12 weeks Ostm1'*¥1°*-SYN1-Cre* ScL. In
addition, ubiquitin aggregates were indicated by arrows. 4W= 4 weeks, 8W= 8 weeks, 12W= 12 weeks
Scale bar, 200 pm; 50 pm inset. (B) Immunoblots showing the level of Ubiquitin normalized to actin at 4
and 12 weeks. At 12 weeks, the immunoblots supported the ubiquitin increase in the immunofluorescent
results of the ScL and showed an increase in the Br and ScC. Ubig= Ubiquitin, Br=Dbrain; ScC= spinal
cord cervical; ScL= spinal cord lumbar.

The ubiquitin level was not significantly different at 4 weeks consistently with the phenotype.
An increase in ubiquitin level co-localizing with neurons was observed at 8w in the Ostm1'®/1ox.
SYN1-Cre* compared to the control. The neurons from 12-week-old Ostm1'®/°*.SYN1-Cre*
showed higher ubiquitin accumulation suggesting an increase of ubiquitin level with age (Figure
3-16 A). Both 8 and 12 weeks displayed punctate cytoplasmic staining in the neurons.

To confirm the above results, the expression of ubiquitin was examined using Western blot
analysis of the brain, cervical spinal cord and lumbar protein extracts. Consistently with

immunohistochemistry, the ubiquitin expression was similar at week 4 in the Ostm1'%/1*.SYN1-
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Cre* and Ostm1'*/1*.SYN1-Cre". By 12 weeks of age, the ubiquitin expression was increased in
the Ostm1'®/1**.SYN1-Cre* compared with the controls (Figure 3-16 B).
Hence, these results revealed that neuronal Ostm1 loss of function negatively affected the

turnover process of the accumulated proteins.

3.4.2 Impaired Autophagy

Accumulation of intracellular inclusions prompted us to monitor whether the autophagy
mechanism, which is associated with protein degradation, was altered. LC3 is one of the
fundamental markers in autophagy that is commonly monitored. LC3 consists of two forms:
LC3-I cytosolic and LC3-11 associated with membrane. LC3-1 is cleaved into the active form:
LC3-11[89].
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Figure 3-17 Defective and Increased Autophagy Mechanism in the Mutant. (A) LC3 immunostaining in
the ScL sections marked an increase in LC3 expression at 8, and 12 weeks in the mutant. Scale bar, 200
um; 50 um inset. (B) Quantification of LC3II/I ratio on immunoblots attested the immunostaining in the
lumbar spinal cord, and showed a significant increase in the brain and cervical spinal cord at 12 weeks
(n=3). **, p<0.01, *** p<0.001, **** p<0.0001. Error bars, S.E. LC3= light chain 3, 4W= 4 weeks,
8W= 8 weeks, 12W= 12 weeks.
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Phagophore elongation is stimulated by LC3-11 becoming a component of the autophagosome.
An elevated peak of LC3-11 is a result of defective autophagy clearance [110].

A general look over LC3 expression was done using immunohistochemistry. The modulation of
LC3 was not seen until 8 weeks by color intensity. This immunostaining was increased in the
Ostm1'%1°*_SYN1-Cre* at 12 weeks (Figure 3-17 A).

Consistently, Western blots using protein extracts were done. The significant increase of the
expression of LC3-11/1 ratio was detected at 12 weeks by 1.5 fold in the brain, 8 fold in the
cervical spinal cord, and 2.7 fold in the lumbar spinal cord of the Ostm1'®/**.SYN1-Cre* (Figure
3-17 B).

Hence this LC3 elevation could indicate a blockage in autophagy. To support this hypothesis,
other autophagy players (e.g. Beclin-1, and p62) had been monitored.

Beclin-1 protein is one of the upstream regulators of autophagy signaling cascade and was
monitored by its expression using Western blot of protein extracts. In the brain, the amount of
Beclin-1 in Ostm1'/1*-SYN1-Cre* was similar at 4 weeks, and 7 times the amount present in the
control at 12 weeks. In the cervical spinal cord, the Beclin-1 amount was non-significant at 4
weeks, and then the Beclinl peak in the mutant became significantly double the peak in the
control at 12 weeks. In the lumbar spinal cord, at 4 weeks the Belin-1 result was same as the
cervical and the brain, and at 12 weeks the Belin-1 amount in the Ostm1'®/**.SYN1-Cre* was
1.25 times that in the control (Figure 3-18).
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Figure 3-18 Defective Autophagy in the Ostm1'*/*-SYN1-Cre*. Quantification of Beclin-1 expression at
4 and 12 weeks using Western Blots showed an increase amount in brain, cervical and lumbar spinal cord
at 12 weeks (n=3). 4W= 4 weeks, 12W= 12 weeks. **, p < 0.01, *** p < 0.001, **** p < 0.0001. Error
bars, S.E.

Another marker that consolidates the above hypothesis -defect in autophagy- is p62, which
recruits ubiquitinated proteins to the phagophore. Complementary to the Beclin-1 results at 4

weeks, the protein extracts and immunohistochemistry staining did not demonstrate any different
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results between the Ostm1'®/1™-SYN1-Cre* and Ostm1'%1°*-SYN1-Cre" at 4 weeks. At the point
where ubiquitin and LC3 was increased, p62 also started increasing in the mutant as shown in the
immunohistochemistry images. Reaching week 12, spinal cord immunostaining area displayed a
dark brown color in the Ostm1'®/1°*-SYN1-Cre* with respect to the control (Figure 3-19 A).
Consistently, in the protein extracts, p62 increased in the Ostm1'®/*-SYN1-Cre* by 6 folds in
the brain, 2.5 folds in the cervical spinal cord and 1 fold in the lumbar spinal cord at 12 weeks
(Figure 3-19 B).
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Figure 3-19 Defective Autophagy Mechanism in the Ostm1'9/1°*-SYN1-Cre*. (A) p62 immunostaining in
the ScL sections exhibited an increase in p62 accumulation at 8, and 12 weeks in the mutant. Aggregated
p62 are indicated by arrows. Scale bar, 200 um; 50 um inset. (B) Quantification of p62 Immunoblots at 4
and 12 weeks confirmed the elevation in the lumbar spinal cord at 12 weeks and also displayed an
increase in the brain and cervical spinal cord at 12 weeks (n=3). ***, p <0.001, **** p < 0.0001. Error
bars, S.E. 4W= 4 weeks, 8W= 8 weeks, 12W= 12 weeks.

Taken together, the enhanced expression of these markers (Figure 3-20) highly corroborated a
defective mechanism of autophagy that resulted in accumulating autophagosomes which, in

return, impacted the normal homeostasis and trafficking in neurons.

58



4 weeks
A
Ostm'*/1>* SYN1-Cre*

Ostm/®1* SYN1-Cre-
Br ScC ScL Br ScC ScL

LC3-
LC3-lI

P62

Beclin-1

Actin

Beclin-

12 weeks
B
Ostm'®1** SYN1-Cre*
ScC ScL

Ostm'*1* SYN1-Cre”

Br ScC ScL Br

LC3-I
LC3-lI

P62

Actin

Figure 3-20 Western Blots of 4 and 12 weeks Ostm1'°™-SYN1-Cre- and Cre* Protein Extracts Showed
That All Autophagy Markers (LC3, p62, Beclin-1) Underwent an Increase at 12 weeks in Br, ScC, ScL of
the Mutant Mice. Br=brain; ScC= spinal cord cervical; ScL= spinal cord lumbar, LC3= light chain 3.

These results are consistent with those documented in the PU.1-Ostm1-gl/gl mice [56] and

further supported a major role of autophagy in the neuronal phenotype associated with the loss of

Ostm1.
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Chapter 4

Discussion
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Autosomal recessive osteopetrosis (ARO) is an inherited bone disease and considered one the
severest forms of osteopetrosis. It affects infants resulting in enormous bone increase due to the
malfunction or absence of osteoclasts [51]. These defective osteoclasts are generated from a
heterogeneous molecular defect. The absent or the non-functional osteoclast is associated with
extrinsic or intrinsic gene deficits.

Among the intrinsic genes that regulate the functionality of the osteoclast is Ostm1. Mutated
Ostm1 underdevelops the osteoclast ruffled border resulting in a non-functional state. These non-
functional osteoclasts increase in number as a compensatory mechanism. OSTM1-related ARO
patients suffered from common ARO symptoms such as increase bone mineral density that
produce the “bone in bone” appearance and occupy the bone marrow cavity leading to
hematopoietic defects [21, 31]. Patients are more susceptible to infection due to not only bone
marrow reductions but also anomalies in myeloid, lymphoid B- and T- lineages which was
explored by our lab [84]. Regardless of these common ARO symptoms, Ostm1 reflected
unexpected pathogenesis in the nervous system leading to limiting the life span of ARO patients
to 1 year [73]. Subsequently, this prognosis renders Ostm1 the most severe form of osteopetrosis.
In addition to hematopoietic defects, the neurological anomalies that are associated with Ostm1
loss are cerebral atrophy, hypotonia, and heterotopias [73]. This gene was characterized by our
lab for the spontaneous grey lethal mutation in mice [76]. Throughout the gene transcription and
translation, it produces a type | transmembrane protein, as determined by protein structural
analysis [70]. This grey lethal mouse mirrors the severe human malignant ARO, rendering a
model to understand in depth its contribution in molecular and cellular process. The grey lethal
mouse had a deletion, which was detected by positional cloning, at the start of transcription site
of Ostm1 gene until the beginning of the intron leading to absence of its RNA and protein. The
full penetrance of the spontaneously mutated gene in these mice results in their early death at 3-4
weeks of age [76].

All the hematopoietic pathological changes were corrected by Ostm1 under PU.1 control from a
bacterial artificial chromosome transgene. The early expression of PU.1 at initial stage of
hematopoietic differentiation rescued the gl/gl mice partially suggesting that Ostm1 is a
prerequisite in hematopoietic lineage development in addition to osteoclast lineage. Monitoring
the life span of these PU.1-Ostm1-gl/gl mice, they lived up to 6-7 weeks, indicating another
function of ostm1 in other organs and tissues [84]. This prompted us to unravel the role of Ostm1
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in the brain using different analyses. Tackling the PU.1-Ostm1-gl/gl mice with neuronal Ostm1
transgene led to precluding nervous system disorders [56]. Since few studies have been
conducted on the neuronal role of Ostm1, the concept and the prognosis are unclear and poor. In
addition, gl/gl mouse model develops the bone, hematopoietic and neuronal abnormalities that
hinder studying the independent role of Ostm1 in cells and organs. We generated a conditional
Ostm1'%1ox of exon 5 with Synapsin1-Cre to comprehend and characterize the neuronal Ostm1
loss of function which is highlighted in this thesis. Knocking out exon 5 of Ostm1 encoding
transmembrane protein domain resembles the first Italian human patient [76] who was well
defined for his osteopetrotic diagnosis, indicating a role of Ostm1 in pathogenesis of
osteopetrosis.

The Ostm1 condition allele (Ostm1'°%) functions as the wild type allele in the absence of
expressed Cre. Homozygous Ostm1'™ mice are able to pass their lox allele to future generations,
which are phenotypically normal and viable. Cre expression can be regulated by a specific
promoter that is activated in a certain organ to function its deletion role. To target the neuronal
role of Ostm1, synapsinl was used. SYN1 modulates the release of the neurotransmitters. It
expresses plenty of Cre at E12 driving the deletion of exon 5 at early embryogenesis [95-97].
Regardless of the early expression of Cre, only female heterozygous Ostm1 '*/*-SYN1-Cre* mice
were chosen to be crossed with Ostm1'®/™ mice to produce Ostm1'/*-SYN1-Cre* due to the
low recombination percentage in Ostm1 '™/*- SYN1-Cre* male testes [111]. On the other hand,
its early expression coincides with the human patients who had the inherited mutations. The
product of Cre deletion is Ostm1 null allele (Ostm14¢X°™) that is comparable in size to the
mutated transcript of ARO patients [76]. The Ostm1 mouse model generated by deletion of exon
5 developed a neurologic pathogenesis similar to the PU.1-Ostm1-gl/gl mice. This indicates that
the percentage of recombination was sufficient to construct this pathological phenotype. To
confirm the above result, the percentage of recombination was calculated by levels of
recombined DNA and RNA.

According to DNA recombination percentage, the Ostm1'®/*-SYN1-Cre* neurons demonstrated
64% recombination in the brain, 61% in the ScC, and 64% in the ScL at 4 weeks, which are
above the 50% requirement of recombination efficiency for phenotype penetrance. These
percentages were sufficient to mimic the spontaneous mutation Ostm1 allele in the PU.1-Ostm1-

gl/gl mice due to its pathological and phenotypical changes appearing at 8 weeks even though
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the recombination did not reach the 100% optimal range of recombination. Surprisingly, this
recombination was monitored at 12 weeks in which there was a significant decrease in
recombination percentage reaching 48% in the brain, 47% in the ScC and 48% in the ScL. These
reductions suggest a neuronal population decrease that could be due to death and require in-depth
investigation.

Supporting DNA recombination, Ostm1 neuronal expression at 4 weeks of the deleted exon 5
mice was decreased by 67% in the brain, 76% in the ScC and 73% in the ScL. Consistently, the
expression followed the same decrease trend as DNA recombination in age development.
Phenotypically, the truncated form of Ostm1 protein constrained the life span of the mice to 12-
14 weeks which was greater than 6-7 weeks in the PU.1-Ostm1-gl/gl mice, but shorter than the
normal life span. This increased life span is possibly due to the secreted truncated form of Ostm1
[70] that was absent in the PU.1-Ostm1-gl/gl mice indicating the role of Ostm1 domains in the
severity of the disease. Furthermore, the recombination percentage was not 100% as in the PU.1-
Ostm1-gl/gl mice which might affect the delay in the phenotype. Unlike PU.1-Ostm1-gl/gl mice
that had absence of Ostm1 in all organs except in the rescued hematopoietic cells, the
Ostm1'*/1*.SYN1-Cre* mice had the Ostm1 loss of function in the neurons. Last but not least,
recent studies identified the role of background strains on spinal muscular atrophy (SMA) timing
[112], and since the PU.1-Ostm1-gl/gl is GL/Le dIJ +/+ gl strain and the Ostm1'%1°*-SYN1-Cre*
is C57BL/6, this difference may postpone the onset of the disease. The SYN1-Cre™ mice started
losing weight at 8 weeks and continued to reach approximately two-thirds the weight of the
control at 12 weeks. Their gait developed abnormally at week 8 and progressed with age to
accompany tremors, and deficient limb opening that resulted in defective limb clasping. Their
backs arched more forming a hump as in Parkinson’s disease and ALS [113, 114]. The fatal
stage of this severe motor movement involved hind limb paralysis. This locomotion deficit
suggests a neuronal abnormality in these mice. The weight loss could be due to gait defects that
the mice faced in reaching the food and as this disease progressed with age. Paralysis may
contribute to a large extent in impeding its way to eat. The second possible reason is neuronal
deficit that might affect the mice’s appetite and their digestive system [115]. This behavioral
deficit led to investigate the reason by analyzing the brain, the spinal cord, and neuromuscular

network. This analysis glimpsed a neuronal degeneration, particularly in the motor neurons. This
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incentive led to further examination of the spinal cord and the brain of the Ostm1'*/**-SYN1-
Cre".

The locomotion and the motor defect hint that an impaired motor neuronal system is involved.
This abnormality can be originating from different regions that control the motor system. To
begin with, Survival Motor neuron 1 (SMN1) mutations result in motor neuron loss within the
spinal cord [116]. Prolifin 1 and copper-zinc superoxide dismutase (SOD1) mutations generate
ALS due to loss of upper (corticospinal motors neurons in layer V of the cortex) and lower motor
neurons (ventral horn of the spinal cord) [114, 117]. The spontaneous motor neuron damage
(mnd) mutation in the CIn8 gene known for a-motorneuron degenerations leads to paralysis
[118]. Besides the motor degeneration of the spinal cord ventral horn, there are mutations in the
neurons of the dorsal horn that control sensory information such as cramping 1 mutation of
Dynclhl. These mice were diagnosed by thinner sensory axons and muscle spindle denervation
without a-motorneuron loss [119]. Variety of mutations occurred in motor parts instead of the
spinal cord like the pathological hind paw clasping mutations that were reported in the
cerebellum due to a spontaneous semi-dominant Weaver mutation of Girk2 causing cerebellar
granule and Purkinje cell atrophy [120, 121]. Moreover, mutations in the cerebellum affect
balance and movement coordination. The Weaver mutation spreads to the substantia nigra pars
compacta diminishing its dopamine concentration [122]. Disturbances of dopamine levels affect
reward-motivated behaviors, motor control, as well secretions of various hormones [123].
Finally, the basal ganglia participate in motor movements, where any mutation as in the HDH
gene of R6/1 and R6/2 ends up developing Huntington’s disease [124]. Previous discoveries of
PU.1-Ostm1-gl/gl showed CNS inflammatory response and massive neurodegeneration in the
brain, and nothing was reported on the spinal cord pathology. Therefore, histological
examination was processed on the spinal cord, particularly the ventral horn to link it to the
defective phenotype.

The general staining observation indicated a decrease in the total spinal cord size compared to
the non-Cre mice. This decrease in size was also found in the brain of the PU.1-Ostm1-gl/gl and
the Ostm1'®/°*.SYN1-Cre* which could explain the decrease in weight and suggest a neuronal
issue. The myelin lost its demarcation at the beginning of 8 weeks and its concentration was

decreased marked by fading of MBP immunostaining at 12 weeks. This fade of color depicted
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the grey matter pervading the white matter. Disruption results in motor disorders confirming the
tremors and dysrhythmic movement.

Consistently with PU.1-Ostm1-gl/gl mice that marked a massive increase in astrocytes and
microglia in the brain [56], the spinal cord that is also part of the central system demonstrated a
robust activation of astrocytes by histological examination. This robust activation started at the
point of behavioural defect and increased with time indicating the severity of the pathogenesis
and representing a secondary phenotype from neuronal issues because Ostm1 is still expressed in
glial cells. This astrogliosis mechanism can act as neuroprotection by isolating the damaged
region [125]. As long as it can handle it, it maintains protection until a threshold which
afterwards causes the neuronal death. The astrocytes eliminate the damaged neurons for the sake
of the others [126]. On the other hand, astrocytes can contribute to neuronal damage by
increasing toxicity as in Alzheimer’s disease where activated astrocytes contribute to plaques
formation [127]. Hence, in that case it could be responsible for the pathogenesis. Knowing that
astrocytes are non-neuronal cells, their activation suggests a non-cell autonomous role of
neuronal Ostm1. NeuN histology showed neuronal loss in the spinal cord at 12 weeks indicating
spinal degeneration. Alternatively, astrogliosis could be due to a detection of dysfunction of
neurons at 8 weeks and increased as a consequence of neuronal loss at 12 weeks. In particular,
the Ostm1'*/1*.SYN1-Cre* had motor neuron loss at 12 weeks. Our structural analysis of the
ventral root axons by EM highly demonstrated an accumulation of inclusions and decrease in
myelin thickness. Since myelination is fundamental for proper action potential conduction
velocity to generate a rhythmic movement, this hypomyelination is a plausible mechanism of
Ostm1'%1°*_SYN1-Cre* improper locomotion.

Following the track of the motor neurons in which it innervates with the muscles via the
neuromuscular junctions, NMJ analysis revealed swelling of the presynaptic axon of the
Ostm1'%1°*_SYN1-Cre* mice, indicating accumulation of compounds at that site. Besides the
motor neuron decrease, this swelling blocks the shuttling of neurotransmitters reaching the
synaptic terminals and reflects the atrophy of muscle architecture and deficient function.

All the biological techniques whether measuring percentage of DNA recombination, expression
level, the number of neurons particularly motor neurons, and NMJ analysis through the

denervation indicated a neuronal death.
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Reaching the end track of the motor system and based on the evidences above, the expectation of
muscle atrophy was validated, indicating the atrophy was not restricted to one type of muscle but
to all hind limb muscles. The mutant muscles underwent a 50% decrease in their average cross-
sectional surface area and shift to the smaller range size of the myofibers at 12 weeks.
Exploration of Ostm1 in relation to other neuronal disorders provided an opportunity to gain
insight into the mechanisms of neurodegeneration and shed light on shared pathways of
pathogenesis. Accumulation of ubiquitin in neuronal cells was detected in high amounts at 8 and
12 weeks accompanied with punctate aggregates in the cytoplasm in the Ostm1'*/*-SYN1-Cre*
as this pathological alteration was seen in Huntington’s, Parkinson’s, and Alzheimer’s diseases
[128]. This Ubiquitin increase denoted an increased amount of misfolded, dysfunctional, and
misprocessed proteins that required recycling. Besides ubiquitin, a misfolded protein marker;
p62 is one of the main autophagy indicators that binds polyubiquitinated proteins destining them
for autophagy degradation. There was a large increase in p62 in the Ostm1'*/'"*-SYN1-Cre* as
well as aggregates indicated by dark brown immunostaining, possibly indicating an increase in
autophagosomes due to defects in autophagy in degrading p62 by the lysosome. Subsequently,
this elevated level in autophagosomes was detected by LC3-I11. In addition to the defect in
autophagy, LC3-11 increase also alludes for an autophagy rate increase. The elevated levels of
Beclinl autophagy inducer assent this autophagy rate enhancement as a compensatory
mechanism for the previously undegraded particles. The accumulation garnered the degeneration
fate due to increased toxicity and blocked trafficking as highlighted by swellings in the EM and
immuno-fluorescence. Similar undermined trafficking was diagnosed in mutant dynactin/dynein
mouse model[129], P1(3,5)P2 deficient mice [130] and Alzheimer’s disease mouse models [131].
The basis of this shuttling is proven by its disruption. Autophagosome-lysosome fusion depends
on microtubule shuttling, and blockade of this step with microtubule polymerizing drugs reflects
enlarged autophagosomes and elevated aggregation of autophagosome substrates [132]. Thus,
impaired transport system challenges the transportation of the cargo, leading to stimulation of
autophagy that increased autophagosome formation, whereby they accumulate due to their
impaired clearance transport destining the cell to its death fate. The absence of Ostm1 prohibited
the dispersion of these autophagosomes. Thus, a role in intracellular trafficking can be attributed
to Ostm1.
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Osteoclast-like cells (OCLs), lacking Ostm1 from Ostm1'®/°*-Ctsk-Cre*, had no resorption
activity and this was not due to intracellular acidification. Indeed, orange staining in the OCLs of
the mutant and the control showed normal H* production and acidification. Despite this fact,
mutants showed similar diffuse localization during osteoclast activation while controls displayed
staining near the ruffled border membrane corresponding to lysosomes to be released in the
resorption lacunae. This indicates that Ostm1 contributes a role to endo/lysosomal dispersion
[133]. This result also suggests a widespread role of Ostm1 in other cellular trafficking
components. The same study also examined the protein secretion by the OCLs lacking Ostm1. A
significant decrease in TRAP release levels and undetectable levels in Ctsk hydrolase were
observed [133]. Also, Ostm1 directly interacted with KIF5B in the cell lines, which shuttles
various vesicles [70]. In accordance with this data and the neuronal data, these results credit the
role of Ostm1 in intracellular organization.

The neuronal Ostm1 loss of function shared many histopathologic features ALS and SMA,
including muscle paralysis, loss of the ventral horns in the spinal cord, weight loss, glial
activation, and increased ubiquitination levels. Despite the shared motor changes, mutant
neuronal loss of Ostm1 has its unique etiopathogenesis and disease onset that make it different

from other genes involved in neural pathology.

67



Chapter 5

Conclusion and perspectives
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The understanding of Ostm1 role in the gl/gl mice could not be easily distinguished due the
major bone increase and the extremely short 3-week life span. Since the Ostm1 mutation is
expressed in many organs, and because of the partial rescue in the PU.1-Ostm1-gl/gl transgenic
mouse, we had to create a conditional allele mouse that targets only one defect at a time,
preventing other interference. The in vivo model (transgenic mice) is better to decipher the role
of Ostm1 than in vitro due to many reasons: in cell culture, the only target is the cell, however in
the transgenic model; the target is the cell and organs in the context of the entire system.
Moreover, transgenic models provide an environment that could affect the target cells’ growth
and vice versa. Hence, one can reveal whether a protein has cell or non-cell autonomous
functions where in our case, muscular atrophy and inflammatory response which are secondary
phenotypes were observed. This underscores the importance of generating this mice model. Our
study recapitulated the changes by neuron axonal swelling and collapsing of the motor neurons,
early death, inflammation indicated by astrocyte activation, demyelination, and denervation of
the myofibers.

The ignition of these changes started at 8 weeks and progressed until death at 12-14 weeks.
Following the pathological development helped to characterize the role of Ostm1 in trafficking
in the neurons. Ostm1'°¥'°*-SYN1-Cre* transgenic mouse establishes an opportunity to record
and understand the Ostm1 function in the neuronal trafficking and neuromuscular crosstalk.
There are further tests to check for impairment of autophagy by Akt/mammalian by the target of
rapamycin (MTOR pathway) [89]. Since these levels were decreased in the PU.1-Ostm1-gl/gl
[49], determining the levels in Ostm1'®/1°*-SYN1-Cre* could support the impaired autophagy
mechanism. Moreover, the LC3 accumulation suggests two possible explanations: either an
elevated level of autophagy or a block in completion of autophagy. To answer this question
precisely, an investigation for markers of autophagy should be done. Our results showed an
increase in Beclin-1 which hints to an increased autophagy level and can be substantiated by
testing the mTOR-independent induction of autophagy.

In addition to the above approaches to determine the defective autophagy, there are further
experiments that could confirm this result. For instance, p62 and ubiquitin with peroxidase
immunostaining or silver staining could be performed to detect immunodense cytoplasmic
inclusion bodies containing ubiquitin and p62 which could confirm the presence of

autophagosomes. Since these autophagosomal membranes bud out from the ER and Golgi, an
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immunocytochemical analysis for their markers such as ER (GRP94) and Golgi (P115) could
confirm the architecture of these inclusions.

Of interest, lysosomal levels could be evaluated to confirm the defective autophagy by
measuring Lampl and Lamp2. In previous studies in the PU.1-Ostm1-gl/gl, these markers
expressions were similar to the control indicating unstimulated lysosomal compartment
suggesting a fundamental role of Ostm1 in upstream regulation of lysosome [56]. Hence, these
results raise another possibility besides aiding in endolysosomal transport on microtubule, this
possibility being Ostm1 serving in the fusion of the autophagosome with the lysosome.

Our findings suggest that the ubiquitin proteasome system (UPS) might be negatively affected by
Ostm1 mutation since there is accumulation of ubiquitin, knowing that autophagy serves as a
degradation compensator when UPS system is defective [134] and conditional deletion of the
autophagy gene causes neuronal atrophy diagnosed by ubiquitin immunoreactive inclusions
[135].

Beside our phenotype characterization, these mutant mice have sensory defects due to increased
ubiquitin at the dorsal horn of the spinal that were not phenotypically indicated.

Moreover, some gait abnormalities in mice were due to less dopamine levels as in Weaver
mutation [123]. Knowing that dopamine interferes with hormonal secretion, reward-motivated
behaviour, and motor control, it would be interesting to check for its levels.

From our findings, this mouse is a valuable tool in understanding Ostm1 role in trafficking in the
neuronal system which makes hematopoietic stem cell transplantation (HSCT) an insufficient
therapy. Targeting the pathological changes in the neurons that account for the clinical
presentation including paralysis, weak motor coordination and others, may alleviate the severity
of the disease and may be translated into a cure for neuronal Ostm1 disease.

Neuronal stem cell transplantation besides HSCT could be a complementary therapy. Tamaki et
al. implement this therapy where neurons were protected and loss of motor control was delayed.
Another reasonable therapy could be addressing autophagy besides HSCT [136].

Autophagy is a pro-survival mechanism that occurs at low levels in all cells to execute
homeostatic functions. However, it is unregulated in the case of starvation, remodeling and
accumulation of toxic components. In contrast to its normal increase state, in disease cases,
autophagy exceeds the threshold increase in which it causes more disturbances than benefits.

Disturbances in the axonal transports have proven pathogenesis in the human and animal models
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[137] and these disturbances precede the timing of clinical signs, indicating that these
disturbances are the trigger of the pathogenesis such as in the mutant SOD1 [138]. Knowing that
the vulnerability of the neurons may be related to their post-mitotic state since the accumulated
vesicles are not distributed to their daughter cells by cell division [139], so inhibition of
autophagy pathway could be a cure for these mice as seen in similar mouse models. For example,
supplying the carcinogen-treated rats’ hepatocytes with pharmacologic inhibitor of autophagy 3-
methyladenine (3-MA) that impedes class 11 PI13K delays their demise [140]. In addition, this
success was also applied in chloroquine-treated cortical neurons [141], in nerve growth factor-
deprived sympathetic neurons [142], and many others. In the context of proving that autophagy
can induce cell death, a study unraveled death inhibition in non-apoptotic committed (Bax™,
Bak™) murine fibroblasts treated with killing agents (stuarosporine and etopside) by Atg5, and
Beclin-1 RNA interference [143].

Tackling the defective autophagy mechanism as a potential target for treatment in Ostm1 patients
in addition to hematopoietic transplant could decrease the accumulation of autophagosomes,
thereby reducing the toxicity and opening the axonal pathway for trafficking. This treatment
could be accomplished by either activating mTOR activity that represses autophagy mechanism
or disruption of ATGs interaction could diminish the upregulated autophagy blocked mechanism.
The goal of this treatment is extending the duration of the period free of symptoms and
decreasing the severity of the disease. One of the well-known examples on this treatment is
inhibiting autophagy by 3-methyladenine in the SMNdelta7 SMA mouse which delays motor
neuron degeneration, suppresses autophagosome formation and extends their life span [144].
Thus, targeting autophagy could be a therapeutic approach.

Finally, a third approach to cure osteopetrotic patients is by replacing the origin of the
pathogenesis. After knowing the genetic and molecular basis of Ostm1, gene therapy with an
entire complete length of Ostm1 could be the cure. This process could be mediated by adeno-
associated virus to replace the mutated Ostm1 as it scored several successful therapies in SMA
diseases. These were recapitulated by presence of 60% expression of SMN protein in spinal cord
motor proteins, rescue of the muscle atrophy leading to enhanced motor and strength functions,
and extension of their life span up to 400 days, encompassing an increase by 25-fold compared

to the 16 days in the mutant untreated mice [145]. Measuring the cure outcomes in OSTM1
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osteopetrotic patients in a timely, efficient and safe manner will be required to complement the

HSCT with gene therapy to avoid the drawbacks, making ARO no longer fatal and incurable.
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