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Abstract

The need to treat bone loss disorders, such as osteoporosis, continually
compounds as societie’s age advances with over 200 million postmenopausal
women and elderly men are affected annually. Additionally, the limitions
associated with existing therapeautics underscore the need to developed

improved osteoanabolic drugs.

The research herein focuses on transcription factor mediated gene regulatory
networks (GRN) that govern key bone physiology. Mef2¢c is a transcription
factor that is emerging as a key regulator of bone and endochondral
ossification. Given the wide expression profile of Mef2c amongst bone cell
populations characterizing the Mef2c GRN could provide incites into novel
drug targets or suggest improved strategies in reprogramming MSCs to treat

osteoporosis.

Accessility to the underlying bone cell populations is a widely excepted
practical limitation associated with bone research. Current bone cell isolation
methods are limited and have led to a lack of robust osteocyte-specific data.
The development of a improved protocol, adaption of current practices, was
used to isolate primary bone cell populations for downstream single cell RNA
sequencing (scRNAseq). Additionally, flow cytometry was used to capture
floursescent labeling bone cell populations. Transcriptomic analysis revealed
that the isolation method was capapble of capturing rare populations such as

osteocytes.

The isolation method made it suitable to characterize the Mef2c function in
bone. Previous work has shown evidence that Mef2c mediates key cellular

behaviors that promote endochondral ossification and bone formation involved
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in maintaining bone strength and homeostasis. Such findings underscore the
need to uncover the underlying mechaninsm by which MefZc regulates bone
cell activity. Here, Mef2c-deficient bone cell populations from Mef2c4; Bglap-
Cre and Mef2c”f; Dmpl-Cre mutant mice were isolated to profile the gene
expression changes scRNAseq. The work revealed a population level shift
towards Lum*™ mesenchymal progenitor subpopulations. Whereas osteoblasts
and osteocytes exhibited defective energy and bone metabolism genes in the
absence of MefZ2c. Taken together, the wide expression amongst bone cell

populations exhibits a cell types specific Mef2c function.

Recently, Mef2c¢ function was also found amongst bone resorbing osteoclast
populations and was found mediating bone erosion associated with
inflammatory arthiritis. Here, we isolated Mef2c-defecient CD11b+ osteoclast
progenitors from MefZ2cv; Ctsk-Cre and characterized their ability to
differentiate into mature osteoclasts. While in vitro studies demonstrated the
negative impact the absence of Mef2c has on osteoclast differentiation,
transcriptional analysis did not highlight a similar impact. Future studies will
have to focus on targeting MefZc at early or the initial stages of osteoclast cell

states.

In summary, the current findings illustrate the partial view of how osteogenic
cell populations are programmed in order to maintain bone tissues throughout
adulthood. By continually characterizing Mef2c will lead to a greater
understanding of how cells are programmed and the pathophysiology

associated with osteoporosis.
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Chapter 1. Introduction

1.1 Bone function, development, and homeostasis

Skeletal system development begins during early embryogenesis arising from
3 different lineages between the sixth and seventh week of embryonic
development [1]. The spine and rib cage, key components of the axial skeleton,
originate from the structures called somites. The craniofacial bones, on the
other hand, originate from the neural crest and the paraxial mesoderm [2-4].
Whereas the appendicular skeleton is derived from the lateral plate mesoderm
[2-4]. At each site of future skeletal development, the arrival of migratory
mesenchymal stem cells (MSCs) initiates bone development by proceeding
toward either the intermembranous or endochondral ossification to form the
early skeleton. In the case of endochondral ossification, the formation of these
embryonic skeletal tissues is called mesenchymal cell condensation. During
the formation of early bone, progenitor cells either differentiate directly into
osteoblasts, as is the case during intramembranous ossification, or can
differentiate into chondrocytes first, as is the case during endochondral
ossification. Such bivalent potential of these mesenchymal progenitors is why

they are commonly referred to as osteochondral progenitor cells [5].

Both the axial and the appendicular bones are generated via endochondral
ossification. This type of ossification has two phases. During the first phase,
the formation of a cartilage template is first formed by chondrocytes.
Additionally, surrounding cells define the outside border of the early bone,
known as the perichondrium”. During the 2nd phase the ossification of the
future bone begins by chondrocytes undergoing hypertrophy and is when the
cartilage template starts to become ossified bone. Endochondral ossification is

initiated at both primary and secondary ossification sites of developing long
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bone and continues postnatally only at the growth plate within the metaphysis
Postnatally, the growth plate is responsible for the linear growth of the bones
as it serves as a reservoir of proliferating chondrocytes that have now been
shown continually mediate the 2nd endochondral ossification phase. Once
early bone tissues have been developed, the tissues continue to grow in size
and shape, throughout childhood, in a process known as bone modeling. Once
in adulthood, bone remodeling is another major key process that serves

multiple functions associated with maintaining the health of bone.

The dynamic nature observed in bone development continues well into
adulthood as processes such as bone modeling and remodeling are needed to
maintain the integrity of bone. Bone growth occurs throughout early childhood
and is largely mediated by bone modeling. At which point, formation and
shaping of bone are the main processes driving longitudinal and radial bone
growth [6]. On the other hand, bone remodeling primarily functions in the
replacement of old and broken bone and is the key process occurring
throughout adulthood. Specialized bone cells mediate the changes needed in
either adding or removing bone. The first type are the bone forming osteoblasts
which responsible for adding new bone. [7]. Osteoblasts accomplish this by
synthesizing and secreting type 1 collagen, the major bone matrix protein.
Next, they locally release phosphates, within the local osteoid, to interact with
extracellular Ca2* and form hydroxyapatite crystals and complete the
mineralization process of bone tissues. Osteoclasts (OCLs) are the other cell
type involved in bone remodeling whose primary function is to remove old and
brittle bone during bone resorption [8]. The constant process of renewing bone
throughout adulthood is how the accumulation of microdamage in the skeleton
1s prevented and is why the activity of both resorption and formation must be
tightly coupled. In fact, when bone remodeling becomes uncoupled, diseases

such as osteoporosis, can begin to develop. During the case of osteoporosis, the
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net activity of bone resorption is greater than the activity of bone formation

and is a typical an outcome associated with aging or inflammation.

Since the function of bone remodeling (BR) is to maintain bone throughout
adulthood, a complex set of steps are in place to ensure that functional
demands placed on the skeleton can be met. BR occurs in cycles and can be
divided into five stages: activation, resorption, reversal, formation, and
termination. During activation, either mechanical or chemical signals initiate
the remodeling process. Biological signals are first detected by another bone
cell type, the osteocyte, at which point OCL precursors are recruited and are
activated [9]. As early OCLs arrive, they begin to differentiate into mature,
multinuclear cells that begin to attach to the bone surface. Once attached they
become activated and start to secrete acidic hydrogen ions and enzymes to
initiate resorption of old and damaged skeletal tissues. The process of
resorption typically lasts 2-4 weeks in which pH’s as low as 4.5 are used to free
old bone mineral. In addition to acids, matrix metalloproteinases and
cathepsin K are enzymes that aid resorption by breaking down the organic
components of the bone matrix. The resorptive activity results in the formation
of cavities that are known as Howship’s lacunae. At the completion of the

resorption step the short-lived OCLs are removed by undergoing apoptosis.

During the reversal stage, BR coupling signals such as TGF-B, that were
previously freed from the bone matrix, promote the recruitment of pre
osteoblasts [10]. Simultaneously, TGF-p signaling also inhibits the secretion of
pro-OCL factors previously released by osteocytes. Such conditions allow the
newly recruited osteoblasts to initiate bone formation that takes between 4-6
months for completion [11, 12]. Here, osteoblasts synthesize new matrix to fill
the cavities formed at earlier stages of remodeling by the coordinated secretion

of collagen 1 and phosphates needed to promote the formation of mineralized
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skeletal tissues. Once bone formation is completed, osteoblasts can either
differentiate into bone lining cells or become embedded within the newly
formed bone to become osteocytes. Although the newly formed cavities have
been filled, the final stage of bone maturation is only accomplished once the
process of mineralization is completed past a period of 90-130 days post osteoid
deposition [13]. While these cycles continue throughout adulthood, several
factors can start to manifest leading to an unbalanced rate between resorption
and formation activities. As aging advances, these shifts in BR will often lead

to disease states such as osteoporosis.

BR is primarily orchestrated by OCLs, osteoblasts and together form the “Bone
Multicellular Units “(BMU). The formation of the BMU involves the OBs, OCL,
OS, bone lining cells, and the local vasculature [14]. As such bone tissues are
completely renovated after a period of 10 years. BR primarily functions to use
bone tissue as a storage unit of calcium and growth factors that can be freed
from the mineralized bone matrix and into the blood stream to mediate
systemic mineral need. [15]. The secondary function is the maintenance of bone

tissue integrity by not allowing microdamage and brittle bone to accumulate.

1.2 Aging and Osteoporosis

As western societies continue to increase human lifespans while also
continuing to adopt unhealthy lifestyle practices, there will be a significant
need to address late-life chronic diseases such as osteoporosis. As stated by the
National institute of Health Consensus Development Panel on osteoporosis is
defined as a skeletal disorder having a compromised bone strength that results
in severe risks of experiencing a fragility fracture [16]. Postmenopausal women
and elderly men make up the majority individuals affected by osteoporosis with
approximately 200 million people affected [17-21]. Around 8.9 million fractures

are due to fragility fractures annually occurring worldwide [22]. These are
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trends that have been observed in amongst various racial and ethnic group and
across other western countries [23]. If not addressed, the increasing incidence
of osteoporosis will lead to health and social challenges creating a major

burden on healthcare systems.

There are two main types of osteoporosis: primary and secondary with the
former having two additional subtypes (class I and II). Primary osteoporosis is
the most common and is found in 1 in 3 post-menopausal women and older men
over the age of 70 [24, 25]. Longitudinal studies, using quantitative computed
tomography, have shown lifetime losses of trabecular bone at about 45% in
men and 55% in women and cortical bone loss at 18% in men and 25% in women
[26]. Amongst women, bone loss is accelerated post menopause throughout the
6-10 year perimenopausal transition [27]. Amongst both sexes, aging leads to
shifts in bone remodeling resulting in a net bone loss. Overtime, the thinning
or complete removal of trabeculae, cortical thinning, and increase of cortical
porosity results in an osteoporotic skeleton [28]. The observed shifts in bone
remodeling that occurs as aging advances have been attributed to defective
bone formation in which bone researchers have shown a corresponding shift

towards increased bone marrow adiposity [29, 30].

On the other hand, secondary osteoporosis is caused by diseases and their
associated treatments. Various types of diseases can increase the incidence of
osteoporosis. Osteogenesis imperfecta and cystic fibrosis are a few types of
genetic diseases that can lead to waning of bone mass and strength. Whereas
metabolic disorders serve as another major factor that can promote
osteoporotic bone loss including obesity and diabetes mellitus [31].
Glucocorticoid based treatments, such as immunosuppressing or anti-
inflammatory drugs, can also lead to net bone loss overtime [32]. Risk factors

that promote the incidence of osteoporosis are categorized as either modifiable
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or non-modifiable [26]. Some of these risk factors include lifestyle habits such
as smoking, alcohol consumption, physical inactivity, dietary calcium
deficiency and obesity which are considered modifiable. Conversely, gender,
age, race, and genetic characteristics are some of the non-modifiable risk
factors for osteoporosis [26]. Osteoporosis is a complex polygenetic disease,
with several underlying drivers, and is largely why there hasn’t been any

developments towards a cure to bring back a normal level of bone mass.

1.3 Current Osteoporotic therapeutics

Several pharmacological drugs are currently available to treat osteoporosis
and are classified into one of two types. Anabolic-based treatments can directly
stimulate the formation of new bone and anti-resorptive-based treatments can
inhibit osteoclast function to prevent resorption of bone. Of these two classes,
only the anabolic drugs have the unique ability to build new bone de novo that
can result in a net gain in bone mass and lead to improvements of cortical and
trabecular mass and microarchitecture. Currently available osteoanabolic
drugs include Teriparatide and Abaloparatide which are based on a well-
known signaling pathway: parathyroid hormone (PTH) and PTH related
protein (PTHrP); respectively.

Teriparatide and Abaloparatide are both based on the first 34 amino acid
sequences that have been shown to have biological effects of the native PTH
hormone 1-84. Additionally, Abaloparatide also has additional benefits since it
employs an 8 amino acid substitution in the 20-34 region of the protein [33-36].
These changes account for the additional benefits of improved skeletal
response found between the two drugs. Both agents stimulate the signaling
receptor PTH1r to promote bone metabolism such as in increasing the number
of OBs, from their osteochondro-progenitors, and also stimulate their bone

formation activity at active remodeling sites that can occur in either trabecular
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and endocortical bone surfaces [35-38]. Osteoclastic driven bone resorption is
subsequently stimulated as a result of prolong use of these PTH based
treatment and is believed to be the major contributor of the well-known waning
anabolic effect of teriparatide and abaloparatide. Due to waning anabolism
overtime and medications are generally limited to prescriptions no longer than

2 years only.

Romosozumab is the most recently developed osteoanabolic pharmacological
agent approved by the FDA. It is a humanized monoclonal antibody that
inhibits sclerostin, a Wnt signaling antagonist [39, 40]. By doing so
Romosozumab can inhibit the effects of sclerostin as a natural inhibitor of bone
formation [41]. Romosozumab has an additional benefit over teriparatide and
abaloparatide by also inhibiting RANKL signaling. This additional benefit
addresses the limitations associated with increased osteoclast activity [42, 43].
Since Romosozumab can also wane over time, treatment is limited to 12
monthly doses but, unlike PTH-based drugs, does not have any lifetime
exposure limits in place. BMD can continue to improve after treatment with
osteoanabolic based drugs, BMD has been shown to maintain when
osteoporotic patients transition by taking anti-resorption based drugs

afterwards.

Anti-resorptive based drugs are the other major type of pharmacological
treatment available consisting of bisphosphonates, Denosaub, and selective
estrogen receptor modulators (SERMs). Bisphosphonates primarily affect
OCL survival and activity by inhibiting the mevalonate pathway [44].
Alendronate, risedronate, and ibandronate are the most commonly used
bisphosphonates and their administration is not limited as is the case for
osteoanabolic agents. Treatment can range from weekly to yearly

administration schedules where bone resorption activity can decrease up to
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70% depending on the specific type of bisphosphonate used [45]. Increases in
BMD were shown after 3-4 years of treatments that successfully led to the
reduction of fragility fracture risk. While bisphosphonates are well tolerated,
osteonecrosis of the jaw and atypical femoral fractures are rare side effects that

are known to occur in less than 0.1% of osteoporotic patients [46-48].

Denosaub is the only currently available RANKL antibody available to treat
osteoporosis. Like Romosozumab, Denosaub neutralizes its intended protein
target, and in this case is RANKL, thus preventing the recruitment of OCLs.
Denosaub treatment was able exhibit improvements in BMD over what was
achieved with bisphosphonates-based treatments and a reduction in fracture
risk for a period of up to 10 years [49]. The discontinuation of Denosaub results
in one of the associated limitations as there is a subsequently return of OCL
mediated bone resorption that are at greater levels than found at during
pretreatment. Such rapid bone loss leads to the return of increased risk of
fragility fractures making such treatment temporary and moderately
inefficacious [50, 51]. Necrosis of the jaw and atypical femoral fractures are
other rare yet significant side effects. The limitations described amongst the
various types of osteoporotic drugs suggest that a much deeper understanding
on how to shift bone remodeling activity is required. It is possible that
researchers will be able to manipulate bone remodeling to promote bone

formation and effectively treat osteoporosis.

MSC based therapies are a non-pharmacological and promising approach to
treat osteoporosis. Bone researchers have come to understand that age related
development of osteoporosis could be due to the reduction of the number and
function of bone and bone marrow derived mesenchymal stromal cells.
Populations that include skeletal stem cells, OBs, and fibroblasts that may be

a major contributor towards the shift in BR often seen at advanced age [52-55].
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Interestingly, stem cell research has pointed towards using MSCs based
regenerative therapies to treat various diseases such as osteoporosis. MSC
make ideal candidate as a cell therapy due to their ability to remain
undifferentiated, self-proliferate, while also having multi-lineage
differentiation capacity. Therefore, MSC based regenerative therapies could
replace the MSC populations lost throughout the advancing of age [56]. An
additional benefit of MSC based therapies is the ability to harvest MSCs from
several tissue types such as bone marrow, adipose tissue, umbilical cord,
placenta, dental pulp, and tonsil. Additionally, extensive work demonstrating
the potential of MSCs to treat osteoporosis after transplantation. regardless of
MSC subtype transplantation into osteoporotic rodent models all showed

improved bone density parameters [57-60].

Bone marrow MSCs are the most extensively studies across several OVX
animal models [57-60]. While regenerative medicine has shown great promise,
only a few MSC transplantation clinical trials have been conducted but have
not reported their findings (NCT02566655, NCT01532076). Several limitations
first must be addressed for MSC based therapies to be successful. Limitations
need to be addressed for MSC bases therapies to be successful. The self-
renewal capacity of MSCs poses a major risk in tumor progression and
metastasis. A meta-analysis revealed an increased incidence of tumor
metastasis post MSC transplantation [61]. The formation of a thrombus is
another well known limitation that has proven fatal [62]. Addressing the
lIimitations associated with MSC based therapies would make stem cell

transplantation a feasible strategy to prevent or treat osteoporosis.
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1.4 Bone cells that mediate bone formation

The OB and OCL cell populations are two key cell types that are involved in
maintaining homeostasis through the process of bone remodeling. While the
cellular behaviors of these bone cells are spatially and temporally coordinated,
they have very different characteristics starting with how they are derived.
Bone-forming osteoblasts originally develop from mesenchymal stem cells
residing in the bone marrow. These multipotent populations have the potential
to differentiate towards adipo-, myo, chondro-, and osteo-genic lineages
depending on which regulatory transcription factors activity is prompted. Both
Bmpl and Wnt signaling promote differentiation into osteoblasts [63]. At
which point osteoblast progenitors progress from the precursor stage and into
functional mineralizing osteoblasts (Figure 1). As the end of a bone remodeling
cycle approaches, mature osteoblasts undergo apoptosis while smaller
proportion become bone lining cells or osteocytes [64-66]. About 50- 70%
osteoblasts undergo apoptosis with the remainder differentiating into bone
lining or osteocytes (Figure 1). Bone lining cells can go on to redifferentiate
into osteoblasts as needed [67, 68]. On the other hand, embedded osteocytes
become part of the extensive lacuno-canalicular network that connects the

bone lining, osteoblasts, and other osteocytes.
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Figure 1. Bone cell populations primarily consist of osteogenic and osteoclast
populations that function in maintaining bone tissue homeostasis. A)
Osteogenic populations are the bone cells that promote bone growth via a
process of mineralization and consisting of 3 subtypes of cells: mesenchymal
(MPs), osteogenic (OPs) and osteochondro progenitors (OCPs), osteoblast
(OBs), and osteocytes (OSs). Conversely, osteoclasts (OCLs) are the bone cell
populations that remove old and damaged bone throughout adulthood.

Osteocytes are the most abundant and longest-lived specialized cell type found
in bone. These terminally differentiated cells form a lacuna shortly after they
are engulfed into the newly formed bone. Once fully differentiated, their
cellular morphology changes and acquires dendritic-like processes while also
losing over 70% of their organelles and cytoplasm [69]. The star-like cell shape
aids becoming part of the lacunar-canalicular network needed to maintain
contact with neighboring bone cells needed to maintaining bone homeostasis
[70]. As previously mentioned, biological stimuli initiate bone remodeling
where signals are detected and relayed by osteocytes [9]. Typically, physical
forces that result in mechanical strain and microdamage to the skeleton serve

as the biological stimuli that lead to the activation of osteocytes.
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Mesenchymal stromal cells play a crucial role in maintaining a constant supply
of osteogenic precursors that is required for the formation of new bone (Figure
1). Recent advancements in our understanding of MSC osteogenic
differentiation and associated mechanisms have expanded. For example, long
bones have been found to house various stem cell niches with unique properties
yet contribute towards maintaining bone homeostasis. These niches house
skeletal stem cells and have been found in various bone compartments such as
the superficial zone of articular cartilage, epiphyseal growth plate, periosteum,
and the perivascular niche in the BM. All of which share the capacity to
become osteogenic populations that can go on to maintain bone formation
activity [71-79]. Underlying mechanisms such as MSC migratory behaviors
have shown to influence the microstructures of bone tissues that could promote
appropriate bone formation [80]. Additionally, the MSC cytoskeleton has been
found to play a role in mediating adhesion with ECM and promote
differentiation by altering cell shape [81, 82]. As mentioned previously,
disruption in the MSC supply towards providing osteogenic precursors is what
researchers now understand how BR shifts towards an osteoporotic skeleton

state.

1.5 The osteoclastic lineage and their role in bone resorption

OCLs are the other key cell type involved in maintaining homeostasis through
its role in bone resorption. Unlike the cells of the osteogenic lineage, OCLs are
derived from the hematopoietic lineage [83]. OCLs are the other key cell type
involved in maintaining homeostasis through its role in bone resorption
(Figure 1). During development, OCLs derived from embryonic erythro-
myeloid progenitors to aid in the formation of the bone marrow compartment.

Here, hematopoietic stem cel (HSCs) and their immune progenitors can be
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maintained [84, 85]. Postnatally, HSC derived monocyte/macrophage

precursors can become mature OCLs. [86-88]

Macrophage colony-stimulating factor 1 (MCSF-1) and receptor activator of
NF-xB ligand (RANKL) are key cytokines that are secreted by osteoblast,
osteocytes and stromal populations in response to PTH signaling [89].
Together, CSF-1 and RANKL promote the differentiation of precursor cells into
mature OCLs by proliferating, undergo cellular fusion, and become large
multinuclear cells [90-92]. Resorption begins once mature OCLs attach to the
local bone matrix and become polarized. At which point, specialized
membranes form such as the sealing zone, the ruffled border, and the
functional secretory domain to contain secreted vesicles containing H* ions,
metalloproteinases, and cathepsin K. At which point collagen is degraded and
calcium and phosphate is released from bone [93]. After about 2-4 weeks,

resorption is completed and the multinucleated OCLs undergo apoptosis.

1.6 Cellular energy metabolism of bone cell populations

Recently, bone researchers have begun to appreciate the complex mechanisms
the various cell subpopulations use to generate cellular energy to meet the
demands of BR. The dynamic nature of bone energy metabolism has garnered
much more appreciation to that of other more well studied fields such as in
neuroscience and cardiovascular biology. As is the case with other tissue types,
cellular energy metabolism has been shown to play an integral part amongst
the various types of bone cell populations. For example, bone tissues were
understood to have mostly a hypoxic microenvironment that is very low in
oxygen. Oxygen being a key player as the final electron accepter of oxidative
phosphorylation; a major pathway to generate cellular energy ATP. Under

these hypoxic conditions osteoblasts and their MSC derived progenitors were
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found generating energy primarily through the glycolytic pathway in early
studies [94, 95].

Interestingly, new technologies have enabled improved measurements of
oxygenation and vascularization in vivo of bone tissues [96]. These recent
studies have demonstrated that while bone marrow remains to be a hypoxic
microenvironment, bone tissues have instead found having a vascular network
consisting of capillaries with a pO2 of about 4%. Only osteogenic progenitors
are now believed to generate ATP via glycolysis while having low oxidative
phosphorylation activity [97-100] and is a common characteristic of other stem
like cell populations [98, 101, 102]. In their undifferentiated state,
osteoprogenitors are able to preserve low levels of reactive oxygen species
(ROS) and maintain an overall reduced cell state. Conditions that are key for
maintaining stem cell like cell populations by keeping genomic and

mitochondrial DNA damage at minimal levels.

Differentiated osteoblasts and osteocytes, conversely, have been found to
exhibit higher rates of oxidative phosphorylation. As osteoprogenitors undergo
differentiation a metabolic shift occurs towards oxidative phosphorylation as
it is upregulated and oxygen consumption increases, mitochondrial fusion and
enlargement occurs during osteoblast commitment [98]. The complex functions
of osteoblasts and osteocytes require oxidative phosphorylation for the
generation of sufficient ATP levels. Like other highly specialized cells,
osteoblasts require metabolite precursors and molecular intermediates for the
building blocks of extracellular matrix deposition and mineralization. With
collagen type 1 being the about 90% of the organic matrix of bone self-assembly
of mature collagen requires oxygen and a-ketoglutarate [103]. Such osteoblast
related functions support the need for increase oxidative phosphorylation

activity. Ldha is a glycolytic enzyme involved in fermentation that primarily
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functions during anaerobic glycolysis which is pivotal in maintaining the pool

of NAD* under hypoxic conditions [104].

1.7 ECM role in maintain bone homeostasis

The loss of bone strength is a major health challenge for postmenopausal
women and elderly men as over 50% women and 20% men will experience a
fracture within their lifetime [17, 18, 22]. Typically, BMD measurements have
been the most widespread tool to assess fracture risk but has recently been
found to be only one of many indicators of bone health (89). Researchers have
come to appreciate the composition of the bone tissues and their role in
influencing bone quality such as the proportion of hydroxyapatite, type I
collagen and other non-collagenous proteins (NCPs). Biophysical properties
such as the type of collagen crosslinking and its effect on hydroxyapatite
crystal formation are also critical for bone strength [105]. Additionally, the
ECM structure can influence bone quality. All of which can independently
contribute to the increased risk of fractures while not meaningfully decreasing

BMD.

The study of osteoporosis in animal models and human patients has
highlighted alterations to bone microarchitecture in addition to reductions in
bone mass. Both, cortical and trabecular bone types accumulate changes to
their microstructures overtime. In cortical bone, reductions in bone tissue
density, along with a corresponding increase in cortical porosity, is a trend that
continues to worsen throughout age [106]. Trabecular bone shares a similar
trend as reductions in number, thickness, and degree of trabecular connectivity
are also observed. All of which become increasingly severe throughout the
progression of osteoporosis [107]. As these alterations to the microarchitecture

continue to accumulate, the bone’s ability to translate mechanical stimuli into
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biological signals continually dampens, compounding the acceleration of

osteoporosis.

Collagen crosslinking are changes to the ECM that cause loss of bone quality
and represent post translational modification involved in modulating tensile
strength and elasticity of bone tissues [108]. There are two major types of
modifications: enzymatic and non-enzymatic that occur during the collagen
maturation process. Enzymatic crosslinking occurs at the ends of two adjacent
collagen molecules resulting in the stable and non-reducible conformation.
Such stable conformation is understood to have a beneficial impact on bone
strength [108, 109]. On the other hand, non-enzymatic crosslinks are
detrimental to bone strength and can form within and across neighboring
collagen fibers in a semi random pattern. These are called advanced glycation
end products that accumulate with age and disease [108]. The resulting
sporadic pattern in an altered spatial distribution and is why bone quality and

strength are negatively impacted.

1.8 Gene regulatory networks associated with maintaining bone homeostasis.

The coordination amongst the various types of bone cells is a requirement for
the maintenance of bone mineral density that is accomplished through complex
gene regulatory networks (GRN). GRNs consist of key transcription factors and
the network of genes they regulate. These GRNs are responsible for the
spatiotemporal coordination of the cellular behaviors involved in building
functional bone during development and in the maintenance of bone tissue in
adults. TFs are regulatory proteins that mediate developmental, cell renewal,
and differentiation processes involved in maintaining tissue homeostasis

through direct DNA binding interactions. TFs can be regulated at multiple
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levels and that include interacting with binding partners to fine tune
expression by either activating or repressing target genes. Typically, TFs
respond to intrinsic cues, such as development and differentiation, and
extrinsic cues, such as environmental signals [110]. Any alteration to TF
expression can lead to overall dysregulation of a given cellular process and lead
to the deterioration of tissues such as the case for osteoporosis. Understanding
how the changes in TF expression can alter throughout aging should shed light
on the underlying gene regulatory mechanisms that occur as bone remodeling

shifts towards overactive bone resorption.

Runt-related transcription factor 2 (Runx2) is a key TF that has been shown
to be a “master” regulator of osteogenesis [111]. Expression is found in both
the osteoblast lineage cells and chondrocytes and is essential for chondrocyte
maturation and osteoblast differentiation [4]. Such functions suggest that
Runx2 coordinates the cellular behaviors associated with the endochondral
ossification process needed to build and maintain bone. Runx2 knockout
studies highlighted mice lacking Runx2in osteoblast populations display lower
body weight, and unmineralized calvaria [112-115]. Additionally, key ECM
proteins such as Collal, Colla2, Sppl, Ibsp, and Bglap/Bglap2 were reduced
when Runx2 was absent. RunxZ2 also indirectly mediated OCL activity by up
regulating the expression of RANKL [116, 117]. Additionally, absence of
Runx2, also affected chondrocytes maturation at the growth plate as there
were no hypertrophic populations found [118, 119]. Whereas overexpression
had the opposite affect leading to accelerated chondrocyte maturation and
endochondral ossification. The overexpression even led to the articular

cartilage to undergo endochondral ossification [120, 121].

Transdifferentiation of hypertrophic chondrocytes was also affected when

Runx2 was absent. Hypertrophic chondrocytes were once believed to be
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terminally differentiated but have recently been shown to be a source of
osteogenic cell populations that contribute to endochondral ossification [122-
124]. In Runx2f, Coll0al-Cre mice, transdifferention was disrupted as an
increased number of hypertrophic chondrocytes was found to undergo
apoptosis instead. The finding suggests a role for Runx2 in mediating the

transdifferentiation of hypertrophic chondrocyte into osteoblasts [125].

Another key TF that regulates key aspects of the osteogenic lineage is Osterix
(Osx/Sp7). Osx shares a similar expression pattern as Runx2 and is found
amongst the various bone compartments. Interestingly, knockout studies,
using Sp 7/ mice, determined that Runx2 expression was unaffected indicating
that Runx2 transcription is not directly or indirectly dependent on Osx.
However, Runx2’ mice lacked Osx expression suggesting that Runx2 is
upstream of Osx [126]. Sp77 mutants died at birth and lacked any formation
of embryonic bone. Whereas conditional deletion led to a reduced number of
OBs and affected OS cell shape by resulting in fewer dendrites [127].
Additionally, the lack of Osx greatly reduced key bone metabolism genes
among OBs and OS populations [127]. Taken together, research has
demonstrated the importance of TFs Sp7 and Runx2 in regulating the cells
that underpin endochondral ossification from both chondrogenic and

osteogenic lineages.

1.9 Mef2c functional contributions to bone.

Myocyte enhancer factor 2 C (Mef2co) is part of the MADS family of proteins
and is one of four members of the MEF2 family that include Mef2a, Mef2b, and
Mef2d. During embryogenesis, Mef2C expression is found in many different
cell types such as cardiac muscle, skeletal muscle, neural, chondroid, immune,

endothelial, and bone cells to regulate tissue specific gene expression. Global
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deletion of MefZcis lethal due to improper looping morphogenesis of the heart
tube and abnormal right ventricle development [128]. MefZc deficient mice also
exhibited reduced brain sizes with neurons that were found not able to mature
[129]. A similar expression trend was found postnatally and was best
characterized in skeletal muscles [130-132]. Condition deletion studies, using
a skeletal muscle specific Cre-recombinase, suggested that MefZc was needed
for muscle tissue homeostasis. The KO mutant skeletal muscles were able to
differentiate normally during embryogenesis but subsequently deteriorated
and the sarcomere fiber organization became disorganized [133]. More
recently, Mef2c was recognized as a key cardiogenic transcription factor, along
with Gata4and Thx5, by work done by Yamanaka [134]. These reprogramming
factors were shown to be able to directly reprogram fibroblast cells into
cardiomyocytes. Such work highlights the importance of MefZcin establishing

cell fates in stem like populations.

In bone tissues, MefZc has been shown to mediate key physiological processes
that resemble the function of key osteogenic master regulators Runx2and Sp7.
Bone-specific Cre recombinase studies have shown developmental and
postnatal affects that impacted overall bone tissue quality and strength. Such
work has resulted into two major functions that appear to be mediated by
MefZc expression. Expression that is found amongst osteogenic populations
and their MSC derived progenitors. Conditional knockout studies shared a
similar skeletal phenotype when targeting OBs (Col/I) and OSs (Dmpl)
populations [135, 136]. Both of the adult Mef2c mutant genotypes had
increased bone mass that later was shown to be a direct result of
downregulating Sost, a key regulator of bone formation [137]. Mef2c functions
as transcriptional activator that is needed to maintain bone mass and later

shown to be upstream of the Wnt amongst OS populations [135]. In vitro
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studies also demonstrated Mef2¢ function in OB populations that were

sensitive to anabolic pathways such as PTH [138].

Another line of evidence/research hase uncovered Mef2c function in MSC
populations that has been shown to impact bone tissue homeostasis. Early
work showed 7wistl specific deletion of Mef2c in osteogenic precursors
resulted in mice exhibiting shorted long bones due to impaired endochondral
ossification and delayed ossification of bone [139]. Additional cell cultures
studies shed light on how Mef2c may be functioning in specifying the
osteogenic lineage in mesenchymal progenitors [140]. Researchers found that
hypertrophic gene (Col10al, Ihh, and Ibsp) expression changed in response to
modulating MefZclevels in cultured human MPC [140]. Similarly, Mef2clevels
diminished in response to hypoxia that also attenuated hypertrophy in ATDC5
cells; a chondrogenic cell line that originated from mouse teratomcarcinoma
cell populations. [141]. Such findings suggest Mef2c is playing a key role
during transdifferentiation and is involved in mediating transcriptional

changes that are needed to switch between osteo- and chondro-lineages.

MefZc function was most recently described in the bone resorbing OCLs. An
earlier study unexpectedly revealed that Dmpl mediated MefZc deletion
resulted in decreased OCL resorption surface area but was not made clear if
the observed phenotype was a direct effect of Mef2c deletion [136]. Very
recently, MefZ2c function in OCLs was confirmed in both in vitro and vivo
experiments. Mzx1-mediated deletion led to mutants exhibiting HBM
phenotype in a similar trend as found in osteogenic studies [142]. The Mef2c
deficiency in OCL precursors showed a reduced differentiation capacity to
become actively resorbing cell types. Interestingly, monocyte precursors
isolated from the synovial fluid of rheumatoid arthritis patients had increased

MEF2C expression levels [142]. A disease characterized by pathogenic bone
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loss due to overactive OCL activity. This work points to another mechanism by
which Mef2c¢ coordinates the cellular behaviors needed to maintain bone

mineral density.

1.10 Studying bone cell populations involved in bone remodeling

Isolating bone cell populations of interest is a key requirement involved in
understanding the cellular behaviors associated with bone remodeling. Due to
the inherent qualities of bone tissue, isolation procedures need to be capable of
digesting and removing mineralized bone thus presenting a widely accepted
lIimitation of bone research. Current experimental approaches to isolate
primary bone cell populations have been hampered in their ability to identify,
isolate, and study specific/discrete cells due to capturing heterogenous
progenitors populations of the MSC lineage. [143]. The various gaps that exist
in our understanding of the MSC-derived osteogenic lineages are due to the
unique practical issue associated with studying adult bone tissues.
Researchers are still not sure to what extent discrete cell subpopulations exist
within bone nor is the hierarchy among these MSC-derived lineages
exhaustively delineated. Additionally, the differentiation trajectory is not yet
understood to be linear or, instead, transdifferentiation and plasticity between
cell states of the osteogenic lineages further increases the complexity of
relationships among different cell types. Out of all the cells that make up the
osteogenic lineage, OSs are the most difficult to isolate given their entombed
locations within the lacunar-canicular network found throughout mature bone

tissues.

On the other hand, MSC are the most understood population associated with

the osteogenic lineage and is due to their relatively accessible location within
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the bone marrow compartment. The accessibility of MSCs has led to their study
as early as 1968 when researchers first reported that cells residing in the BM
could become cells of the osteogenic lineage [73]. Later, MSCs were also found
in other somatic tissues including, dental pulp, synovium tissues, and adipose
tissues all of which were shown to be able to differentiate into cells of the
mesenchymal lineage [144-146]. These are populations that have specific
features, as defined by the International Society for Cell Therapy, to include:
adhesion to plastic surfaces, expression of surface markers: CD44, CD90,
CD105, and CD73, lack expression of hematopoietic markers, and can
differentiate into OBs, CHs, and adipocytes [147]. The plastic nature of MSCs
has led towards their use in regenerative medicine and is currently an active
field of research to understand the endogenous mechanisms to aid in making
them suitable for transplantation-based therapies to treat diseases caused by
chronic inflammation [148, 149]. Single cell sequencing technologies will be
pivotal in uncovering key mechanisms amongst the relatively heterogenous

populations.

OBs and OS are osteogenic cells that are not as comparatively understood due
to their native locations within bone tissue. Traditionally, primary OBs have
been isolated from neonatal rodents as these tissues have yet to mineralize
[150, 151]. Subsequently, additional isolation methods were developed to study
primary OBs from aged samples to more accurately capture the conditions that
causes osteoporosis that is not possible using neonatal calvariae. Explant
culture methods, using 1-2mm bone pieces, enabled OB cell outgrowth in
cultures but was limited due to cell contamination form other bone residing
cell types [152, 153]. Enzymatic isolation methods have, more recently, been
adapted and i1s the preferred methods in obtaining homogeneous bone cell
populations [150, 151, 154]. Similar enzyme-based methods have been utilized

to isolate primary OS populations from neonatal calvaria and adult murine
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long bone but exhibit about 70% cell purity and is considered suboptimal [155].
Most recent isolation methods have incorporated flow cytometry in conjunction
with fluorescently labeled OS populations using Cre recombinase mixed with

the DMP1 or other bone cell specific promoter [156-158].

The difficulty in identifying and isolating skeletal bone cells has impacted bone
researchers in their ability to confidently interpret experimental results. For
example, assigning phenotypes to cell subpopulations is not clear due to
current isolation methods resulting in heterogenous cell populations. The issue
1s due to our limited understanding of bone cell subpopulations and the limited
selection of available bone cell markers that are adequately specific. The
circumstance has led to the inability to identify single populations of interest
as current markers typically target more than one subpopulation using
currently available markers [159, 160]. Cell culture experiments using isolated
primary bone cell populations further highlight the issues with accessing these
skeletal bone cells. The cellular composition of isolated bone cells is understood
to be inconsistent between experimental and control groups are believed to
influence the experimental results. A major factor to this observation is
attributed to the high degree of plasticity of MSCs and their progenitors
particularly in culture conditions. Such aforementioned factors are largely
believed to be a major contributor to the problem of experimental

reproducibility amongst bone researchers [161].

OCLs are the other major bone cell type involved in bone remodeling and
functions in the resorption of bone. These HSC-derived cell populations are
distinct from the cells of the osteogenic lineage and is reflected in the
experimental methods used to isolate and study primary OCLs. OCLs are
large, multinucleated cells that differentiate from myeloid precursors that

along with environmental cues and as result can be functionally heterogenous
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[162]. Unlike cells of the osteogenic lineage, primary OCLs cannot be isolated
from mice or humans and must be generated in vitro from precursor
populations [163-165]. To isolate the OCL precursor populations, bone marrow
1s isolated from murine hindlimbs and then Cd11b* populations are selected to
enrich for monocyte populations. Once done, Cdl11lb* OCL precursors are
cultured using media contianing OCL factors M-CSF and RANKL to induce
differentiation into multinuclear osteoclast populations after 5-7 days in
culture. The isolation and differentiation procedure does exhibit associated
limitations as there is a consensus that only a small percentage, at around
20%, of the populations are fully differentiated OCLs [162]. Factors that
researchersk need to consider when drawing conclusions using data collected

from using this method as it could lead to inconsistent and biased results.

1.11 Objective of study

Bone mass is maintained throughout life by a highly orchestrated process
called bone remodeling. The process is mediated by the cellular behaviors of
several bone cell types through the action TFs and their associated GRNs. By
understanding the GRN of key bone TF's, such as MefZc, will shed light on how
BR-related cellular behaviors are genetically programmed/regulated. Thus, my
objective is to characterize the Mef2c mediated transcriptome across bone cell
subpopulations to understand how MefZc contributes to bone tissue

homeostasis

In this dissertation, my aim is to study how Mef2c¢c programs the cellular

behaviors involved in maintaining BR by completing the following objectives.
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1. Develop a bone cell isolation method for downstream scRNAseq
experiments. Current bone cell isolations methods used in scRNAseq
show insufficient accessibility to OS in murine adult long bone-based
studies. Here, we develop an updated isolation protocol that successfully
obtains OS populations for using in scRNAseq experiments. The
isolation method incorporated several advantages such as using
fluorescent lineage reporters, optimized digestion steps, and flow
cytometry. These results are detailed in Chapter 2.

2. Characterize the Mef2c mediated transcriptome across different
osteogenic subpopulations involved in maintaining bone homeostasis. I
characterize genes that are affected in the absence of MefZc and
generate new hypotheses about how lack of Mef2c results in a HBM
phenotype, independent of Sost. Mef2c deficient bone cell
subpopulations were isolated and used in scRNAseq studies to
understand molecular changes that shifts BR at the single cell level.
These results are discussed in Chapter 3.

3. Characterize the MefZ2c mediated transcriptome amongst osteoclast
precursors during differentiation that are involved in functionally
resorbing bone during BR. MefZ2cdeficient OCL precursors were
differentiated in culture and subsequently used in RNA sequencing

studies. These results are discussed in Chapter 4.
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Chapter 2. Characterizing fluorescently labeled bone cell populations using

classical bone markers at the single cell level.

Cesar Morfin'?, Nicholas R Hum? Deepa K Murugesh?, Aimy Sebastian?, Gabriela G
Loots'?

'Molecular Cell Biology Unit, School of Natural Sciences, University of California,
Merced. CA USA

’Physical and Life Sciences Directorate, Lawrence Livermore, National Laboratories,
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Abstract

Efforts to study primary bone cell populations have been hampered due to the
inaccessibility associated with skeletal tissues. These practical issues have
limited our understanding of rare or inaccessible osteogenic populations such
as osteocytes (0OS). Our understanding of OS biology has been primarily
expanded through the development and use of various OS cell lines such as
IDG SW3s. Whereas primary OS populations have not been intensively studied
since obtaining primary bone cells is a key requirement for understanding how
they function in maintaining bone homeostasis throughout adulthood. Such
inaccessibility has resulted in gaps of knowledge amongst osteogenic cell
populations such as how they function during endochondral ossification. OS
are terminally differentiated osteogenic cells that are believed to arise from
osteoblasts (OB) populations during the bone formation where they serve
multiple bone and non-bone functions and are one of the most inaccessible bone
cell type. Robust OS transcriptomic data needs to be generated to understand
how these cells function and yet there is minimal data available using the
latest single cell RNA sequencing (scRNAseq technologies). Here, we present a
method to isolate primary osteogenic populations from adult murine long bones
using bone specific fluorescent reporters Dmp1-Cre; A19, Bglap-Cre; A19, Ctsk-
Cre; A19, and Col2-Cre; A19 for downstream scRNAseq analysis. The present
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protocol is adapted from serial digestion methods that was optimized to
increase efficiency of capturing a sufficient number of osteogenic populations
for downstream scRNAseq via fluorescently labeling specific bone subtypes.
Successful scRNAseq of captured osteogenic populations identified various
bone cell populations such as: mesenchymal progenitors (MP),
osteoprogenitors (OP), osteochondro progenitors (OCP), adipo Cxcll2
abundant reticular (aCAR) cells, OB, OS, and chondrocytes (CH) with some
populations exhibiting several subtypes. A preliminary examination of single
cell transcriptional signatures shed some light on the lineage of OS
populations. Namely, OB differentiation may not be the primary method of
deriving OS populations which serves as an example of the promise from
successfully obtaining single cell data from rare osteogenic populations. In
summary, the present protocol is suitable for obtaining osteogenic populations,
including rare subtypes, for scRNAseq based experiments and will be pivotal
in understanding the discrete molecular mechanisms each respective bone cell
employs to maintain bone homeostasis and under disease states such as

osteoporosis.

Introduction

Single cell RNA sequencing (scRNAseq) is one of the latest technologies that
has provided extensive information towards understanding the complex and
heterogenous cellular behaviors that underpin tissue development and
homeostasis. Such expansion was possible as researchers are capable of
determining the diversity of cell types [166-169], identify novel cell types [160,
170] and understand the different stages of differentiation for a given cell type
[171-173] by employing scRNAseq-based approaches. Additionally, single cell

approaches can be complemented by supporting in vivo and ex vivo functional
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studies to aid in understanding of the cellular compartment of an any organ of
interest. In employing scRNAseq technologies, there is a key consideration for
the success of such experiments such as the cell isolation method of choice.
Isolation methods are selected based on the ability to capture viable cell
populations of interest. Typically, cell isolation is done by tissue dissociation-
based methods that release cells of interest from their endogenous locations
but also in cellular debris, doublets, and non-viable cells that subsequently
need to be removed via flow cytometry. That is why scRNAseq based methods
will be pivotal in the field of bone research by expanding our understand how

various bone cell populations behave during homeostasis and in disease.

Bone is a mineralized tissue that is constantly undergoing renewal in order to
maintain homeostasis and strength in a process called bone remodeling.
Amongst post-menopausal women and older men, bone remodeling becomes
less efficient at replacing bone and results in the accumulation of old and
brittle bone. Overtime, these conditions lead to the development and
progression of an osteoporotic skeleton. A skeletal disease that is characterized
by compromised bone strength and is accompanied with increased risk of
fracture as defined by the National Institutes of Health Consensus
Development Panel on osteoporosis [16]. While several therapeutics have been
developed to treat osteoporosis, there currently is no cure to stop the overall
deterioration of the skeletal system in aging individuals. Efforts to understand
the underlying conditions that cause the loss of bone strength are not well
understood as various gaps of knowledge exists amongst the bone cells that

function in maintaining bone tissue homeostasis.

The incorporation of scRNAseq approaches to the field of bone biology will lead
to an expanded understanding of the underling cellular behaviors involved in

maintaining bone tissue homeostasis. Early scRNAseq studies have
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demonstrated the strength of the approach in bone such as identifying
mesenchymal progenitors that potentially support bone tissues. Chan and
colleagues described skeletal stems cells found at the perinatal growth plate in
both murine and human [174, 175]. Another scRNAseq study identified a novel
population of chondrocytes that behave as a transient mesenchymal precursor
population [176]. A stem cell population was also found on the periosteum of
bone that had both chondrogenic and osteogenic potential ath [160]. Such
studies suggest that skeletal bone maintenance is mediated by the existence of
separate and anatomically distinct pools of stem cell populations. Novel
subtypes are not limited to only mesenchymal progenitors but also adipo
progenitors as well. Zhong found a unique progenitor that expressed adipocyte
markers but was phenotypically distinct from other early adipocyte
progenitors. These populations were shown to be critical in regulating the bone

marrow environment and bone formation [177].

A few other scRNAseq based studies focused on osteoblast heterogeneity
known to exist within the osteogenic lineage. Primary bone cells were isolated
from neonatal calvaria via selection of 2.3kb Collal-labeled populations and
found subpopulations representing the various osteoblast maturation stages,
and different functional states [178]. While the continued efforts to study bone,
at the single cell level will provide key insights of the underlying cellular
biology, the success of these studies rely on existing primary bone cell isolation
methods. To date, there have been no successful reports profiling osteocyte
populations from adult long bone using scRNAseq. Osteocytes represent the
most common cell type found in bone and yet their isolation has proven

troublesome.

In the present study, we report on an isolation method to obtain primary

osteogenic cell populations from adult murine long bones using several bone
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specific tdTomato reporter mice. tdTomato reporter mice were bred with
DmpI-cre (Dmpl tdTomato), Bglap-cre (Bglap tdTomato), Ctsk-cre (Ctsk
tdTomato), and Col2-cre (Col2 tdTomato) to label and enrich various types of
bone cell subpopulations during primary bone cell isolation. The various
fluorescent reporters were utilized to aid in selecting the different bone cell
subpopulations. Dmpl Cre expression is limited to osteocytes and mature
osteoblasts and is why it’s often used as an osteocyte marker [179]. Bglap Cre
has been recently adopted to target osteoblast populations [179-181]. Ctsk Cre
have been commonly used to conditionally target the osteoclast populations
that mediate bone resorption [182, 183]. The last marker used was Col2 Cre
has been extensively used to study chondrocytes, another key bone cell type
[139, 184, 185]. To obtain primary osteogenic populations, a modified digestion
protocol was developed specifically for downstream scRNAseq experiments.
Successful 1solation of primary bone cells for subsequent scRNAseq studies will
be pivotal in understanding the complex nature of osteogenic lineage and their

ability to mediate bone formation needed to maintain bone homeostasis.

Methods

Reagents

1. Collagenase solution I: 7.5 mg/ml Collagenase I (Worthington) dissolved
in oMEM + 100 ug/mL DNase I (Roche, catalog no. 11284932001). (2
ml/pair of femur or tibias)

2. Collagenase solution II: 3.75 mg/ml Collagenase I (Worthington)
dissolved in a-MEM + 100 ug/mL DNase I (Roche, catalog no.
11284932001). (2 ml/pair of femur or tibias)

3. EDTA solution: 100mM dissolved 1x PBS (Ca2* & Mg?* free) containing
0.1% bovine serum albumin (BSA). (2 ml/pair of femur or tibias)

4. 1x PBS (Ca?* & Mg?* free) containing 1% FBS.
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Reporter Mice

All animal experimental procedures were completed in accordance with
guidelines under the institutional animal care and use committees at
Lawrence Livermore National Laboratory under an approved protocol by the
IACUC committee and conform to the Guide for the care and use of Laboratory
animals. Dmpl-Cre (The Jackson Laboratory, BarHarbor, ME; B6N.FVB-
Tg(Dmpl-cre)1Jqfe/Bwdd; stock number: 023047), Bglap-Cre (The Jackson
Laboratory, BarHarbor, ME; Tg(BGLAP-cre)1Clem; stock number: 019509),
Ctsk Cre[182], and Col2a1-CreER [184] mice were bred with A79reporter mice
(The Jackson Laboratory, BarHarbor, ME; Gt(ROSA)26Sor(tdTomato-WPRE)
stock number: 007909) for fluorescent labeling of bone cell populations [186,
187]. Genotyping was carried out by PCR. All mice were born at expected
Mendelian rations and animal experiments were carried out in accordance
with set by the Institutional Animal Care and Use Committees at University

of California, Merced, and Lawrence Livermore National Laboratory.

Single-cell ENA sequencing

16-week-old male Bglap A19, Dmpl A19, Ctsk Ai9, and Col2 Ai9 reporter mice
(N=3/genotype) were used to isolate primary bone cell populations by isolating
hindlimbs via dissection. Tissues were thoroughly cleaned of extraneous
tissue. Thoroughly clean femurs and were next processed by opening the bone
marrow cavity to remove the bone marrow followed by 2x PBS washes. Bones
were next minced into 1-2mm fragments using surgical scissors and placed into
8ml of 7.5mg/ml Collagenase (Worthington Biochemical, Lakewood, NJ; CLS-
1) digestion solution and 100 pg/mL DNase I (Roche, Basel, Switzerland;
11284932001) in DMEM/F12 for 30 min at 37°C on a shaker at 150 rpm. Next,

the digestion solution was transferred to a 50ml conical tube and washed with
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1x PBS. Add 8ml of 100mM EDTA and incubate for 30 min at 37°C on a shaker
at 150 rpm. Transfer digestion solution to 50 ml collection tube. Repeat
alternating digestion steps using Collagenase and EDTA solutions for a total
of 9 digestion incubations. Contaminating red blood cells were lysed by adding
ACK (ThermoFisher Scientific, Waltham, MA, USA; A1049201) to collection
tube containing isolated bone cells followed filtering out cellular debris using
a 100pm nylon cell strainer. Further enrichment of bone cell populations was
carried out by flow cytometry. Bone cell suspensions were incubated in
Biolegend antibodies APC/Cyanine7 anti-mouse CD45 Antibody (Clone: 30-
F11) and anti-mouse APC Ter119 at a 1:100 dilution in PBS+1%FBS. Dapi was
used for viability staining. Viable CD45/Ter119" populations were sorted from
unlabeled cell captured from b6 mice and CD45/Ter119/tdTomato* sorted
from each respective Ai9 reporter mice with flow cytometric analysis
performed on a BD FACSMelody system. Isolated CD45/Ter119/tdTomato*
bone cell populations were sequenced using Chromium Single Cell 3’ Reagent
Kit and Chromium instrument (10x Genomics, Pleasanton, CA). Library
preparation was performed according to manufacturer’s protocol and sequence

on an Illumina NextSeq 500 (Illumina, San Diego, CA, USA).

scRNAseq data analysis

Generated scRNAseq data was processed as per 10x Genomics Cell Ranger
software (version 6.0.0) manufacturer’s recommended protocols (10x
Genomics, Pleasnaton, CA, USA). Once biological samples were sequenced by
the Illumina NextSeq 500 sequencer, and the base call files (BCL) were
demultiplexed into FASTQ files using the Cell Ranger ‘mkfastq’ command.
Data was aligned to the mouse reference genome (mm10) barcoding counted,
and unique molecular identifier (UMI) counted performed using the ‘count’

command.
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The remainder of the analysis was performed using the R package Seurat to
perform quality control and subsequent analysis on the feature-barcode
matrices produced by Cell Ranger (version 6.0.0;10x Genomics, Pleasnaton,
CA, USA). Resulting output file were read into Seurat v3 and cells with less
than 500 detected genes/cell and genes that expressed in less than 5 cells were
filtered out. Both dead cells and doublets were also filtered out from further
analysis. Afterwards, the data was normalized by employing a global-scaling
normalization methods ‘LogNormalize’ and a set of highly variable genes were
identified. Next, the data was scaled and dimensionality of the data was
reduced by principal component analysis (PCA) with cells grouped into an
optimal number of clusters for de novo cell type discovery using Seurat’s
‘FindNeighbors’ and ‘FindClusters’ functions. At which point a non-linear
dimensional reduction was performed via uniform manifold approximation and
projection (UMAP) and various clusters were identified and visualized.
Seurat’s ‘FindAllMarkers’ function was used to identify marker genes per
cluster. The various immune and osteogenic cell types were characterized in
detail by their respective cell type-specific markers to identify population

subtypes.

Statistical analysis

R statistical software and Graphpad Prism were used for statistical analysis.
One-way ANOVA and student’s t test were used to determine statistically
significant differences of mean values. Pvalue of < 0.05 were considered

statistically significant.
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1. Harvest and processing of Ai9reporter mouse long bones

a.

Ai9 reporter mice were obtained and euthanized at 16 weeks of
age.

Leg bones (femora and tibiae) were isolated from each mouse and
thoroughly cleaned to remove muscle and connective tissues from
skeletal tissues.

Transfer prepared bones to biosafety hood and place into a 6 well
(1 replicate per well containing 10ml of 1x PBS (1% FBS). *Sets
of bone were processed individually then combine for thorough
processing of each bone.

Gently crush bone to open marrow cavity and thoroughly wash
bone fragments with 1x PBS solution (BM fraction).

Marrow depleted bone fragments are next minced with surgical

scissors to yield ~1-2mm fragments.

2. Serial digestion and fractionation of adult mouse long bone

a.

Wash and transfer bone fragments to a 15 ml conical tube
containing collagenase I solution and incubate for 30 min @ 37°C
on a shaker (150rpm).

Collect collagenase solution from 15 ml conical tube and wash
bone fragments with 1x PBS to collect remaining residual cells.
Combine digestion and wash solutions into a separate 15 ml
conical tube and centrifuge @ 500 x G for minutes at 4°C to pellet
cells then resuspend in 2ml of complete media and store on ice
until bone digest is completed. (Fraction 1).

Add 100 mM EDTA solution to 15 ml conical tube containing bone
fragments and incubate for 30 min @ 37°C on a shaker (150rpm).
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d. Remove EDTA solution and wash residual cells released with 1x
PBS. Combine digestion solution and wash solution. Centrifuge @
500 x G for minutes at 4°C to pellet cells then resuspend in 2ml of
complete media and store on ice until bone digest is completed.
(Fraction 2).

e. Repeat steps 5-8 to collect fraction 3 using collagenase I solution

and for fractions 5, 7, and 9 with collagenase solution II.

*Note: a gentler collagenase digest is used for the subsequent collagenase
digestions. This was found to yield comparable cell yields and minimized the
consumption of reagents.
f. Repeat steps 5-8 to collect fractions: 4, 6, 8 with 100mM EDTA
digest solution.
g. Following the completion of fraction 9, pellet all cells and pass
through a 100um cell strainer, then perform a red blood cell lysis
using ACK lysis buffer.

3. Enrichment of osteocyte populations from total cell populations collected

a. Resulting pooled cells from serial bone digestion and further
enriched as follows via subsequent MACS and FACS steps.

b. MACS separation using anti-Ter119 and anti-CD45 magnetic
microbeads to deplete erythroid and immune cells depletion using
LS columns.

c. Stain resulting cell populations, from MACS step, with anti-
Ter119 APC and anti-CD45 PE-Cy7 antibodies and sort flow
through for CD45/Ter119 populations.
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Results

Bone-specific A19 reporter mice suitable for characterization of bone cell

subpopulations using scRNAseq

The tdTomato fluorescent reporters were utilized to aid in selecting the
different bone cell subpopulations by isolating cells from Dmp1 tdTomato,
Bglap tdTomato, Ctsk tdTomato, and Col2 tdTomato murine long bones. To
determine the expression pattern of each tdTomato reporter line, we examined
tdTomato expression in femoral sections of Dmp1 tdTomato, Bglap tdTomato,
Ctsk tdTomato, and Col2 tdTomato samples (Figure 1 A-D). Consistent with
prior reports [188], only Col2 tdTomato femurs had labeled cells within the
articular cartilage of the knee joint while the other Ai9 reporters remained
unlabeled (Figure 1A-D). Interestingly, Col2expression also led to the labeling
of cells within the cortical and trabecular bones such as osteocytes. Suggesting
that Col2 positive progenitors could have gone on to differentiate into

osteocytes.

On the other hand, finding Bglap Ai9 samples having a similar tdTomato*
labeling at the growth plate was an unexpected finding (Figure 2aa-dd).
Interestingly, all Ai9reporter examined displayed dtomato* cells found within
cortical and trabecular bone albeit with some slight variation (Figure laaa,
aaaa-bbb, bbbb). Only the Bglap Ai9 and Ctsk Ai9 samples exhibited labeling
on the bone surfaces (endosteum and periosteum). In all, the A79reporter mice
appeared suitable for investigating bone cell biology using scRNAseq based

experiments (Figure 1E).
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Figure 1. Histological analysis of tdTomato expression in lineage tracing
mouse strains. A-D) Distal femur from each lineage tracing mouse lines
denoting localization of Ai9 expression in long bones. Articular cartilage (a-d),
growth plate (aa-dd), cortical bone (aaa-ddd), and trabecular bone (aaaa-dddd)
bone compartments shown. E) Expression of tdTomato across all genotypes

identifies specific expression of the Ai9 cassette. (N=5/genotype)

Isolation method to capture fluorescently labeled bone cell populations for
scRNAseq

To determine the extent of cellular heterogeneity in the adult bone and define
all the subpopulations associated with each cell type known to reside in
mineralized bone we developed a protocol to isolate rare or hard to access
populations for downstream scRNAseq analysis. The method incorporated
optimized digestion cocktail concentrations for both collagenase and EDTA
solutions that are typically used to break down the mineralized tissues of bone.
At 16 weeks of age the bone A19 reporter mice were sacrificed and isolated their
hindlimbs. Once 1solated, bone marrow was removed from both femurs and

tibiae long bones and minced into 1-2mm3 fragments. Fragments were
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transferred to the 50 ml conical tubes to begin the digestion process consisting
of 9 alternating steps between collagenase and EDTA. Bone cells captured from
tissue digestion were sorted using flow cytometry by sorting tdTomato*
populations. tdTomato* bone cells were then processed for scRNAseq using the
10x Genomics Chromium pipeline (Figure 2A, B). Maintaining cell viability
throughout the tissue dissociation stage is a critical requirement ensure
preserving data quality and found that the present method exhibited 96%
viability (Figure 2B). As expected, a large portion of captured cell populations
contained mostly immune populations at 94.5% of the total cells captured. The
observation underscores the need for incorporating selection steps for

successful isolation of bone cell populations (Figure 2C, D).

scRNA-seq
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Figure 2. Single-cell RNA sequencing pipeline and flow cytometric analysis. A)
Femurs and tibias are dissected from adult mice then bone marrow is removed
and bones are minced into small pieces for enzymatic digestion to release bone
cells. B) Next, flow cytometry is used to identify viable, erythroid, immune, or
tdTomato* cells for cell sorting. Cells from this approach yield highly viable (C)

predominately immune cells but also contain minor erythroid or stromal cells.
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Fluorescent labeling of bone cell populations drastically reduce number of

captured immune populations

Isolated dtTomato* bone cell populations were further processed into single cell
containing droplets using the 10x chromium single cell analyzer. Followed by
library preparation and sequencing using Illumina standard protocol. A total
of 14,287 bone cells derived from all 479 Cre lines (Bglap Ai9: 2,848 cells,
Dmp1 A19- 4846 cells, Ctsk A19-2,116 cells, and Col2 Ai9- 4,477 cells) led to the
identification of 9 total clusters (Figure 3A). Both immune and stromal cell
types were present, and gene expression signatures of immune markers
indicated the presence of neutrophils, myeloid, T cells, B cells and NK cell
populations within cluster 6 (Figure 3A). Capturing tdTomato* population via
flow cytometry demonstrated the beneficial enrichment of bone cells of interest
as the relative abundance of captured populations was drastically enriched for
bone cells. Enrichment of stromal cells eliminated about 90% of immune

populations that were present in unfiltered bone digests (Figure 3B).
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Figure 3. Single-cell transcriptional profiling of cells derived from mature
murine long bones. A) UMAP projection of 21,065 bone cells identifying 9
clusters of immune and stromal cell types based on transcriptional profiles. B)
Relative abundance of cell types from whole bone or Ai9* lineage tracing
populations reveals selective enrichment in target populations largely in

stromal populations.

Captured flourescently-labeled cells include major bone cell subpopulations

Since the focus of the study was on characterizing OB and OS subpopulations,
all immune cells (2,202 cells) were removed computationally, and the
remaining 18,863 tdTomato* were reanalyzed. Subsequently, we identified 10
distinct clusters using only the cells captured from the Ai9 reporters used. The
relative abundance of the stromal populations was significantly greater in Ai9
mice. As expected, the proportion of osteoblast and osteocyte populations both
increased over 1000% due to selecting for tdTomato* cells whereas immune
populations experienced a drastic decrease as both neutrophil and T cell/B cell/

NK cell populations dropped to 1% or less (Figure 3B).
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The fluorescent selection of bone cell populations led to an increase amongst of
the stromal fractions when comparing against the unlabeled populations
1solated from C57BL/6 wildtype populations. Cells in clusters 0 expressed Lifr
and VIidir and were labeled osteoprogenitors (OP) as both are involved in
inducing the osteogenic fate [189, 190]. Cells in clusters 1 expressed high levels
of Cxcl12 and Adipoq, two markers associated with adipogenic progenitors so
were labeled adiopCAR (aCAR) [177]. Clusters 2 and 3 were labeled OB 1 and
2, respectively as they both expressed Collal and Mmpl3 respectively.
Clusters 4 exhibited Omd and Prg4 expression and were labeled osteochondro
progenitors (OCP). Cluster 5 cells were labeled osteocyte 1 (OS 1) since they
expressed Ank and Tnfrsfilb, clusters 6 and 8 were two subsets of
chondrocytes (CH) as both expressed Col2a1. Whereas cluster 8 also expressed
Col10a1 so were labeled hypertrophic chondrocytes (HCs). Cluster 7 expressed
Sost and Mepe and labeled OS 2, cluster 9 expressed Col3al and Ly6a so were
labeled mesenchymal progenitors (MP). Cluster 10 expressed a combination of
OB and OS markers such as Phex, Dmp1, and Collal, so were labeled OC-OBs
(Figure 4 A-C).
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Figure 4. Characterization of stromal cell types and enrichment in lineage
tracing mouse lines. A) UMAP projection of 18,863 stromal cells identifying 9
clusters of cells from all genotypes. B) Heat map of differentially expressed
genes from each cluster. C) Feature plots of various bone markers used to

denote each cell subtype.

With the captured populations defined, we next sought to compare whether
any of the bone specific Ai9reporters were capable of enriching for specific bone
cell subpopulations. Interestingly, each of the respective Ai19 reporters all were
capable of enriching for 2 major bone cell populations such as OBs and OS
(Figure 5A, B). There were some mild enrichments amongst individual Ai9
reporters. Ctsk Ai9 cells had a slightly increased of MSC populations Dmp1
Ai9 based labeling showed specific decreased ability to capture aCARs and
CHs (Tables 1 and 2; Figure 5A, B). The data appears to suggest that bone cell
markers are not as exclusive in their specificity within the MSC-derived cell
lineages found within mature long bones. The present method is suitable for
isolating and studying primary osteogenic cell populations, such as OS, from

adult murine long bones for use in single cell sequencing-based technologies.

Table 1. Percent (%) relative abundance of major bone cell populations amongst

Ai9 reporter mice.
Genotype: AdipoCAR Osteoblast 0S-OB MSC Osteocyte Chondrocyte
Stromal 15 37 1 17 13 17
Col2 21 52 0 7 14 7
Ocn 18 47 1 11 19 4
Dmpl 12 68 1 4 14 1
Ctsk 17 40 1 25 13 3
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Table 2. Log2 fold change enrichment of bone cell subtypes amongst Ai9

reporter mice vs unlabeled populations.

Cell type: Col2 Ocn Dmpl1 Ctsk
AdipoCAR 0.48 0.24 -0.33 0.17
Osteoblast 0.46 0.34 0.86 0.10
0OS-0OB -0.92 -0.27 0.45 0.54
MSC -1.36 -0.67 -2.02 0.56
Osteocyte 0.08 0.56 0.12 0.05
Chondrocyte -1.28 -1.93 -4.74 -2.52
A Chondoce B 7]
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Figure 5. Enrichment of bone cell subtypes found amongst Ai9 reporter mice.
A) Relative cell type abundance of each bone cell subtype as compared to the
other bone reporters. B) Heat map of differentially expressed genes from each
cluster. B) Relative enrichment from each mouse line relative to WT stromal

abundance.
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Classic bone markers label adipoCAR populations involved in maintaining

bone homeostasis

Next, we focused on identifying bone cell subpopulations amongst the MSC,
OB, and OS populations isolated using the present method. The
characterization of the MSC, OB, and OS populations was conducted using
dtTomato* populations from each respective Ai9 reporter mouse. Captured
bone cell populations (Figure 5A) contained early progenitors of the adipocyte
lineage aCARs and express early mesenchymal/osteoprogenitors markers Lepr
and Kitl (Figure 6A). Interestingly, these early adipocyte progenitors also
expressed various modulators of bone formation such as stimulators: Cecl2,
Igfl, Bmp6 and inhibitors Grem1 and Sfipl (Figure 6B) [191-195]. Of note, MP
2 populations were shown to express moderate levels of Zgf1. aCAR populations
also expressed Vegfe, a known stimulator of lymphangiogenesis, and was
shown to promote bone homeostasis (Figure 6C) [196, 197]. Taken together,
the present protocol used was able to isolate aCAR populations that are
involved in maintaining bone homeostasis as there is transcriptional evidence

of being able to modulate bone formation.
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Figure 6. Enrichment of adipCAR populations via bonespecific marker. A)

Feature plots of OP markers. Violin plots of adipocyte progenitor markers (B)

and modulators of bone metabolism (C).

scRENAseq of osteogenic subpopulations suggest multiple cell types are the

cellular source for osteocytes

Afterwards, we further investigated captured OB and OS populations along

with their relevant progenitors. This was accomplished by reanalyzing clusters
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0 (cell #: 5719), 2 (cell #: 2330), 3 (cell #: 2317), 4 (cell #: 2196), 5 (cell #: 1643),
7 (cell #: 720), and 10 (cell #: 114) using cells captured from each 479 reporter
mice and unlabeled samples as was done earlier (Figure 7A). UMAP projection
of osteogenic populations led to 9 clusters generated with two major groups
formed that were distinctly either OB or OS populations (Figure 7B). Cells in
clusters 0 expressed Cxcl12 and Igfbp4 and were labeled OPs, cluster 1 was
labeled pre-OBs (POB) due to expression of SppI and Mmp13, clusters 2 and 4
were labeled OB 1 and 2 respectively, since they expressed Collal and Bglap.
With OB 2 exhibiting a greater expression of these ECM related genes, they
were considered mature OBs while cluster 2 likely representing inactive OBs.
Cluster 3 and 6 expressed Sost and Dmpl so were labeled OS 1 and 2
respectively, with OS 2 populations robustly expressing osteocyte markers in
respect to the OS 1 cluster. As such OS 2 were thought to be more mature
osteocyte population. Clusters 5 was labeled MP due to their expression of
Ly6a and Col3al, clusters 7 was labeled OCP as these expressed Prg4. Cluster
8 were labeled proliferating since they had high levels of Mki67; a classical cell
cycle marker [198]. Cluster 9 was labeled OB/OS since expression of OB
markers Collal and CollaZ were found as were OS markers Dkkl and Phex
was similarly expressed unlike the clusters representing individual OB or OS
cell types (Figure 7B, C). The arrangement between these two major cluster
grouping was not expected as OSs were spatially located closer to OCP clusters
whereas OBs were spatially located closer to OP clusters. As it was previously
understood that OS arise from OB populations that are embedding during the

bone formation process [64-66].
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Figure 7. Characterization of oteogenic cell types and enrichment in lineage

tracing mouse lines. A) UMAP projection of x cell populations from unlabeled

and Ai9 reporter mice.

B) UMAP projection of 9 clusters of identified

osteogenic populations. Colors indicate clusters of various cell types. C) Heat

map of differentially expressed genes from each cluster. Feature plots of OB
(D), OS differentiation (E), and mature OS (F) markers.
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Interestingly, a closer examination of OB and OS marker expression revealed
that cluster 9 had contained cells expressing OB 2 marker Bglap that was
spatially located within the closer half of the linearly shaped group (Figure 7B,
D; red arrow). Pdpn, which is a known marker of osteocytogenesis, expression
was also found but instead amongst cells centrally located within the OB/OS
cluster (Figure 7E) [199]. In a corresponding fashion, OS markers DkklI,
Dmpl, and Sost were then found in the half of the OB/OS cluster that is
spatially located closer to the OS clusters (Figure 7F). These trends in OB and
OS marker expression suggests cells from cluster 4 become OS populations
which has been understood as the major osteogenic lineage trajectory.
Successful scRNAseq of isolated primary adult murine osteogenic populations
suggests that the well-known pathway responsible for the generation of OS
populations may be only one route as the present data shows additional

populations that can also be a source of OSs.

Discussion

Previously developed methods used to isolate and study osteocyte populations
were limited by prolonged isolation times and by the contamination of immune
cell populations. While there have been successful reporting of osteogenic
populations using scRNAseq, none of the methods used have been capable of
capturing rare or hard to access populations such as OS populations [200].
Additionally, the wuse single cell-based technologies for the continued
examination of bone cell populations will be pivotal in our understanding of
key molecular mechanisms used by the various cell populations that mediate
bone homeostasis. The availability of osteogenic transcriptomes corresponding
to each type of bone cell will be vastly informative by shedding light on
fundamental aspects of the osteogenic lineage that is responsible for the

development and maintenance of bone. Such as informing our understanding
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of the cellular hierarchy associated with endochondral ossification. To date,
successful 1solation of primary osteogenic populations, including OS, have been
from using neonatal calvaria tissues obtained from mouse pups [155]. Here, we
show an isolation method to obtain primary osteogenic populations, including

osteocytes, from adult murine long bones for use in scRNAseq-based studies.

The availability of cre/lox mouse models have allowed researchers to study
discrete cell populations more accurately when used in conjunction with cell
type specific markers. Here, A19 reporter mice were bred with several bone
specific markers to isolate various types of osteogenic populations for
downstream scRNAseq and analysis. Isolation of primary osteogenic cell
populations was performed using the protocol listed in an earlier section of the
present report (see methods). We were able to obtain enough tdTomato* cells,
from each respective Ai9 reporter, for use in scRNAseq experiments. An
additional benefit is only requiring a minimal number of mice (N=3). This
feature can allow for decreasing the amount of time needed to collect dtomato*
cells by using more experimental mice that can result a significant reduction

in total digestion time.

Primary osteogenic single cell transcriptional signatures generated by
scRNAseq reveals the benefit of using tdTomato* labeling to enrich for bone
cells of interest when compared to using non labeled methods. Enriching for
primary bone cells populations sequencing depth is not consumed by the
presence of contaminating cell populations. The use of A19 reporter led to a
significant reduction in contaminating immune and erythrocyte populations
(Figure 5D). An additional benefit stems from having the capacity to isolate
primary bone cell populations from aged bones as this ability allows bone
researchers to examine correspondingly aged transcriptomes of relevant bone

cell populations. An early look of scRNAseq data generated from primary
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osteogenic populations supports an emerging theory related to poorly
understood aspects of endochondral ossification. To date, how the
transdifferentiation of chondro lineage populations towards osteogenic
lineages is not fully resolved. The present data suggests that a large portion of
OS arise from OCP lineages and not OB populations. OCPs give rise to
chondrocyte populations and was shown to also possibly be a source of OS to a
much greater extent according to the captured single cell transcriptional
signatures. In fact, of the OB populations that are believed to be the primary
source of OS cells, only a comparative minority appeared to become OSs. By
incorporating the present isolation method, future studies will be able to
continually unveil novel aspects of the osteogenic lineage such as whether the
major source of OS populations is through the transdifferentiation of OCP

lineage populations.

Finally, the present protocol is not without limitations. For example, the bone
specific markers used to label bone cell populations demonstrated a wide range
of leakiness. A major contributing reason bone markers label additional
populations stem from the limited availability of accurate bone cell markers
that can target discrete populations. Continued single cell characterization of
bone populations will lead to improved candidate bone markers so that bone
researchers can sufficiently study genes of interest amongst discrete cell
populations. Recently, Sost creER mice has been developed with early studies

suggesting improvements over Dmp1 in targeting primary osteocytes [201].
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Abstract

Mef2c has been shown to mediate key cellular behaviors that promote
endochondral ossification and bone formation associated with maintaining
bone strength and homeostasis. Previous work has shown how MefZc function
1s associated with the osteogenic switch amongst MSC precursors while also
having a role in regulating osteoblasts activity. However, the underlying
mechanisms in which MefZc regulates bone cell activity is not fully understood.
To gain a better understanding of MefZc function in regulating the cellular
behaviors associated with supporting bone formation, we isolated Mef2c-
deficient bone cell populations from Mef2c4; Bglap-Cre (Bglap Mef2c cKO)
and Mef2c4; Dmp1-Cre (Dmpl Mef2c cKO) mutant mice and profiled the gene
expression changes by scRNAseq. Bglap Mef2c ¢KO and Dmpl Mef2c ¢cKO
mutant mice exhibited a HBM skeletal phenotype, so were interested in
characterizing the underlying GRN supporting bone formation. Differential
gene expression analysis found a total of 96 up- and 2434 down-regulated genes

in Bglap Mef2c ¢KO mutant bone cells and 176 up- and 1041 down-regulated
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genes in Dmpl Mef2c ¢KO mutant bone cell subpopulations. Mef2c deletion
affected the transcriptomes across the osteogenic cell lineage including
mesenchymal progenitors (MP), osteoprogenitors (OP), osteoblasts (OB),
osteocytes (OS)- subpopulations. Single cell transcriptional signatures suggest
Mef2c deficiency resulted to shifts in relative osteogenic populations and
enriched Lum*® MP subpopulations. On the other hand, OBs and OSs
experienced defective bone and energy metabolism. Energy metabolism genes
such as Ugcrb, NdufvZ, Ndufs3, Ndufal3, Ndufb9, Ndufbb, Cox6al, Coxba,
Atpbo, Atpbg2, Atpsb, Atps were all down regulated in the absence of MefZe.
Binding motif analysis of promoter regions of identified amongst Bglap MefZc
cKO and Dmpl Mef2c ¢cKO mutants and found evidence of Mef2¢ binding in
several bone and energy metabolism such as Col10aland Ibsp Taken together,
the present data suggest Mef2c transcriptional function by inducing suffecient
bone and energy metabolism genes expression associated with proper bone

formation in a cell type specific manner.

Introduction

Osteoporosis is a highly prevalent bone disorder characterized by low bone
mass and a compromised bone microstructure. [19]. As this bone disorder
progresses so does bone fragility and is accompanied by the increased risk of
fractures. Worldwide, osteoporosis causes more than 9 million fractures
annually. Although various lifestyle risk factors exist, the weakening of bones
1s generally caused by aging where the bone loss that occurs is due to the
uncoupling of bone remodeling. Aging causes activity of bone-forming
osteoblasts to decrease leaving the relative activity of bone resorbing
osteoclasts remaining leads to increased bone loss overtime. While there is no

known cure to osteoporosis, there are some available disease-modifying
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treatments. Most of the available therapeutics such as bisphosphonates are
anti-resorptive in nature, which slow down bone resorption by osteoclasts.
Parathyroid hormone (PTH) based drugs such as Teriparatide and
Abaloparatide are two osteoanabolic treatments currently available and are
able to stimulate bone formation by activating PTH signaling [202-204]. But
these drugs may contribute to adverse events such as dose dependent risk of
osteosarcomas [205]. The Sost antibody-based drug, Romosozumab was
recently developed and has been shown to be more effective in treating
osteoporosis by having a dual effect on building bone [43, 206]. The mode of
action can simultaneously stimulate bone formation while also inhibiting bone
resorption. Romosozumab has shown promise but also has side effects such as
the increased risk of cardiovascular events [207]. Taken together, there is an
urgent need to develop better anabolic therapeutics that can be used for long

term care.

Mef2c is a transcription factor (TF) with several roles in different tissues such
as muscle [208, 209], neurons [210], immune [211], endothelial [212, 213],
cartilage [139] and bone [135, 142]. In the context of bone, Mef2c has garnered
much interest due to the associations with BMD, bone metabolism, and in
establishing the osteogenic cell fate [140-142]. Such lines of evidence include
epigenomic studies highlighting Mef2¢c genomic binding trends found near
genes related to BMD and inflammation [214]. Another study found that single
nucleotide polymorphisms (SNPs) at the MefZc locus were associated with
increased risk of osteoporosis and fragility fractures [215]. Additionally, bone
specific conditional deletion of Mef2¢ resulted in mutant mice exhibiting high
bone mass (HBM) compared to their Cre negative littermates [135, 136].
During bone development, mice with a chondrocyte specific MefZc deletion
(Col2-Cre) reach birth but exhibited poorly ossified axial and appendicular

bone at postnatal day 1 [139]. The accruing evidence suggests a more complex
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role in bone than previously understood and yet, only a small number of Mef2c
target genes have been characterized. These targets include Sostin osteocytes
[136], Mmpl3 and Runx2 in osteoblasts [138, 216], and Co/10al in
chondrocytes [139]. Our prior studies have suggested that Mef2c may target
additional genes in osteoblasts/osteocytes [217]. An in-depth characterization
of Mef2c-regulated transcriptome in osteogenic lineage  could reveal
additional, and potentially novel, mechanisms that can be therapeutically

targeted to treat metabolic bone disorders such as osteoporosis.

To identify potential Mef2c target genes in bone, we utilized Bglap Cre and
Dmp1 Cre to delete MefZc in osteoblasts and osteocytes, respectively. These
mutant mice were used to isolate and transcriptionally profile MefZcdeficient
bone cell populations using single-cell RNAseq (scRNAseq). Differentially
expressed genes (DEGs) in Mef2cf; Bglap-Cre and Mef2c"f; Dmpl-Cre
compared to wildtype cell populations were further analyzed to understand
potential functions of MefZc in osteogenic cells. Common DEGs highlighted
between Mef2c Bglap-Cre and Mef2c¥1 Dmp1-Cre mice suggested that, in
addition to regulating bone development and metabolism, MefZ2c may play a

major role in regulating energy metabolic pathways in bone.

Methods

Generation of knockout animals

All animal experimental procedures were completed in accordance with
guidelines under the institutional animal care and use committees at
Lawrence Livermore National Laboratory under an approved protocol by the

IACUC committee and conform to the Guide for the care and use of Laboratory
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animals. Mef2c; Bglap-Cre mice (Bglap Mef2c cKO), Mef2c; Dmpl-Cre
mice (Dmpl Mef2c ¢cKO), and Mef2cf; Coll-Cre mice were generated by
breeding Mef2c1 with either Bglap-Cre (The Jackson Laboratory, BarHarbor,
ME; stock number: 019509), Dmp1-Cre (The Jackson Laboratory, BarHarbor,
ME; stock number: 023047), and Coll Cre mice [186, 187]. Sost” mice were
subsequently bred with Dmp1 Mef2c cKO mice to generate Sost”s Dmp1 MefZc
cKO mice [218]. Ai9 reporter mice (The Jackson Laboratory, BarHarbor, ME;
stock number: 007909) were also bred with Bglap-Cre and Dmp1-Cre mice for

fluorescent labeling of bone cell populations. Genotyping was carried out by

PCR.

Single-cell ENA sequencing

Femurs and tibia of 16-week-old male Bglap Mef2c cKO and Dmp1 Mef2c cKO
mutant and wildtype mice (N=2/genotype) were were harvested, cleared of soft
tissues, depleted of bone marrow, then underwent 2x PBS washes. Bones were
next minced into fragments and placed into 8ml of 7.5mg/ml Collagenase
(Worthington Biochemical, Lakewood, NJ; CLS-1) digestion solution with 100
png/mL DNase I (Roche, Basel, Switzerland; 11284932001) in DMEM/F12 for
30 min at 37°C on a shaker at 150 rpm. After 30 min, the resulting digestion
solution was transferred into a 50ml conical tube and washed with 1x PBS.This
process was repeated for a total of 9 incubations with each respective digestion
mix collected in between washes. Next, red blood cells were lysed by adding
ACK (ThermoFisher Scientific, Waltham, MA, USA; A1049201) followed by
removal of cellular debris using a 100pm nylon cell strainer. Further
enrichment of bone cell populations was completed using flow cytometry. Bone
cell suspensions were made from using the primary bone cells collected and
were incubated in Biolegend antibodies APC/Cyanine7 anti-mouse CD45

Antibody (Biolegend, San Diego, CA; Clone: 30-F11) and anti-mouse APC
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Ter119 (Biolegend, San Diego, CA; Clone: TER-119) at a 1:100 dilution in
PBS+1%FBS. Dapi was used for viability staining. Viable CD45/Ter119"

populations were sorted with flow cytometric analysis performed on a BD
FACSMelody system.

Isolated CD45/Ter1197 bone cell populations were sequenced using Chromium
Single Cell 3’ Reagent Kit and Chromium instrument (10x Genomics,
Pleasanton, CA) as previously described [219, 220]. Library preparation was
performed according to manufacturer’s protocol and sequence on an Illumina

NextSeq 500 (Illumina, San Diego, CA, USA).

scRKNAseq data analysis

Raw scRNAseq data was processed with 10x Genomics Cell Ranger software
(version 6.0.0;10x Genomics, Pleasanton, CA, USA) as was done previously
[219]. The resulting output was then exported into the R package Seurat
where quality control steps and additional analysis were performed [221]. Data
filtering criteria included: cells with less than 500 detected gene per cell, genes
that were expressed by fewer than 5 cells, had mitochondrial greater than 15%,
or had aberrantly high gene count all of which were removed. Data was
normalized using the global-scaling method known as ‘LogNormalize’ to find
highly variable genes at which point the data from the male Bglap MefZ2c cKO
and Dmpl Mef2c cKO and WT experimental data was integrated, scaled, and
reduced by principal component analysis (PCA). Cells were grouped into
clusters for cell type discovery using Seurat’s ‘FindNeighbors’, and
‘FindClusters’ commands. Followed by the visualization of the produced
clusters using the non-linear dimensional reduction via uniform manifold
approximation and projection (UMAP). Cluster marker genes were determined

using Seurat’s ‘FindAllMarkers’ command. Next, Seurat’s ‘FeaturePlot’,
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‘DotPlot’, ‘VinPlot’, and ‘Heatmap’ commands were used to graphically plot the
cell type specific gene expression measurements amongst the datasets. To
determine the differentially expressed genes between conditions, A pseudo-
bulk RNAseq approach was used where each cell’s gene expression was treated
as a sample. Cell clusters were isolated by dataset and their counts extracted.
The experimental metadata was generated by matching the cell’s barcodes
with their respective annotation. The resulting information was input into
Deseq2 package for statistical analysis [222]. Enrichr provided the ontology

enrichment analysis on the differentially expressed genes [223].

Binding motif analysis

Predicted Mef2c¢ binding sites on differentially expressed genes were
determined via query of the respective promoters, defined as 2kb upstream of
coding regions, of genes using ensembl’s biomaRt package, followed by a
transcription factor binding prediction tool Ciiider to determine the frequency
of Mef2c binding [224, 225]. Mef2c PWM (MA0947.1) was obtained from the
Jaspar online database [226].

uCT scanning

Hindlimbs of 16-week-old Mef2c ¢cKO and Sost” mutant mice (n of 5 or more
per gentoype) were dissected, and fixed and dehydrated in 70% ethanol prior
to scanning on a uCT instrument (SCANCO puCT 35, Briittisellen, Switzerland)
according to the rodent bone structure analysis guidelines (X-ray tube
potential = 55kVp, intensity -114 pA, 10 um isotropic nominal voxel size,
integration time = 900ms). Trabecular bone in the distal femoral epiphysis was
analyzed by manually drawing contours on 2D transverse slides. The distal

femoral epiphysis was designated as the region of trabecular bone enclosed by
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the growth plate and subchondral cortical bone plate. Epiphyseal trabecular
bone volume fraction was determined by quantifying trabecular bone volume
fraction was by quantifying trabecular bone volume per total volume (BV/TV).
Trabecular thickness (TB.Th, mm), trabecular number (TB.N, mm), trabecular
thickness (Th.Sp, mm), connective density (Conn.D, 1/mm3), and structure
model index (SMI) were also quantified. Statistical analysis was performed by

comparing dKO, Mef2c cKO, Sost” mutants and wildtype.

Histology and Immunohistochemistry

Knee joints were collected from 16-week-old from Bglap ¢KO Mef2c and Dmp1
Mef2c ¢KO mice for histological evaluation as mentioned previously [227].
Whole hindlimbs were fixed in 10% NBF and decalcified using 500 mM EDTA.
Samples were embedded in OCT and cryosectioned in the sagittal plane at
10pm. Sections were stained on glass slides using 0.1% Safranin-O (Sigma, St.
Louis, MO, USA; S8884) and 0.05% Fast Green (Sigma, St. Louis, MO, USA;
F7252) using standard procedures (IHC World, Woodstock, MD, USA), then

imaged using a Leica DM5000 microscope.

Sagittal sections of knee joints from Bglap MefZc c¢KO and Dmpl Mef2c cKO
mice were used for IHC. Primary antibodies were incubated at 4°C overnight
after antigen retrieval. Secondary antibodies were incubated for 2 hr at room
temperature. Negative control slides had only secondary antibody stains.
Prolong Gold with DAPI (Molecular Probes, Eugene, OR, USA). Imaging
software included ImagePro Plust V7.0 Software, aQIClick CCD camera
(QImaging, Surrery, BC, Canada), and ImageV1.53 Software were used to
image or edit photos. Primary antibodies used: Mef2c (Abcam, Cambridge, UK;
Ab64644), Lum  (Abcam, Cambridge, UK; Ab168348), Dmpl
(ThermoFisher,Waltha m, MA. USA ; PA5-47621), Alpl (Abcam, Cambridge,
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UK; Ab97384), Col10al (Abcam, Cambridge, UK; Ab260040), and Smpd3
(Abcam, Cambridge, UK; Ab85017). Secondary antibodies used: Donkey anti-
rabbit 594 (Thermofisher, Waltham, MA, USA; A-21207)

Statistical Analysis

R statistical software and Graphpad Prism were used for statistical analysis.
One-way ANOVA and student’s t test were used to determine statistically
significant differences of mean values. Pvalue of < 0.05 were considered

statistically significant.

Results

Combined Mef2c and Sost deficiency in bone causes significantly higher bone

mass than in Sost deficiency alone

Bglap and Dmpl Mef2c cKO mutant mice were born at normal mendelian
rates and were indistinguishable from their control littermates. MicroCT
analyses of femora determined that Bglap mediated deletion of MefZc
promoted a high bone mass phenotype (HBM) consistent with previously
described Dmpl Mef2c ¢KO mutant mice (Figure 1A-C). BV/TV was
significantly increased in both Bglap Mef2c cKO mice and Dmpl1 Mef2c cKO
mutant mice. Connectivity density was also significantly increased in both
mutants indicating increased interconnectivity of the trabecular network
(Figure 1B, C). However, only Dmpl Mef2c cKO mutant mice had significantly

increased trabecular number and a decreased trabecular separation (Figure

10).
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Figure 1. Comparing skeletal phenotypes of Mef2c conditional knockout mice
to Sost” MicroCT analysis of femora of Bglap Mef2c cKO, Dmp1 Mef2c cKO,
and Sost” (A, D) 3D representation of Bglap Mef2c cKO, Dmp1 Mef2c cKO, and
Sost” highlighting changes in bone mass in femora. Quantification of

trabecular bone vouge/total volume (BV/TV) in Bglap Mef2c cKO, Dmpl Mef2c
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cKO, and Sost” (B, C. and E), connective density (Conn.D), trabecular number
(Th.N), trabecular spacing (Tb. S) in Bglap Mef2c cKO and Dmpl Mef2c cKO
mice (B, C). Overlap between up- (F) and down-regulated genes (G) in Sost”
mice and Mef2cV4; Coll Cre mice compared to their respective controls. p<0.05,

both by ANOVA and t test compared to own Cre negative controls.

Furthermore, analysis of Sost”; Mef2c”! Dmp1-cre femora revealed an even
greater increase in bone mass than Sost” alone, suggesting that Mef2C may
contribute to HBM phenotypes through multiple pathways (Figure 1D, E). To
identify gene targets of transcriptional regulation, bulk RNA sequencing
(RNAseq) analysis was compared between wildtype, Sost” and Mef2c4; Coll-
cre mouse. Bulk RNA seq analysis revealed transcriptional changes due to the
absence of either Sost or MefZc. Sost” had 102 genes up- and 147 genes down-
regulated while Mef2cf; Coll-cre had 239 gene up- and 1096 genes down-
regulated. Of the differentially expressed genes, only 3 up- and 10 down-
regulated genes were found to overlap between Sost” and Mef2c4; Coll-cre
datasets (Figure 1F, G), in support of additional Mef2c targets contributing to

bone mass independent of Sost.

scRNAseq analysis reveals Mef2c expression amongst various bone cell

subpopulations

ScRNA-seq analysis of 3334 CD45/Ter119 bone cells sequenced from Mef2ct/1
(1076), Bglap Mef2c cKO(704) and Dmp1 Mef2c cKO (865) femurs were further
analyzed to identify differences among bone cell subpopulations in these
genotypes. Ten distinct cell clusters were identified with unique
transcriptional profiles (Figure 1B)[221]. Cells in cluster 1 expressed high
levels of Lifr, Postn, and Vdrand were labeled osteoprogenitors/pre-osteoblasts

(OP/pOB) (Figure 1B-D). Cells in cluster 2 expressed high levels of Collal,
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Bglap, and Colla2 and were labeled osteoblasts (OB) (Figure 1B-D). Clusters
3 included cells expressing high levels of Adipoq, Leprand Cxcl12were labeled
adipoCAR (aCAR)(Figure 1B-D). The cells found in cluster 4 all expressed
Dmp1, Mepe, and Sost so were labeled osteocytes (OS) (Figure 1B-D). Cluster
5 contained chondrocytes (CH) as this cluster had cells expressing high levels
of Acan, Col9al, and Col2al (Figure 1C, D). Clusters 6, 7 and 8 were labeled
mesenchymal progenitors/fibroblasts (MP) 1-3 respectively. These cluster had
similar gene expression pattern for Col3al, a collagen highly expressed in
fibroblasts/MSCs (Figure 1D) but also had unique markers (Figure 1C). The
cells found in cluster 9 expressed Omd, Cytl1, and Chad which were identified
as osteochondro progenitors (OCP). Cluster 10 contained cells that expressed
a mix of osteoblast and osteocyte markers such as Collal, Bglap and Dmpl
and Phex and Pdpn, genes upregulated during osteoblast to osteocyte
transition [157]. However, this cluster had extremely low levels of Sost
expression. Therefore, this cluster was identified as an intermediate cell type
between osteoblasts and osteocytes (OB/OS) (Figure 1C). Mef2c expression was
found at significant levels in clusters 1 (OP/pOB), 2 (OB), 4 (0OS), 5 (CH), 8
(MP-3), 9 (OCP) and 10 (OB/OS) (Figure 1D). Therefore primary Mef2C gene
targets were presumed to be harbored in these subpopulations, while

transcriptional changes in other clusters were likely due to indirect effects.

Growth plate structure impacted amongst Bglap Mef2c cKO long bones

The proportion of MP2 and MP3 clusters were significantly increased in Bglap
Mef2c cKO and Dmpl Mef2c ¢KO mutant mice compared to wildtype (Figure
3A). Cluster MP 1 also had a similar increase in the number of sequenced cells
compared to those from wildtype but at a lesser level than MP2/3. In contrast,
we observed a decrease in the number of chondrocytes and osteocytes

sequenced in the mutants relative to wildtype (Figure 3A). The expansion of
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clusters MP 2 and 3 in Bglap MefZ2c cKO and Dmp1 MefZc ¢KO also correlated
with an increased expression of Lum, a marker of MP 3 (Figure 3B-C). We also
observed that Bglap MefZ2c cKO has significantly elevated Lum expression in
MP3 compared to Dmpl Mef2c cKO (Figure 3B). Lum has been shown to be
expressed in bone and cartilage matrix and may promote bone formation [228].
It has also been shown to play a key role in fibrosis [229-231]. Protein levels of
Lum was also up regulated in the mutants and was spatially found within the
growth plate (Figure 3D). We also observed a wider expression pattern of Lum

in Bglap Metf2c cKO mice compared to the other two conditions (Figure 3D).
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Figure 2. Single cell analysis of Mef2c-deficient bone cells. Mef2c-deficient bone
cells were isolated for scRNA-seq from Mef2c4 (A), Bglap Mef2c cKO (B), and
Dmpl Mef2c cKO (C) (scale bar = 50um). (D) Cell clusters from 10x Genomics
scRNA-seq analysis visualized by Uniform Manifold Approximation and
Projection (UMAP) in Mef2c™, Bglap Mef2c cKO, and Dmpl Mef2c cKO.



85

Colors indicated clusters of various cell types. (E) Dot plot showing the
expression of selected markers of various cell types. Dot size represent the
fraction of cells expressing a specific marker in a particular clusters and
intensity of color indicates average expression level in that cluster. (F) Markers

of various bone cell subtypes that were used to denote each subtype.
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Figure 3. Characterizing Mef2c-deficient mouse phenotype at the single cell
level. (4) Changes in the proportion of various cell types amongst Mef2c1
Bglap Mef2c cKO, and Dmpl Mef2c cKO. (B) Feature plots showing the
expression of Lum amongst Mef2c”f, Bglap Mef2c cKO, and Dmp1 MefZ2c cKO.
Red arrows highlight MP 1 and 2 clusters. (C) Violin plot showing the
expression of Lum in MCP 1 and 2 subtypes. (D) IHC showing Lum expression
within the growth plate (20x magnification; scale bar = 50um). White arrows
highlight Lumican+ populations. (C) Violin plot showing the expression of Lum
in MCP 1 and 2 subtypes (E) Safranin-O histological stained sections of 16-
week-old Mef2c1, Bglap MefZ2c cKO, and Dmpl Mef2c cKO femurs.

Histological evaluation of the femurs, also revealed significant differences
between Bglap Mef2c ¢KO and Dmpl MefZc ¢KO growth plate morphology,
where a significantly expansion was observed in Bglap-Cre mutants only
(Figure 3D). To further characterize cellular changes associated with this
phenotype, we next examined Dmpl-cre; Ai9 and Bglap-Cre; Ai9 mice. In
Bglap-Cre; Ai9 mice, we observed robust dTomato expression in the growth
plate region which was absent in Dmp1-cre; Ai9 mice. This suggest that Bglap-
mediated targeting of cells in the growth plate region in Bglap Mef2c cKO mice
may have contributed to expanded growth plate observed in this mutant (Supp.
Figure 1). Dmpl Mef2c ¢KO mutant femora did not exhibit a similar
morphological change possibly due to the inactivity of the Dmpl promoter at
the growth plate (Chapter 2. Figure 1). Such growth plate phenotype supports
the MefZ2c function in early osteogenic lineages in inducing the osteogenic

differentiation of early progenitor cell populations.
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Energy metabolism and bone metabolism genes make up the Mef2c-regulated

transcriptome in the osteogenic lineage

To gain a better understanding of the Mef2c-mediated transcriptome, a
differential expression analysis was performed between both Bglap Mef2c cKO
and Dmpl Mef2c ¢KO mutant cells in comparison to the wildtype cells. The
analysis identified a total of 96 up- and 2434 down-regulated genes in Bglap
Mef2c ¢cKO mutant bone cells and 176 up- and 1041 down-regulated genes in
Dmp1 Mef2c cKO mutant bone cells (Figure 4A). Figure 4B and C show genes
differentially expressed in individual bone cell subpopulations derived from
Bglap Mef2c ¢cKO and Dmpl Mef2c cKO mice, respectively (Figure 4B, C).
Amongst the bone cell subpopulations, OBs and CHs had the most significant
number of differentially expressed genes. CHs having 1701 genes affected (21
up- and 1680 down-regulated) in Bglap ¢cKO mutant cells and 411 genes
affected (37 up- and 374-downregulated) in Dmpl ¢KO mutant cells (Figure
4B, C). OBs had 1479 genes affected (15 up- and 1479 down-regulated) in Bglap
Mef2c c¢KO mutant cells and 604 genes affected (16 up- and 588-
downregulated) in Dmpl Mef2c cKO mutant cells. (Figure 4B, OC).
Interestingly, Bglap Mef2c cKO cells had a much higher number of
differentially expressed genes compared to Dmp1 MefZ2c cKO amongst the bone
cell subpopulations. We next examined differentially expressed genes amongst
subpopulations that may play a direct role in bone metabolism, OP/pOBss,
OCPs, OBs and OS [7, 9, 63, 70, 77]. OB/OS cluster was not included in this
analysis as this cluster represented less than 1% (3-5 cells total) of the cells
sequenced in the mutants. When looking at the overlap of differentially
expressed genes amongst these subpopulations in each mutant we found that
Dmpl Mef2c ¢KO only had 4 up-regulated genes in common amongst the
osteogenic clusters (Figure 4 D, E). Amongst the down-regulated genes, Bglap
MefZ2c cKOhad 19 genes in common whereas Dmp1 MefZ2c cKOhad 3 common
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genes amongst the osteogenic populations (Figure 4 F, G). OBs and OPs had
the highest number of shared downregulated genes; 118 genes in Bglap MefZc
cKO and 40 genes in Dmpl MefZ2c ¢KO. OBs and OS shared 87 and 15
downregulated genes in Bglap Mef2c cKO and Dmp1 MefZ2c cKO, respectively.
A significant majority of differentially expressed genes amongst OPs, OCPs,
OBs and OSs were unique suggesting Mef2c functions in a cell type specific

manner.

Table 1. Downregulated bone metabolism genes in Bglap Mef2c cKO.

Actb, Camp, Cfl1, Chchd2, Dap, Ftl1, 1d3, Itm2b, Ldha, mt-Atpé,
mt-Cyth, Ppia, Rpl2, Rpl29, RpsZ2, S100a8, S100a9, Sppl1, Ubb

Genes:
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Figure 4. Differential gene expression analysis of MefZ2c-deficient bone cells.
(A) Total number of genes up- and down-regulated amongst Bglap Mef2c cKO
and Dmpl Mef2c ¢cKO mutants. Number of genes up- and down-regulated
amongst bone cell subpopulations in amongst Bglap Mef2c cKO (B) and Dmp1
Mef2c cKO mutants (C). Overlap of genes up-regulated by OPs, OBs, OSs, and
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OCPs amongst Bglap Mef2c cKO (D) and Dmpl Mef2c cKO mutants (E).
Overlap of genes down-regulated by OPs, OBs, OSs, and OCPs amongst Bglap
Mef2c cKO (F) and Dmpl Metf2c cKO mutants (G). Overlap of genes up- (H)
and down-regulated (I) amongst Coll Mef2c cKO, Bglap Mef2c cKO and Dmp1
Mef2c cKO. Enriched ontology terms associated with overlapping genes
amongst Coll Mef2c cKO, Bglap Metf2c cKO and Dmpl Mef2c cKO (J) and
Bglap Metf2c cKO and Dmpl Mef2c cKO (K).

A HBM phenotype is commonly observed trait when MefZc is conditionally
deleted in bone tissues [135, 136, 142]. To explore the possible underlying
molecular mechanisms that underpin the HBM, we compared Bglap MefZc
cKO and Dmpl Mef2c c¢KO transcriptome datasets with a bulk RNAseq
dataset generated from Mef2c; Coll Cre (Coll Mef2c ¢cKO) murine long
bones. Up-regulated genes in common between the 3 transcriptomes
highlighted only 2 genes whereas 81 down-regulated genes were found in
common (Figure 4 H, I). Given the small overlap amongst the up-regulated
genes we focused primarily on down-regulated gene that overlapped between
Bgla Mef2c ¢cKO, Dmpl Mef2c ¢cKO and Coll MefZc ¢cKO. A gene ontology
analysis identified ‘ossification’, ‘cartilage development’, ‘skeletal system
development’, ‘response to BMP’, ‘bone morphogenesis’, ‘generation of
precursor metabolites and energy’, ‘ATP metabolic process’, ‘osteoblast
differentiation’, and ‘bone development’ as some of the most significantly
enriched biological processes associated with overlapping down-regulated
genes (Figure 4J). A comparison between DEGs downregulated only in ColI
Mef2c cKO and Bglap Mef2c cKO conditions yielded 93 common genes (Figure
41) and were associated with biological process ‘cellular respiration’, aerobic
respiration’, ‘respiratory electron transport chain’, ‘oxidative phosphorylation’,
‘mitochondrion organization’, ‘carbohydrate derivative biosynthetic process’,

‘skeletal system’, enzyme-linked receptor protein signaling pathway’,
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‘ossification’, and extracellular matrix organization’. Kight genes
downregulated in Col1 Mef2ccKO including: Bmp7, Dst, FbnZ2, Fermt2, Pdhal,
Rgs7bp, Slc41al, Synm overlapped with Dmp1 MefZc cKO but not with Bglap
MefZ2c cKO. We also identified 851 downregulated genes shared only between
Bglap Mef2c ¢cKO and Dmp1 Mef2c ¢KO with many of them playing a role in
bone and energy metabolic pathways. The highlighted gene set from the
absence of MefZc across bone cell subpopulations suggests that MefZcregulates
a large number of genes associated with bone metabolism and energy

metabolism.

Bone and energy metabolism-associated genes harbor Mef2¢ binding motifs

In order to find putative direct gene targets of Mef2¢c, the promoter regions of
the total DEGs identified amongst Bglap Mef2c ¢cKO and Dmpl1 MefZc cKO
(Figure 4A, Supp. Table 1) were analyzed using the binding motif analysis tool
Ciiider and putative Mef2c binding sites were determined [225]. This analysis
1dentified 81 and 149 upregulated and 2099 and 891 downregulated genes in
Bglap Mef2c cKO and Dmp1 MefZc cKOrespectively as putative Mef2c targets.
Amongst DEGs harboring Mef2¢ binding motifs in promoters, 1 up- and 66
down-regulated genes were common to Bglap Mef2c cKO, Dmpl MefZ2c cKO,
and Coll Mef2c cKO (Figure 5 A, B) suggesting that Mef2C may normally
function to activate gene expression. A significant number of genes harboring
Mef2c motifs were associated with energy metabolism and were key enzymes
found in either glycolysis, TCA cycle, or oxidative phosphorylation pathways
(Figure 5C). Additionally, OBs had the highest expression and most significant
down regulation of the energy metabolism genes identified in the study
including several mediators of oxidative phosphorylation such as Ugcrb,
Ndufv2, Ndufs3, Ndufal3, Ndufb9, Ndufbs, Cox6al, Coxbda, Atpbo, Atpbsg2,
Atpbb, Atpsj (Figure 5C). OS are a terminally differentiated osteogenic cell
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type and are believed to derive their energy through oxidative phosphorylation
[232]. Interestingly, we found enrichment for transcripts of glycolytic enzymes
in the OS clusters. Ldha, Pkm, Tpi, and Aldoa expression was enriched in OS
compared to OB and was subsequently down-regulated in the absence of Mef2c
(Figure 5C, D). Oxctl is a key catabolic enzyme that is involved in the
generation of acetyl-CoA from ketone bodies and was down regulated in OPs,
OBs, Oss, and in OCPs in Bglap Mef2c cKO and Dmp1 Mef2c cKO mutant cells
(Figure 5F). Collectively, our analysis suggest that Mef2c plays a major role in

regulating energy metabolism in osteogenic cells.

Mef2c¢ regulates multiple bone metabolism genes

Several genes previously identified as key regulators of bone metabolism
including 158 genes had putative Mef2¢ binding motifs in their promoter
region (Table 3). Among these genes, 14 genes including Col10al, Colllal,
Ibsp, Ifitmb, Smpd3, and Wwitrl were downregulated in Coll Mef2c cKO,
Bglap Mef2c ¢KO and Dmpl Mef2c cKO. Eleven downregulated bone
metabolism genes including Nog, Tob1, Mepe, Thbs3, and Sost were specific to
Coll Mef2c ¢KO and Bglap Mef2c ¢KO while 89 downregulated genes were
specific to Bglap Mef2c ¢cKO and Dmpl Mef2c ¢cKO (Table 2). IHC analysis
revealed that protein expression corresponded with the single cell
transcriptional data. Col/10al has been previously described as a Mef2c target
gene and was similarly found to harbor Mef2¢ binding motifs in the present
study (Figure 6A) [139]. Additionally, Coll0al protein expression was
diminished at the growth plate in both Bglap Mef2c cKO and Dmp1 MetZ2c cKO
in a similar trend revealed transcriptionally (Figure 6B, C, ¢). Ibsp was
another downregulated bone metabolism gene predicted to harbor Mef2c
binding motifs within the promoter region (Figure 6D). Interestingly, Ibsp
protein expression was also diminished but only in Bglap Mef2c cKO at the
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growth plate and in cortical bone reflecting the same transcriptional changes

amongst OCP, OB2, and CHs (Figure 6D,d E,e).
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Figure 5. Characterization of putative MefZc target genes in OBs and OSs.
Overlap of genes up- (A) and down-regulated (B) amongst Coll Mef2c cKO,
Bglap Mef2c cKO and Dmp1 MefZ2c cKO found harboring mefZc binding motifs.
(C) Dot plot showing down-—regulation of glycolytic and oxidative
phosphorylation genes amongst OBs and OSs. (D) Violin plots showing
expression of Ldha, Pkm, Tpi, and Aldoa in OS subtypes. Violin plots showing
expression of Oxctl (E) amongst OP, OB, OS, and OCP subpopulations.

Table 2. Energy metabolism genes harboring Mef2c binding motifs. X’
Indicating gene was differentially expressed in the absence of MefZc.

Gene Mef2coa; Coll-cre Mef2c2s, Bglap-Cre Mef2c; Dmpl-Cre
Aco2 X X
Atpsy
Cox4i2
Ndufbs
Ndufb9
Tpil
Aldh1l2
1dh3a
Mdh2
Ndufai2
Ndufai3
Ndufabs
Ndufb4
Ndufci
Ndufs3
Ndufv2
Uqcerb
Ugqcrc2
Pdha1l
Atplb3
Atp2bl
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Atp5b X X
Atpbsel X X
Atpsg2 X X
AtpSh X X
Atpbo X X
Coxba X X
Cox6al X X
Enppl X X
Ldha X X
Ndufa8 X X
Ndufb10 X X
Ntse X X
Ogdh X X
Oxct1 X X
P4ha2 X X
Prfkp X X
Pgam1 X X
Steap4 X X
Suclgl X X
Tkt X X
Vep X X
Discussion

While significant prior work has highlighted the direct relationship between
Mef2C and Sclerostin, here we show evidence in support of Mef2¢c having a
larger role in regulates bone metabolism through both Sost-dependent and
independent mechanisms. 4#CT analysis of Bglap Mef2c cKO and Dmp1 Mef2c
cKO mutant long bones exhibited a HBM phenotype that is characteristic of
bone-specific Mef2c deletion [135, 136]. Interestingly, a dKO (Sost”; Mef2c1
Dmp1I-cre)had an even greater HBM phenotype that was significantly greater
than individual Sost” or Mef2c ¢cKO mutant mice. A finding that was
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supported by a comparison between Sost” and Mef2c¢”1 Coll-cre mutant bone
where bulk transcriptomic data highlighted minimal overlap between

differently expressed genes.

Table 3. Bone metabolism genes harboring MefZ2c binding motifs. X indicating
gene was differentially expressed in the absence of MefZc.

Gene Mef2coa; Coll-cre Mef2cv; Bglap-Cre Mef2c; Dmpl-Cre
Ifitmb X X
Coll10al
Wwitrl
Colllal
Smpd3
Ibsp
Nog
Tob1
Mepe
Thbs3
Sost
Bmp7
Shno2
1d4
Dmpl
Runx2
Cbfb
Vdr
Ank
Cen2
Hspg2
Csf1
Xylt1
Nipbhl
Creb3l1
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Figure 6. Diminished expression of putative direct targets in the absence of
Mef2c. Mef2c binding motifs predicted within the promoter regions of Coll10al
(A4) and Ibsp (D). Average transcriptional expression of CollOal in
chondrocytes and osteochondro progenitors (B). Average transcriptional
expression of Ibsp in chondrocytes, osteochondro progenitors, osteoblast (E)

and mesenchymal progenitors 1-3 (F). Protein level expression of Coll10al (C,
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¢) and Ibsp at the the growth plate (G, g) and cortical bone (H, h) (20x

magnification; scale bar =50um).

Single cell level analysis of primary bone cells from Bglap MefZ2c ¢KO and
Dmp1 MefZc cKO mutant mice unveiled a greater network of genes associated
with the Mef2c-regulated transcriptome. All major bone cell subpopulations
including MPs, OPs, OBs, OSs, and OCPs were affected by the absence of
MefZc. In fact, there was a marked increase of MP subpopulations exhibited by
the Mef2cdeficient mice. While not as dramatic, cell clusters associated with
the MSC lineages had corresponding decreases. Indicating potential lineage-
wide shifts that may have been caused by the absence of MefZc. Future work
could unveil how Mef2c potentiates the osteogenic program amongst
mesenchymal populations and whether Lum expression mediates key cellular

behaviors found at the growth plate.

In all, the absence of MefZc led to a significant number of DEGs across the
osteogenic-type cell populations. Each bone cell subcluster identified in the
present study experienced perturbed transcriptomic profiles. Both OBs and
CHs were impacted most significantly when MefZ2c was deleted. Interestingly,
affected genes amongst OPs, OBs, OSs, and OCPs populations had minimal
overlap supporting the notion that Mef2c can mediate unique cell-type specific
transcriptomes amongst the osteogenic lineages. This study unveiled several
indirect and direct target genes mediate the characteristic HBM phenotype of
Mef2c cKO mutant mice [16, 22]. Additionally, gene ontology of affected genes

was associated with bone and energy metabolism.

According to the scRNAseq data collected from Bglap Mef2c cKO, Dmp1 MefZ2c
cKO, and Coll Mef2c cKOmutants point to a larger Mef2c gene target network

in bone. A subset of putative gene targets harbored MefZc motifs including
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bone and energy metabolism genes suggesting MefZ2c mediates the generation
of cellular energy to meet the demands associated with building and
maintaining bone. Energy metabolism plays a central role on maintaining bone
homeostasis. Early osteoprogenitors primarily derive ATP through glycolysis
and is understood to mediate the ‘stemness’ of mesenchymal progenitors under
proliferative conditions with relatively low oxidative phosphorylation energy
production [97, 98, 233, 234]. In OBs and OSs, oxidative phosphorylation is the
predominant method of generating ATP [235, 236]. The data suggest MefZc
supports bone homeostasis by programing the energetic metabolism in OBs
and OSs while also programming their respective precursor populations.
Follow up studies are needed to understand changes in cellular behaviors
occurring within the growth plate of Bglap MefZ2c cKO mutant mice. Previous
studies have shown high expression Mef2¢ levels associated in response to
osteogenic induction of mesenchymal progenitors [11, 23, 24]. Determining
whether similar mechansims play a role in determining cell fate in other
progenitors could reveal a similar underlying mechanism associated with the
general function of Mef2c as shown in tissue types such as cardiovascular

studies.

A few direct Mef2c target genes have been shown to be involved in bone
metabolism such as functioning in endochondral ossification. Col10al is a
classical hypertrophic chondrocyte marker found at the growth plate [237-239]
. We found that Col/l0al is downregulated in mice lacking MefZc. The
mechanism in which Col10a1l functions during endochondral ossification is not
well understood. Several proposed mechanisms include facilitating cartilage
matrix removal to permit mineralization [240-242], directly organize the
calcification of the cartilage matrix [243], or by acting as a boundary to protect
regions from mineralization such as the growth plate [244]. Col10a1 KO mice

phenocopied the skeletal dyspalsisa disorder known as Schmid metaphyseal



101

chondrodysplasia [245-247] characterize by a short stature and an irregular
growth plate [248, 249]. We also identified /bsp as a potential direct Mef2c
target which was significantly downregulated in response to Mef2c¢ deletion.
Ibsp is a non-collagenous protein that also exhibited evidence of direct Mef2c
binding. Additionally, Zbspis part of the SIBLING family of proteins that have
been shown to regulate ECM properties, cell-matrix interactions, and
responses to environmental stimuli [250]. Ibsp was found to initiate
hydroxyapatite crystal formation in vitro suggesting a function in initiating
mineralization [251]. In fact, additional studies demonstrated that Ibsp protein
structure was capable of concentrating calcium ions that initiated ossification.
Interestingly, /bsp KO mice displayed a growth plate phenotype with an
increased hypertrophic zone and an increased trabecular bone region [252,

253].

The highlighted Mef2c-mediated transcriptome is highly complex and remains
to be mechanisitically understood how the HBM phenotype results from
osteogenic populations exhibiting perturbed energy and bone metabolism.
Insights could be provided by examining how diabetes mellitus affects bone
overtime. Diabetes is a metabolic disorder associated with mitochondrial
dysfunction [254, 255]. Such dysfunction, in part, is due to decreased
mitochondrial content and biogenesis leading to perturbed cellular energy
production [256]. Interestingly, the bones of diabetic patients have increased
bone mineral density as shown by high resolution peripheral quantitative
computer tomography [257] and yet these changes to bone negatively impact
bone strength. In fact, having diabetes increases the incidence of having a
fracture [258] since the underlying microarchitecture of bone undergoes

deterioration over time.
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Recently, the use of bone mass as a predictor of bone strength has been updated
to include additional criterion. The relative composition, organization, and
maturation of the bone microstructures are additional characteristics that are
now considered when accessing fracture risk [105]. MefZc deletion appears to
impact bone properties that lead to increases in bone mass but is not clear of
whether bone strength has correspondingly increased as well. Future
functional studies will reveal the impact on mechanical strength and whether
the relative composition, organization, or the maturation of the bone

microstructures could be negatively altered in MefZ2c cKO mutant mice.

In summary, the present study identified Mef2c gene regulatary function
amongst various osteogenic cell populations, in part, to support bone formation

and homeostasis throughout adulthood.
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Abstract

MefZ2c 1s a transcription factor that is emerging as a key regulator of bone.
Various lines of evidence have been reported indicating the importance of
Mef2c amongst osteogenic populations. Bone researchers have shown MefZc
function regulating mechanisms that mediate bone formation as part of
maintaining tissue homeostasis. Recently, MefZ2c has been shown to also
function in osteoclasts (OCLs) populations another key bone cell type involved
in bone remodeling. MefZc function was found to be involved in mediating bone
erosion when deleted in the murine model of inflammatory arthritis. While ¢-
Fos identified as a direct gene target, the Mef2c-mediated transcriptome
remains to be fully characterized amongst OCL populations. To gain a better
understanding of Mef2c¢ function in regulating the cellular behaviors
associated with supporting bone resorption, we isolated Mef2c-defecient
CD11b* OCL progenitors from Mef2c; Ctsk-Cre (Mef2c cKO) and
characterized their ability to differentiate into mature OCLs. While we could
determine that the absence of MefZc negatively impacted osteoclastgenesis,
these changes could not be observed transcriptionally. Interestingly, scRNAseq
of primary bone cell populations revealed Ctsk expression amongst captured
osteogenic populations suggesting that the observed HBM phenotype could be
mediated by previously documented MefZc function. Examination of publicly

available single cell transcriptomic data was referenced to shed light on how
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to sufficiently target Mef2c amongst OCL populations. The approach
highlighted the OCL marker Cxscrl to appropriately target MefZ2c amongst
OCL populations. In summary, the present data supports Mef2c function in
OCL populations in which the incorporation of Cxscr-Cre mice should aid in
further characterizing how this key regulator of bone mediates the cellular

behaviors associated with bone resorption.

Introduction

Osteoporosis is a bone disease that develops amongst aging individuals that is
primarily characterized by a significant loss of bone. As bone loss continues
there is an accompanying increased risk of experiencing a fragility fracture.
Around 200 million people are affected by osteoporosis that is primarily found
amongst postmenopausal women and elderly men [16]. U.S. Census Bureau
projections highlight an increasing average age of the population showing the
greatest percentage increases in the 65 and older age group [259]. Overtime,
the thinning of trabecular bone and increasing cortical porosity leads to the
development of the osteoporotic skeleton [28]. Typically, bone strength and
homeostasis are maintained by the constant renewal of skeletal tissues that
ensures minimal accumulation of old and damaged bone [260]. The incidence
of osteoporosis is an increasing trend observed amongst various racial and
ethnic group and across other western countries [23]. An effect of severe
osteoporosis relates to the compounding incidence of chronic disease, such as
cardiovascular disease and obesity, as these individuals are required to adopt
a sedentary lifestyle to avoid the risks of experiencing a fragility fracture [261].
The situation points to a growing need to address the significant public health
threat associated with the advancing age of society and the need to develop
improved bone therapeutics by understanding the complex behaviors of bone

cell populations such as osteoclasts (OCL).
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Bone remodeling (BR) is the key physiological process that maintains
homeostasis throughout adulthood. A major function of BR is the constant
replacement of the underlying mineralized tissues to prevent the accumulation
of old and brittle bone and is mediated by key bone cell populations. OCLs are
a HSC-derived bone cell type that are recruited towards various sites to
remove old and damaged bone via the secretion of digestive acids and enzymes
such as matrix metalloproteinases and cathepsin K [93]. The bone resorptive
function of OCLs results in the formation of cavities called Howship’s lacunae
that are subsequently filled upon the arrival of bone-forming osteoblasts (OB).
In aging individuals, the coordinated activity of OCLs and OBs begins to shift
towards a net decrease in bone formation that is largely been attributed to the
decreasing size of MSC populations that serve as a cellular source of OBs
needed to maintain adequate levels of bone formation [71, 73, 78]. In fact,
various therapeutics have been developed to treat osteoporosis that function
by targeting the OB cell lineages such as PTH-based agents Teriparatide and
Abaloparatide and Sclerostin based agents Romosozumab [33-36]. Additional
therapeutics have been designed to target OCL populations as well and are
called anti-resorptive. Anti-resorptive treatments consist of bisphosphonates
(such as' Alendronate, Risedronate, and Ibandronate) and are designed to
reduce OCL survival and activity [44, 45]. While these treatments have proven
to be effective, they are not without their limitations. For example, the waning
effectiveness of Teriparatide, Abaloparatide and Romosozumab is well
documented whereas antiresorptive based treatments carry with it the rare
side effect of osteonecrosis of the jaw and atypical femoral fractures [46, 47,
262]. Such limitations suggest that a deeper understanding of bone remodeling
1s required to understand how to develop better osteoporotic therapeutics that

can potentially target both OB and OCL populations.
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Transcription factors (TF), and their target gene regulatory networks, are key
regulators that are responsible for the spatial-temporal coordination of key
cellular behaviors associated with physiological processes such as BR. Various
lines of evidence suggests MefZc being a key TF in both OB and OCL
populations. Genome-wide association studies (GWASs) identified single
polymorphisms (SNPs) surrounding the Mef2clocus was associated with adult
osteoporosis and related fragility fractures [215]. Additionally, a genome-wide
map of Mef2c binding points to a function in bone as genes highlighted were
associated with ‘RANK Signaling in Osteoclasts’ and other inflammatory
related pathways [214]. A few murine knock out studies demonstrated the
importance of MefZ2c function in bone. During bone development, MefZc
deletion in chondrocytes led to delayed ossification in mutant mice [139].
Whereas OB- (Co/1) and OS- (Dmp1) deletion led to mutant mice displaying a
high bone mass (HBM) phenotype [135, 136]. Interestingly, the Kramer group
also reported that OCL activity was negatively impacted by the Dmp1I-
mediated deletion of MefZ [136]. Mef2c function amongst OCL populations
was later confirmed as mice with a Mx7-mediated Mef2c deletion similarly
exhibited a HBM phenotype that was a result of targeting osteoclast precursors
[142]. Here, OCLs showed reduced differentiation capacity to become actively
resorbing cell types. Interestingly, Mef2c levels were increased under the
inflammatory conditions found amongst rheumatoid arthritis patients; a
disease that is characterized by pathogenic bone loss from overactive OCL
activity. Taken together, Mef2c function is found amongst OB and OCL cell
populations that are function in maintaining bone homeostasis possibly by
utilizing similar gene regulatory mechanisms to ensure their cellular

behaviors remain closely coordinated.

The present work sought to expand on the function of MefZc by characterizing

the GRN amongst OCLs. An accruing level of evidence suggest that MefZc



107

function is more complex in bone than previously appreciated and yet a
minimal number of MefZctarget genes have been described. Gene targets such
as Sost, Mmp13, Runx2 and Coll0al have been reported amongst bone cell
populations that support bone formation [137-139, 216]. Gene targets amongst
OCL populations is comparatively much less understood as ¢-Fos is the only
direct gene target described to date [142]. An in-depth characterization of
Mef2c-regulated transcriptome amongst OCL populations could reveal novel
mechanisms that can be therapeutically targeted to treat osteoporosis. Here,
Ctsk-cre mice were used to target OCL populations as has been done previously
[263-265]. We found that Ctsk-cre mice were bred with Mef2c”1 mice (Ctsk
Mef2c cKO) exhibited the characteristic HBM phenotype as shown in other
Mef2c bone mutants [135, 136, 142]. Culture based experiments demonstrated
that OCL differentiation was negatively impacted in the absence of MefZc.
Interestingly, scRNAseq revealed changes in osteogenic populations isolated
from Ctsk MefZ2c cKO mutants and were associated with previously described
roles suggesting Ctsk promoter leakiness amongst additional bone cell
populations and is supported by recent studies [160]. Future studies utilizing
Cx3crl-Cre transgenic mice is expected to provide additional insights into the
functional role of MefZc in OCL populations to gain a better understanding of

the MefZc GRN associated with bone resorption.

Methods

FExperimental mice

Animal experimental procedures were completed in accordance with guidelines
under the institutional animal care and use committees at Lawrence
Livermore National Laboratory under an approved protocol by the IACUC

committee and conform to the Guide for the care and use of Laboratory
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animals. Mef2c"1; Ctsk-Cre mice (Mef2c cKO) were generated by breeding
Mef2c" with Ctsk Cre mice [182, 266]. The resulting mutant mice were
genotyped by PCR.

uCT scanning

Hindlimbs of MefZ2c ¢KO mice were dissected and dehydrated using 70%
ethanol in preparation to scanning on a pCT instrument (SCANCO uCT 35,
Briittisellen, Switzerland) using 60kVp, 180 mA, 750-ms integration time with
an isotropic voxel size at 10 um. To measure the metaphysic trabecular bone
in the distal femur, a 2 mm region of secondary spongiosa was isolated by
manual analysis. The region of interest began 1mm proximal to the distal
growth plate and extended proximally for 2 mm. Prior to scanning, the total
length of each femur was measured with the digital calipers; these
measurements were used to identify the mid-diaphysis in each femur CT scan
by considering slice thickness (10pm) and counting slices from the distal tip of
the condyles until the calculated midshaft was reached. The central 20 slices
at the midshaft were analyzed for cortical properties. Trabecular bone volume
fraction was determined by quantifying trabecular bone volume fraction via
trabecular bone volume fraction (BV/TV, %), trabecular thickness (TB.Th,
mm), trabecular number (TB.N, mm), trabecular thickness (Tb.Sp, mm),

connective density (Conn.D, 1/mm3), and structure model index (SMI).

In vitro osteoclast difterentiation

Femurs and tibia of 16-week-old Mef2c cKO mutant mice were harvested. Bone
marrow was obtained from femurs and tibia by centrifugation as previously
described [267]. Briefly, proximal ends of long bones were removed and placed

into 1.5 ml microfuge tubes with plastic inserts cut from 0.5 ml microfuge



109

tubes. Samples were centrifuged at 2000 rpm for 30 seconds to move bone
marrow into 1.5 ml microfuge tubes and resuspended in culture medium after
red blood cells were lysed with ACK solution (Sigma-Aldrich). Murine CD11b*
monocytes were isolated from the bone marrow isolates using microbeads for
magnetic separation according to the manufacturer’s protocol (Miltenyl
Biotec). CD11b* monocytes were cultured in 24-well using a seeding density of
2 x 105 cells/well in 500 uL. OCL differentiation medium (DMEM/F12
supplemented 10% FBS (Thermo Fisher), 1% penicillin-streptomycin (Thermo
Fisher, 15140122), 50 uM B-mercaptoethanol, 25 ng/mL M-CSF (Invitrogen)
and 25ng/mL RANKL (R&D systems) at 37°C, 5% COx for six days. Medium

was changed every 2 days as was done previously [162].

Visualization of mature osteoclasts generated ex-vivo

Mature Mef2c ¢cKO OCLs generated, as previously mentioned, were washed
with PBS and fixed using 4% paraformaldehyde (Thermo Fisher, J19943.K2)
for 10 min. To detect TRAP amongst OCLs, staining was performed using the
TRAP staining kit from Sigma Aldrich (387A-1KT) following the
manufacturer’s protocol. Quantifying total TRAP area by imaging 5-6 fields of
view for each well examined (n=3/group). To visualize F-actin ring structures
in differentiating and mature OCLs, cells were permeabilized with 0.1%
Triton™ X-100 for 10 min and washed with PBS. Next, OCLs were incubated
with phalloidin (594nm, 1:600) for 15 min. After three washes with PBS, 200uL
PBS was added to each well to image OCL populations using a Leica DM5000

microscope.
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Single-cell ENA sequencing

16-week-old male Mef2c cKO mutant mice (N=2/genotype) were used to isolate
primary bone cell populations. To isolate primary bone cell populations, an
1solation protocol was used for downstream scRNAseq. Briefly, hindlimbs were
isolated and thoroughly cleaned of any contaminating tissues from bone. Once
bones were ready, femurs and tibiae were depleted of bone marrow after
opening marrow cavity followed by 2x PBS washes. Bones were then processed
into 1-2mm fragments and placed into 8ml of 7.5mg/ml Collagenase
(Worthington Biochemical, Lakewood, NJ; CLS-1) digestion solution and 100
png/mL DNase I (Roche, Basel, Switzerland; 11284932001) in DMEM/F12 for
30 min at 37°C on a shaker at 150 rpm. After 30 min, the resulting digestion

solution was transferred into a 50ml conical tube and washed with 1x PBS.

Next, 8ml of 100mM EDTA was added to tube containing bone pieces and
incubated for 30 min at 37°C on a shaker at 150 rpm followed by transferring
the 2nd digestion solution to the 50 ml collection tube containing the digestion
solution from the earlier digestion step. These alternating digestion steps were
repeated for a total of 9 incubations with each respective digestion mix
collected in between washes. Once collection of primary bone cells is completed,
contaminating red blood cells were then lysed by adding ACK (ThermoFisher
Scientific, Waltham, MA, USA; A1049201) followed by removal of cellular
debris using a 100pm nylon cell strainer. Further enrichment of bone cell
populations was completed using flow cytometry. Bone cell suspensions were
made from using the primary bone cells collected and were incubated in
Biolegend antibodies APC/Cyanine7 anti-mouse CD45 Antibody (Clone: 30-
F11) and anti-mouse APC Ter119 at a 1:100 dilution in PBS+1%FBS. Dapi was
used for viability staining. Viable CD45/Ter1197 populations were sorted with
flow cytometric analysis performed on a BD FACSMelody system.
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Isolated CD45/Ter1197 bone cell populations were sequenced using Chromium
Single Cell 3’ Reagent Kit and Chromium instrument (10x Genomics,
Pleasanton, CA). Library preparation was performed according to

manufacturer’s protocol and sequence on an Illumina NextSeq 500 (Illumina,
San Diego, CA, USA).

scRKNAseq data analysis

Generated scRNAseq data was processed with 10x Genomics Cell Ranger
software (version 6.0.0;10x Genomics, Pleasanton, CA, USA). Once biological
samples were sequenced by the Illumina NextSeq 500 sequencer, and the base
call files (BCL) were demultiplexed into FASTQ files using the Cell Ranger
‘mkfastq’ command. Data was aligned to the mouse reference genome (mm10),
barcoding counted, and unique molecular identifier (UMI) counted performed
using the ‘count’ command. The resulting output was then exported into the
R package Seurat where quality control steps and additional analysis were
performed [221]. Data filtering criteria included: cells with less than 500
detected gene per cell, genes that were expressed by fewer than 5 cells, had
mitochondrial greater than 15%, or had aberrantly high gene count all of which
were removed. Data was normalized using the global-scaling method known as
‘LogNormalize’ to find highly variable genes at which point the data from
Mef2c cKO and WT experimental data was integrated, scaled, and reduced by
principal component analysis (PCA). Cells were grouped into clusters for cell
type discovery using Seurat’s ‘FindNeighbors’, and ‘FindClusters’ commands.
Followed by the visualization of the produced clusters using the non-linear
dimensional reduction via uniform manifold approximation and projection
(UMAP). Cluster marker genes were determined using Seurat’s

‘FindAllMarkers’ command. Next, Seurat’s ‘FeaturePlot’, ‘DotPlot’, ‘VInPlot’,
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and ‘Heatmap’ commands were used to graphically plot the cell type specific
gene expression measurements amongst the datasets. Cell clusters were
isolated by dataset and their counts extracted. The experimental metadata was
generated by matching the cell’s barcodes with their respective annotation.
The resulting information was input into Deseq2 package for statistical

analysis [222].

Analysis of osteoclast scRNA-seq data

A publicly available dataset was utilized that was generated from murine
monocyte/macrophage progenitors and differentiated into osteoclast after
endogenous M-CSF and RANKL treatment. RNA was collected on day of
treatment (D0), 24hrs (D1) and 72hrs (D3) post treatment. scRNAseq data was
processed similarly done in the scRNAseq data analysis section using Cell
Ranger and transferred output was subsequently analyzed using 10x

Genomics Loupe Browser 6.4.1.
Statisical Anaylysis
R statistical software and Graphpad Prism were used for statistical analysis.

Student’s t test were used to determine statistically significant differences of

mean values. Pvalue of < 0.05 were considered statistically significant.
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Results

Mef2c deficiency in Ctsk-expressing cells results in significantly greater bone

mass

To characterize how Mef2c¢ functions in OCL biology, Mef2cf/l mice were bred
with Ctsk-Cre transgenic mice to generate Mef2cffl; Ctsk-Cre mutant mice
(Mef2c cKO) [182, 266]. Mef2¢c ¢cKO mice reveal no obvious defect at birth and
during aging or changes in size and weight. At peak skeletal bone mass (16
weeks), nCT analysis was used to assess changes to bone mass (Figure 1).
Mef2c¢ ¢cKO mice femurs have a significant increase in bone mass compared to
Cre-negative controls. Although not significant, Mef2c ¢cKO bones show
increases in various uCT parameters such as bone volume (BV/TV), trabecular
number (TB. N) and connective density (Conn.D; Figure 1A, B). Additionally,
examination of Sost”; Mef2c! Ctsk-Cre (dKO) femora reveal a greater
increase in bone mass than observed in Sost” alone (Figure 1A, C). These
results suggest the observe increase in bone mass is driven by a potential novel
Mef2c¢ function independent of the characterized role associated with Sost-

expressing osteogenic populations.
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Figure 1. uCT analysis of femora comparing skeletal phenotypes of Mef2c/%:
Ctsk-Cre mice to Sost” and Mef2c ; Ctsk-Cre, Sost” mice. (4) 3D
representation of Mef2c”f ; Ctsk-Cre mice to Sost” and Mef2c71 ; Ctsk-Cre,
Sost” mice highlighting changes in bone mass amongst femora. Quantification
of trabecular bone volume/total volume (BV/TV) in Mef2c; Ctsk-Cre,
trabecular thickness (Th.th), trabecular number (Th. N) and connective density
(Conn.D) in Mef2c ; Ctsk-Cre mice mice (B). Quantification of trabecular
bone volume/total volume (BV/TV) in Sost” and Mef2c?f ; Ctsk-Cre, Sost”
(dKO) mice. p<0.05, by t test compared to own Cre negative controls.

Differentiation negatively impacted in MefZ2c-deficient Osteoclasts

In order to study the effects of deleting MefZ2c in OCL populations, we
characterized OCLs from MefZ2c ¢KO mice. To date, we are unaware of any
successful reports of directly isolating OCL populations for use in cell culture
studies as it is technically challenging to isolate mature osteoclasts. Therefore,
CD11b* precursors from MefZc cKO mice were 1solated and differentiated into
mature OCLs as has previously been conducted [162]. CD11b* precursors were
differentiated by supplementing culture media with RANKL and M-CSF for 5-
7 days. By day 5-7 mature OCLs are observed in culture well plates (Figure
2A). Mature OCLs are TRAP*, contain an actin ring, and are multinuclear cell
populations (number of nuclei > 3) [268-270]. Differentiation of CD11b*
precursors from MefZc cKO mice is negatively impacted as mature OCLs are
not generated compared to cre negative controls). After 5 days of
differentiation, MefZ2c cKO wells develop fewer multinuclear cell populations
exhibiting minimal actin ring formation (Figure 2B). Additionally, Mef2c cKO
populations exhibit less TRAP* populations where cells that were TRAP+ are
less intense while the Mef2c”1 controls exhibit robust TRAP* cell populations
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by day 5 and 7 (Figure 3A, B). Taken together, Mef2c deletion has a negative
impact on OCL differentiation of myeloid CD11b* precursors and is not clear

what underlying molecular mechanisms are impacted as a result.
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Figure 2. Osteoclast differentiation is less efficient in the absence of MefZc. (A)
In vitro osteoclast differentiation experimental overview (B) Differentiation of
Mef2c”1 and Mef2ci; Ctsk-Cre Cd11b* bone marrow populations at days 1, 3

and 5. asterisks label mature osteoclasts (# of nuclei > 3, actin ring* cells).

scRNAseq of Mef2c ¢KO bone cells reveals changes amongst osteogenic

populations

To examine the molecular mechanisms Mef2c mediates in osteoclast
populations, primary bone cells were isolated from Mef2c1 and MefZc cKO
hindlimbs (Femurs and tibias) at 16 weeks of age and analyzed using
scRNAseq technology. A total of 6029 cells (WT: 4667 and Mef2c cKO:- 1362)
were used to identify bone cell subpopulations from murine hindlimbs. The
approach identifyied clusters representing myeloid (clusters: 1-3, 5, 7, 9, 11,
15,16) and lymphoid (clusters: 8, 13, 14, 17) immune populations, adipocyte
populations (clusters: 10), and osteogenic and chondrogenic populations
(clusters: 4, 6, 12; Figure 4A, B). Mef2c expression is found in osteogenic and
chondrogenic populations and a subset of immune populations including
monocyte, macrophage, and B cells (Figure 3B). Interestingly, Ctsk is
primarily expressed amongst the osteogenic (Col/lal) populations and not the
immune populations (Ptpre; Figure 3C, D). The observation suggests that
MefZc deletion is also occurring amongst the osteogenic populations from cells
isolated from MefZc ¢KO mutants and is supported by previous reports
showing Ctsk expression amongst osteogenic populations such as periosteal
stem cells and osteolytic osteocytes [160, 271]. Additionally, Ptprct populations
lack expression of OCL markers (Ctsk and Acpb) suggesting that our
scRNAseq analysis failed to capture mature osteoclasts. This data also

suggests that the high bone mass phenotype observed in MefZc ¢KO could at
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least in part be driven by Ctsk-cre mediated deletion of MefZc in osteogenic
lineage cells. Additional studies should include OCL precursor populations

post M-CSF and RANKL exposure, to examine the role of Mef2cin OCLs.

scRNAseq highlights Mef2c expression in early osteoclast precursors

A recent study highlighted the OCL differentiation program at the single cell
level (GSE147174). In their approach, bone marrow cells were isolated and
differentiated into mature osteoclasts. Examined timepoints included day
RANKL induction of OCL differentiation (D0), 24 hours post induction (D1),
and 72 hours post OCL induction (D3) [272]. Re-analysis of the publicly
available dataset reveals that MefZc expression is strongest at DO while
expression 1s largely absent by D1 and D3, timepoints at which Ctsk is
expressed (Figure 5 B, E). The scRNAseq dataset also was informative on the
effectiveness of targeting OCL populations using MefZc ¢KO mice as the
expression profile of Ctsk shows minimal overlap with MefZc expression
(Figure 5 C, F). These findings further suggests that the HBM phenotype
observed in MefZc cKO mice could be primarily mediated through the absence
of Mef2c amongst osteogenic populations. To uncover additional mechanisms
in OCL populations, an earlier marker would be better suited such as Cxserl.
Others have reported successful targeting of OCL populations using Cxscrl
since its expression profile is also found early in precursors and in DO
populations (Figure 5 E, G). Targeting with Cxscr-Cre mice should minimize
the number of bone cell populations affected by recombination and get achieve

better deletion efficiency when MefZc function is greatest.
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Figure 3. Decreased number of TRAP* Osteoclast cell populations from the
absence of MefZc. (A) Differentiation of Mef2c" and Mef2c1 ; Ctsk-Cre Cd11b*
bone marrow populations at days 1, 3, 6, and 7. asterisks label mature
osteoclasts (TRAP* cells). Surface area osteoclast per well at day 5 (B) and 7
(C). Scale bar = x, p<0.05, by ANOVA t test compared to Cre negative controls.
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Figure 4. Single cell analysis of Mef2c cKO bone cells. (4) Cell clusters from
10x Genomics scRNA-seq analysis visualized by Uniform Manifold
Approximation and Projection (UMAP) in Mef2c1 and Mef2c cKO. Colors
indicated clusters of various cell types. (B) Feature plot of Mef2c and markers

of immune and bone cell subtypes used to denote each subtype.

Discussion

While there is a growing body of research reporting MefZ2c function in
maintaining bone homeostasis and strength, very little is known about the
function amongst OCL populations. Previous work has shown how Mef2c can
regulate bone development and metabolism. Knockout studies amongst early
osteogenic progenitors and chondrocytes exhibited defects in hypertrophy and
bone formation [139, 140]. In fact, modulating Mef2c levels in human
mesenchymal progenitors affects their ability towards inducing an osteogenic
cell fate [132] using mechanisms downstream of anabolic pathways such as
Wnt and PTH. Previously, it was generally understood that the target gene
Sost, an inhibitor of Wnt signaling pathway is the primary driver of
modulating bone mass. scRNAseq amongst MefZ2cdeficient osteogenic
populations demonstrates that additional gene targets are associated with
bone and energy metabolism (See chapter 3). Amongst OCL populations, a
recent report identified c-Fos as a direct target gene but is the only known gene

target described to date.

In the present study, we shed light on Mef2c function amongst OCL
populations that appears to negatively impact differentiation. Mef2c cKO mice
exhibit a HBM bone phenotype that was characteristic of other bone specific
knockouts [135, 136]. In fact, dKO (Sost”; Mef2cf Ctsk-cre) mutant mice
exhibit a greater HBM phenotype compared to the individual MefZ2c ¢KO and
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Sost” mutants. The finding suggests that MefZc function is independent of
Sost and amongst OCL populations. Additionally, cell culture studies
demonstrate how MefZ2c cKO CD11b* cells are less efficient at differentiating

into mature OCLs compared to wildtype populations.

Unexpectedly, scRNAseq of primary bone cells from MefZc cKO mice was not
capable of capturing OCL populations. However, captured single cell
transcriptional signatures reveal Ctsk expression amongst osteogenic
populations indicating that the HBM phenotype found in MefZ2c ¢KO mice
could recapitulate the findings from previous MefZc knockout studies. Given
the results from the cell culture studies, we utilized publicly available single
cell transcriptomic data (GSE147174) to determine the Mef2c expression
profile in differentiating OCLs. Examination of the data revealed insights of
using Ctsk-Cre mice to target OCLs as the expression profile of Ctsk only
minimally overlaps with MefZc expression and found at early points of
differentiation. The publicly available data also point to an appropriate OCL-
specific targeting promoter Cxscrl as expression more closely matches the

expression profile of MefZc.

With the aim of characterizing the OCL Mef2c-mediated transcriptome,
utilizing Cxscrl-Cre mice should aid in shedding light to better understand
novel gene regulatory mechanisms that possibly are involved in generating
functional and mature OCLs. Such knowledge shows great potential in
informing bone researchers on how to target the different cell types involved
in bone remodeling by identifying common signaling pathways and possibly
maintain the level of coordination required to maintain bone homeostasis and

strength throughout adulthood.
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Figure 5. Single cell analysis of differentiating osteoclasts at days 0, 1, and 3.
Data was generated using publicly available data using isolated murine OCL
precursors [272]. (A) Cell clusters from 10x Genomics scRNA-seq analysis
visualized by Uniform Manifold Approximation and Projection (UMAP) of
differentiating osteoclasts on days 0, 1, and 3. Colors indicated clusters of

individual time points. Feature plot of Metf2c (B), Ctsk (C), and Cxscrl (D).
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Violin plot of Mef2c (E), Ctsk (F), and Cxscrl (G) expression at days 0, 1 and 3

of osteoclast differentiation.
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Chapter 5. Conclusions and Future Directions

The studies mentioned in the present thesis has led to a better understanding
of GRN associated with MefZ2c amongst bone cell populations. Additionally,
such knowledge highlights novel mechanisms involved in maintaining bone
homeostasis. These experimental studies have led to the development of a bone
cell i1solation method that can obtain primary bone cell populations, including
osteocytes, for use in single cell-based sequencing technologies. Additionally,

the following conclusions were also made:

1. Mef2c mediates a cell-type specific transcriptome across various bone
cell populations that could be coordinating the cellular behaviors of the

osteogenic lineage.

2. A single cell analysis of the various bone cell populations supports the
transdifferentiation theory as OS appear to arise from more than one

bone cell type.

The present findings indicate that the MefZc GRN amongst osteogenic
populations mediate the production of suffecient cellular energy levels to meet
the demands associated with bone formation. At earlier stages of the osteogenic
lineage, such as in mesenchymal progenitors and osteochondral progenitors,
Mef2c mediates energy production through regulating the expression of
glycolytic pathways. Whereas in OBs and OS, MefZ2c mediates the energy
production through the oxidative phosphorylation pathway. The work also
demonstrated how interconnected the energy metabolism genes are with bone
metabolism genes as both gene programs harbored evidence of Mef2c binding.

Taken together, these findings point to bone tissue homeostasis and strength
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are promoted the coordinated expression of both sets of genes as part of the

transcriptional activating function of MefZc.

A key step in characterizing Mef2c function in bone was largely in part to the
development of a bone cell isolation method for downstream scRNAseq. The
accessibility of bone cell populations have been an ongoing issue for bone
researchers but with the advent of single cell technologies will prove to
successfully circumnavigate the problems associated with investigating
mineralized tissues. The incorporation of the singe cell-based technologies will
greatly aid in elucidating the complex cellular behaviors that function in
maintaining bone tissues. This is accomplished by identifying novel
subpopulations of major bone cell types and their functional contributions to
tissue homeostasis. An exhaustive characterization of the osteogenic lineage
will also provide novel bone cell markers that can accurately and sufficiently
target discrete cell populations. The bone cell isolation method, found in
chapter 2, captures mesenchymal progenitors, early (OBs) and late (OSs) cell
populations of the osteogenic lineage provides an opportunity to fill the various
gaps of knowledge of how bone tissues are maintained throughout adulthood.
Such knowledge will greatly inform bone researchers and their approach to
developed improved therapeutics to treat bone loss disorders such as

osteoporosis.

Future studies should focus on further characterizing the role of MefZc
function in bone. At the tissue level, MefZ2c deletion resulted in the
characteristic HBM phenotype typically found amongst mouse mutants. An
intriguing finding as the scRNAseq analysis revealed several key genes
associated with the formation of bone were downregulated in the absence of
MefZc. The contradictory nature of these findings can be resolved by future

studies that focus on characterizing the mineralization activity and function of
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osteoblast populations. Such findings would provide a nuance understanding
of the mineralization process and the organization of the ECM needed to
provide sufficient bone strength as part of maintaining bone tissue

homeostasis.

The currenting findings presented illustrate a partial view of how osteogenic
cell populations are programmed to maintain bone tissues throughout
adulthood. First, we presented a method to capture major bone cell populations
that provides a tissue-wide snapshot of the functional impact of a given
experimental condition. Here, this approach was taken to characterize the
functional contributions of a ubiquitously expressed TF MefZc. The isolation of
Mef2cdefecient bone cell populations demonstrated how a commonly
expressed TF could have a cell-type specific GRN that is potentially
coordinating the complex cellular behaviors associated with the formation of
bone tissues. The continued characterization of TF-mediated GRNs will lead
to a greater understanding of how cellular behaviors are programmed and
ultimately be utilized to dissect pathophysiology associated with osteoporosis

and inform future regenerative approaches.
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