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ABSTRACT

The daily injection of parathyroid hormone (PTH) increases bone mass and protects
against osteoporotic fractures, however a complete picture of its mechanism of action is still
missing. We have shown that PTH induces the phosphorylation of the DNA-binding protein
Nascent polypeptide associated complex And Coregulator alpha (NACA), leading to nuclear
translocation of NACA and activation of target genes. We performed Chromatin
Immunoprecipitation with deep sequencing (ChIP-Seq) against NACA with parallel RNA-
sequencing in PTH-treated osteoblast cells. This approach illuminated two novel downstream
targets of the PTH-NACA axis in osteoblasts: the nuclear factor interleukin-3-regulated (Nfil3)
and the ubiquitin specific peptidase 53 (Usp53). Our data show that the transcriptional activity
of Nfil3 is activated by the binding of NACA and CREB to its proximal promoter, following
PTH induction. Additionally, our differentiation assays of Nfi/3-knockdown cells reveal a
distinct function for Nfil3 in osteoblasts vs osteocytes, by modulating their differentiation in
opposing fashions. Our results serve as the first mechanistic characterization of Nfil3
transcription and function in osteoblasts. Moreover, our work identified Usp353 as a novel target
of PTH signaling in osteoblasts and uncovered a mechanism involving NACA,JUN, and CREB
tuning its transcription. A great deal of our work focused on uncovering the biological function
of Usp53 during development. We show here that USP53 regulates mesenchymal cell lineage
selection in vitro and in vivo. The phenotypic characterization of Usp53 null mice reveals
severe alterations in bone and adipose tissues. The global ablation of Usp53 leads to low bone
mass due to increased osteoclastogenesis and impairs adipogenesis. We also show that USP53
regulates adipogenic commitment and differentiation of mesenchymal cells, osteoblast terminal
differentiation, and Rankl expression. The underlying mechanism defining USP53 functions
involves the interaction with the TAK1/TAB1/TAB2 complex affecting its assembly and
signaling. This is the first study uncovering the contribution of Usp53 to developmental
processes and revealing the molecular cascades underlying USP53-related pathologies in
human. Collectively, the characterization of Nfil3 and Usp53 has proven that their biological
significance extends beyond PTH signaling regulation to cover crucial developmental processes

in multiple tissues.
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RESUME

L'injection quotidienne d'hormone parathyroidienne (PTH) augmente la masse osseuse et
protege contre les fractures ostéoporotiques. Cependant, le mécanisme d’action n’est pas
complétement €élucidé. Nous avons démontré que la PTH induit la phosphorylation d’une
protéine qui se lie a I’ADN, le complexe associé au polypeptide naissant et corégulateur alpha
(NACA). Ceci entraine la translocation nucléaire de NACA et I'activation de génes cibles. Nous
avons effectué une immunoprécipitation de la chromatine avec un séquencage en profondeur
(ChIP-Seq) contre le NACA ainsi qu’en parallele, un séquengage de ' ARN (RNA-Seq)
d’ostéoblastes traités a la PTH. Cette approche a permis d’identifier deux nouvelles cibles en
aval de I'axe PTH-NACA dans les ostéoblastes : le facteur nucléaire régulé par l'interleukine-3
(Nfil3) et la peptidase 53 spécifique de 'ubiquitine (Usp53). Ensuite, nous avons démontré que
l'activité transcriptionnelle de Nfi/3 est activée par la liaison de NACA et de CREB a son
promoteur proximal, en réponse a la PTH. De plus, nos tests de différenciation dans des cellules
déficientes en Nfil3 suggérent que cette protéine a une fonction distincte dans les ostéoblastes
comparativement aux ostéocytes et module leur différenciation de maniére opposée. Nos
résultats sont les premiers a caractériser le mécanisme de transcription et la fonction de Nfil3
dans les ostéoblastes. La deuxieme cible identifiée de la signalisation de PTH dans les
ostéoblastes est I’Usp53. Nous avons découvert que sa transcription est régulée par un
mécanisme impliquant NACA, JUN et CREB. Nous nous sommes particulierement intéressés a
¢lucider le role de Usp53 durant le développement embryologique. Nous montrons ici que I'
USP53 régule la sélection de la lignée de cellules souches mésenchymateuses in vitro et in vivo.
Ensuite, la caractérisation phénotypique des souris déficientes en Usp53 révele des changements
importants au niveau des tissus osseux et adipeux. L'ablation globale de I'Usp53 altere
I’adipogenese et entraine une faible masse osseuse suite a une ostéoclastogenese augmentée.
Nous montrons également que USP53 régule la différenciation des cellules souches
mésenchymateuses en adipocytes, la différenciation terminale des ostéoblastes et 1'expression de
Rankl. La fonction de USP53 dépend étroitement de son interaction avec le complexe
TAK1/TAB1/TAB2, en modulant son assemblage et sa signalisation. Cette thése est la premiere
étude a découvrir la contribution d'Usp53 aux processus développementaux. Elle révéle aussi les
cascades moléculaires sous-jacentes aux pathologies liées a USP53 chez 'homme.

Collectivement, la caractérisation de Nfi/3 et Usp53 a prouvé que leur importance biologique
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s'étend au-dela de la régulation de la signalisation de la PTH et englobe des processus

développementaux cruciaux dans de multiples tissus.
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

The report presented herein is an accumulation of findings characterizing novel target genes of

parathyroid hormone (PTH) signaling in bone.

Briefly, chapter III serves as the first report to characterize the transcriptional regulation and
function of Nfil3 in osteoblasts in vitro. This characterization of Nfil3 transcription and function
is highly significant and opens the door for an investigation of its function during bone

development in vivo.

Moreover, the bulk of the work invested to finalize this report is placed in chapters IV and V.
We focused on examining the biological function of Usp53 in vitro (chapter 1V ) and in vivo
(chapter V). We are the first to report the regulation of Usp53 in response to PTH stimulation in
bone. This is the first characterization of Usp53 function in regulating mesenchymal stem cell
lineage selection in vitro and in vivo. The phenotypic characterization of Usp53 null mice
(generated in our laboratory) reveals prominent developmental defects in skeletal and many
other tissues. The identified molecular pathways offer a mechanism by which USP53 functions
as a master regulator of developmental processes. Finally, our findings stand as the first and
only to highlight the biological function of Usp53 during development and its relevance to

USP53-associated diseases in human.

Altogether, our findings will help broaden our basic understanding of bone and fat biology as
well as PTH action in bone. This can have potential implications on developing anabolic

treatments for skeletal bone diseases.
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FORMAT OF THE THESIS

This thesis is written in the traditional format and is comprised of seven chapters. Chapter I is
the introduction and comprises a review of the literature pertaining to this thesis as well as the
rationale and goals of the thesis. Part of Chapter I (section1.8) was adapted from my literature
review article entitled “ New PTH Signals Mediating Bone Anabolism’ published by Hariri et al.
in 2017.

Chapter II details the materials and methods relevant to this thesis.

The work presented in chapters III, IV, and V summarizes the research findings and results of

the study. These chapters are the bases of three separate manuscripts.

Chapter III focuses on the transcriptional characterization of Nfil3 in osteoblasts and its distinct
functions in osteoblasts and osteocytes. Chapter III presents results of a manuscript currently
in press in Bone journal. The manuscript was accepted for publication in Bone journal. DOI:
10.1016/j.bone.2020.115624.

Chapter IV focuses on the in vitro characterization of Usp53 transcription in osteoblasts and its
contribution to mesenchymal stem cell differentiation. Chapter IV presents results of a
manuscript accepted with revisions for publication in the journal of Molecular and Cellular

Biology, MCB00292-2).

Chapter V focuses on the in vivo characterization of Usp53 functions during development.
Chapter V presents results of a manuscript in preparation. We are finishing some experiments

that were interrupted due to the crisis caused by SARS-CoV-2 virus.
Connecting texts between chapters I1II to V provide a link between the different data chapters.

Chapter VI is a discussion of all the data chapters. Chapter VII discusses future directions and

conclusions.

xxii



CONTRIBUTION OF AUTHORS

Chapter I11: Hadla Hariri and Dr. René St-Arnaud designed the study. Hadla Hariri and
Martin Pellicelli generated the data. Hadla Hariri and Dr. René St-Arnaud participated in
data analysis and interpretation. Dr. René St-Arnaud obtained the funding. Hadla Hariri wrote
the initial draft of the manuscript and Dr. René St-Arnaud edited the final version of the

manuscript:

Hadla Hariri, Martin Pellicelli, René St-Arnaud. Nfil3, a target of the NACA transcriptional
coregulator, affects osteoblast and osteocyte gene expression differentially. Bone. DOI:

10.1016/j.bone.2020.115624.

Chapter 1V: Hadla Hariri generated all the data. Dr. William N. Addison and Hadla Hariri
performed the surgery for the in vivo osteogenesis assay. Hadla Hariri, Dr. William N.
Addison, and Dr. René St-Arnaud participated in data analysis and interpretation as well as
study design. Dr. René St-Arnaud obtained the funding. Hadla Hariri wrote the initial draft of
the manuscript and Dr. René St-Arnaud edited the final version of the manuscript, which was

reviewed by Dr. William N. Addison:

Hadla Hariri, William N. Addison, René St-Arnaud. Ubiquitin specific protease USP53
regulates osteoblast versus adipocyte lineage commitment. Manuscript accepted with revisions

for publication in Molecular and Cellular Biology. MCB00292-2.

Chapter V: Hadla Hariri generated all the data. Dr. William N. Addison and Hadla Hariri
performed LacZ staining of tissues, osmium staining of bones, and mass spectrometry. Hadla
Hariri, Dr. William N. Addison, and Dr. René St-Arnaud participated in data analysis and
interpretation as well as study design. Dr. René St-Arnaud obtained the funding. The results
will be included in a manuscript written by Hadla Hariri and reviewed by Dr. René St-Arnaud

and Dr. William N. Addison.

Hadla Hariri, William N. Addison, René St-Arnaud. Usp33 regulates mesenchymal stem cell

differentiation and bone turnover in vivo. In preparation

xxiil



Chapter I: INTRODUCTION

1.1 Bone tissue

Bone is a dynamic connective tissue framing all body parts. Bone serves some static
structural functions. The skeleton supports body parts positioning and alignment. It also
provides a protective shield to vital internal organs and attachment nodes to contracting muscles.
Loaded with minerals, the bone matrix traps the largest reservoir of calcium and phosphate in the
form of hydroxyapatite deposits; a main source for ions to maintain mineral homeostasis (1).
Bone extracellular matrix (ECM) hosts organic molecules including type I collagen fibers,
noncollagenous proteins, water, and lipids (1, 2). Bone cavities are filled with red bone marrow,
the primary site of hematopoiesis. The interaction among these different components contribute

to the mechanical and metabolic actions of bone.

Skeletal development is one of the hallmarks that differentiate vertebrates from
invertebrates. During early embryonic development, the coordinates of each skeletal entity is
determined through a process called skeletal patterning. Mesenchymal condensation is a process
by which different mesenchymal cells aggregate to contribute to future skeletal elements. Three
main mesenchymal cell lineages give rise to the skeleton. Neural crest cells give rise to
craniofacial bone and the lateral plate mesoderm forms limb skeleton (3). The somites,
segmented mesodermal structures lining the neural tube, give rise to most of the axial skeleton,
striated muscle, and dorsal dermis (3, 4). Skeletal patterning is controlled by temporal and
spatial-dependent signalling among different cell types and morphogens. One example of this is
the anterior-posterior symmetrical patterning of vertebral columns, a process driven by a tight

signalling gradient and oscillations (4).

Ossification is another crucial process during skeletal development. It involves two
mechanisms: intramembranous and endochondral ossification. Osteochondral progenitor cells
undergo intramembranous ossification to form the membranous bone. Examples include the
formation of the flat bones of the skull, the mandible, and the clavicles. During endochondral
ossification, osteochondral progenitors differentiate into chondrocytes to form a cartilage
template for the newly deposited bone. This is the process by which long bones and all other
bones are formed (3). We will describe the underlying mechanisms of ossification in the next

sections.



1.2 Bone Cells
Three main cell types orchestrate the regeneration of the skeleton through remodeling

cycles: 1) osteoblasts; 2) osteocytes; and 3) osteoclasts.

Osteoblasts, the bone-forming cells, are of mesenchymal origin. Mesenchymal
stromal/stem cells (MSCs) are multipotent cells capable of self-renewal and differentiation into
osteoblasts, chondrocytes, adipocytes, and myocytes. MSCs and osteoprogenitors reside in the
bone marrow and general circulation. They are the precursors of osteoblasts. They give rise to
osteoprogenitors, which differentiate into preosteoblasts and then mature into fully functional
osteoblasts and ultimately osteocytes. The osteogenic differentiation of MSCs is controlled by
unique molecular signalling, transcription factors (5, 6), and epigenetic modifications (7-9).
Mechanical stimulation has been added to the list of factors enhancing the osteogenic-lineage

commitment of MSCs (10) and osteoblast differentiation (11).

Osteoblasts are the building blocks of the skeleton, lining bone surfaces . Episodes of
bone formation involves the production of vast quantities of type I collagen protein (COL1A1)
and subsequent deposition of several noncollagenous proteins. Noncollagenous proteins include
ones with glycan moieties such as: bone sialoprotein (BSP), osteonectin (SPARC), and
osteopontin (OPN) and vitamin-K-carboxylated proteins such as: osteocalcin (OCN) and matrix
gla protein (MGP). Concomitantly, mature osteoblasts produce alkaline phosphatase (ALP), a
classical bone differentiation marker. These events support calcium deposition and proper matrix
mineralisation. In the final stages of maturation, some osteoblasts are recruited to bone surfaces
and some undergo apoptosis. Another subset of osteoblasts undergoes terminal differentiation

and converts into osteocytes. The mechanism behind those decisions is yet to be determined.

Osteocytes are the most abundant (90-95%) cell type in bone tissues. They are derived
from bone-forming osteoblasts that got trapped in the bone matrix (12, 13). Osteocytes reside in
fluid-filled cavities referred to as “lacunae” and interact with each other and with osteoblasts
and osteoclast precursors by dendrite-like extensions. Those appendages travel through the bone
in canals referred to as “canaliculi” and radiate past the bone surface to reach the bone marrow.
The terminal differentiation of these cells makes them distinct from their osteoblast ancestors at

the level of morphology, function, and gene expression pattern (14, 15).



As compared to osteoblasts, osteocytes express a set of unique markers including:
E11/gp38, Dentin Matrix Protein 1 (DMP1), matrix extracellular phosphoglycoprotein (MEPE),
and phosphate-regulating neutral endopeptidase on the chromosome X (Phex). The expression of
the fibroblast growth factor (FGF23) and the WNT-inhibitor sclerostin (SOST) is typical of
mature osteocytes. Mature osteocytes also express “osteoclast”’specific genes such as Cathepsin
K and tartrate- resistant acid phosphatase (TRAP). The identification of these markers helped

assign new functions for osteocytes.

Thought to be a passive resident of the bone matrix, emerging studies have highlighted
the dynamic role of osteocytes in regulating bone remodeling and mineralisation. Osteocytes
drive and regulate collagen-mediated mineralisation of the bone matrix (16) and act as an
endocrine entity influencing both local and systemic mineral metabolism (13). The secretion of
fibroblast growth factor 23 (FGF-23) is one example where osteocytes regulate phosphate
homeostasis, targeting distant organs such as the kidney and the heart (17-19). Moreover,
osteocytes act as mechanosensors responding to mechanical loading and unloading by fluid-flow
shear stress, via a mechanism involving prostaglandin E2 (PGE2) and the Wnt/B-catenin
pathway (20, 21). As modulators of bone formation and resorption, mature osteocytes produce
sclerostin; the gene product of SOST to inhibit bone formation (22-24) and activate osteoclast-

specific genes to remodel the perilacunar matrix during lactation (25, 26).

Osteoclasts are the sole bone-resorbing cells in the skeleton. They are polykaryons
derived from mononuclear cells of the monocyte/macrophage cell lineage of hematopoietic
origin. Osteoclastogenesis is initiated and controlled by the expression of two major cytokines,
the receptor activator of nuclear factor-xB ligand (RANKL) (27) and the macrophage colony-
stimulating factor (M-CSF) (28). RANKL is the master regulator of osteoclastogenesis, essential
for the formation and activation of osteoclasts (29-31), whereas M-CSF is required for the
survival, proliferation, and differentiation of osteoclast precursors (28). Both cytokines regulate
signaling pathways critical for osteoclast maturation and its cytoskeletal organization. Shortly
after RANKL stimulation, the nuclear factor of activated T cells, cytoplasmic 1 (NFATc1) is
induced (32). NFATc1, an important modulator of osteoclast differentiation, is stimulated by
calcium influxes, regulating its own promoter in addition to several osteoclast-specific

promoters such as cathepsin K and TRAP (33, 34).



In response to M-CSF and RANKL, osteoclast precursors from the bone marrow or
circulation migrate to resorption sites, attach to bone matrix, and differentiate into mature
multinucleated osteoclasts. Osteoclasts are recruited to prospective resorption sites via integrin
al/B3, creating acidified sealing zones (28). The combined action of proton pumps (H'- ATPase)
and CI" channels acidify the resorptive milieu (35) and attract acidified vesicles with cargos of
hydrochloric acid (HCl) and acidic proteases such as cathepsin K, MMP9, and MMP13 (36).
The secretion of acid and proteases mobilizes the mineralized matrix and degrades its organic

matrix.

RANKL is mainly produced by osteoblast- lineage cells including osteoblasts and
osteocytes (37, 38). Recent studies have identified marrow adipocytes as a new source for
RANKL (39). Osteoclast differentiation and activity have been extensively studied in the context
of RANKL signaling. The binding of RANKL to its receptor RANK stimulates the activation of
TNF receptor-associated factor (TRAF) 6 and transforming growth factor B-activated kinase 1
(TAK1), that will lead to the subsequent activation of MAPKSs including JNK and P38 (40, 41).
RANKL can also induce NF-«B as well as cyclic AMP-responsive element-binding protein
(CREB) to upregulate the expression of c-Fos, a component of the activator protein 1 (AP-1)
complex. This pathway along with others assisted by costimulatory receptors (OSCAR, PIR-A,
SIRPB1 and TREM-2) cooperate to activate calcium signaling and ensure a robust induction of

NFATcI and other osteoclast-specific genes (42-44).

1.3 The biology of bone remodeling

The mineralized skeleton goes through continuous cycles of remodeling. The tightly
coupled activities of bone-resorbing osteoclasts and bone-forming osteoblasts ensure proper bone
repair. Bone remodeling is carried out by an active bone-remodeling unit, involving four major

types of bone cells: osteoblasts, osteocytes, bone-lining cells, and osteoclasts (Figure 1.1).

Osteocytes orchestrate both bone resorption and bone formation events to maintain
normal bone mass. Accumulating evidence suggests that osteocytes can sense bone deformations
caused by either mechanical loading or microdamage (45). Ligand production by osteocytes
stimulates the recruitment and activation of osteoclast precursors (45, 46) from the general
circulation by crossing the bone-lining cell monolayer or from capillaries that innervate the

remodeling unit. In response to high levels of M-CSF and RANKL, osteoclast precursors attach



to resorptive sites and differentiate into mature resorbing osteoclasts. This resorptive phase
proceeds to dominate the remodeling scene, while the recruitment of osteoprogenitors into the
remodeling unit is initiated in the backstage. The recruitment and differentiation of
osteoprogenitors into mature osteoblasts continue while resorption is taking place. After this
phase, osteoid synthesis by mature osteoblasts becomes the predominant event overtaking bone
resorption. This phase allows the remodeling unit to resorb more damaged matrix by osteoclasts,
while concurrently depositing more osteoid by osteoblasts. Osteoid synthesis continues even
after the termination of bone resorption, thus ensuring a balance between bone resorption and
bone formation. Finally, the bone remodeling process is concluded by the mineralization of
osteoid deposits, with no net change in bone mass (47). Maintaining the integrity of the coupling
process between osteoblasts and osteoclasts is crucial, in order to avoid skeletal pathologies such

as osteoporosis and osteopetrosis (2).

As compared to remodeling, bone modeling is the process whereby the skeleton is
reshaped by the uncoupled actions of both osteoblasts and osteoclasts, thus bone formation and
resorption activities occur in an independent manner spatially and temporally. This process

defines bone development and growth as well as skeletal responses to loading and strains (48).
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Figure 1. 1 The current model of bone remodeling process.

The remodeling process consists of four major distinct but overlapping phases. Bone
remodeling is initiated and activated at specific sites. The second phase of remodeling involves
recruitment of osteoclasts, mesenchymal stem cells (MSCs), and osteoprogenitors marking the
start of bone resorption in the bone remodeling compartment (BRC). Concurrently, recruited
osteoprogenitors will differentiate into osteoblasts and start osteoid synthesis. After overlapping
episodes of bone resorption and bone formation, bone remodeling is halted with osteoid
mineralization. Normal bone remodeling will lead to no net change in bone mass. However,
abnormal remodeling leads to reduced bone mass and strength. (Figure reproduced with

permission from the Annual Review of Pathology: Mechanisms of Disease, Volume 6 2011 by

Annual Reviews, Feng X, McDonald JM.2011).



1.4 Endochondral ossification

Most of the skeleton is formed by endochondral ossification; a process by which a
cartilaginous intermediate is required for bone formation. The traditional mechanism of
endochondral ossification has been extensively reviewed (49-53). We can break down this
process into five phases: a) mesenchymal condensation; b) chondrogenesis; c¢) chondrocyte
hypertrophy; d) formation of the primary ossification center (POC); e) formation of the
secondary ossification center (SOC) (Figure 1.2).

1.4.1 Stages of endochondral ossification

One example of endochondral ossification is the development of limb skeleton. The first
phase involves the migration of mesenchymal cell progenitors from the lateral plate mesoderm
into the future limb field. During this phase, mesenchymal progenitors proliferate and condense
to expand the limb bud and form a cartilage anlage. Episodes of mesenchyme condensation and
compaction induce the differentiation of cells within, into mature chondrocytes. Primary
ossification starts at embryonic day (E) 14.5-15.5 in rodents. Newly formed chondrocytes (round
shape) continue to proliferate, flatten, and align into columns, driving a longitudinal growth of
the developing cartilaginous skeleton. The chondrocytes in the proliferating zone produce an
extracellular matrix rich in type II collagen (COL2A1) and the proteoglycan aggrecan (ACAN).
Chondrocytes close to epiphyseal ends will decrease their proliferation rate whereas flattened
chondrocytes (prehypertrophic and hypertrophic) at the center of the growing cartilage
rudiments, will further differentiate to initiate hypertrophy. Chondrocyte hypertrophy marks the
beginning of the endochondral skeleton calcification and ossification stage. The differentiation of
hypertrophic chondrocytes induces a dramatic increase in chondrocyte cell size, and a switch in
gene expression from type II collagen to type X collagen (COL10A1). The production of ALP
and VEGF drives the calcification and vascularization of the cartilage matrix. These genetic
changes will also induce the differentiation of surrounding perichondrial cells into osteoblasts
and the vascularization of the calcified cartilage. This will establish the marrow cavity and the

POC.

In order to form the POC, terminal hypertrophic chondrocytes secrete the matrix
metalloprotease 13 (MMP13) enzyme to degrade calcified matrices (52, 54) and some

hypertrophic cells undergo transdifferentiation into osteoblasts (55). The combined and



continuous events of calcified matrix degradation and chondrocyte transdifferentiation, will
promote bone formation within the POC. Differentiating osteoblasts derived from perichondrial
cells and circulating mesenchymal progenitors will also use the degrading cartilage as a scaffold
to form more bone. Collectively, the continuous episodes of chondrocyte proliferation and
hypertrophy, calcification and vascularization, cartilage matrix degradation, transdifferentiation,

and bone formation will dictate embryonic and postnatal bone growth.

During early post-natal endochondral ossification (P) 7-8, the maturation of epiphyseal
chondrocytes gives rise to the SOC. In this context, epiphyseal chondrocytes undergo a similar
maturation process like the one described above. The formation of SOC supports the articular
cartilage in the articulating joints to bear weights and separate the articular cartilage from growth
plate cartilage within the adult endochondral skeleton. The process of endochondral ossification
will be terminated, as the cartilage turnover decreases in the adult skeleton. Primary ossification
is mainly implicated in longitudinal bone growth, whereas secondary ossification is more

involved in the peripheral widening of the bone (51, 56).
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Figure 1. 2 Key steps of endochondral bone formation.

(a and b) Prx1" progenitors proliferate in the prospective limb bud and undergo
mesenchymal condensation near the centre. Mesenchymal condensation drives chondrogenic
differentiation of cells expressing Col2al and initiate the deposition of a cartilage template. (c
and d) Prehypertrophic chondrocytes express high levels of Col10al and undergo hypertrophy,
thus triggering the formation of a bone collar. Concurrently, blood vessels invade the cartilage
template to deliver haematopoietic cells that give rise to resorbing osteoclasts and Osx 1"
osteoprogenitors. In the newly formed marrow cavity, resorbing osteoclasts will excavate the
cartilage template stimulating longitudinal bone growth and the formation of two opposing
growth plates. Periosteal osteoblasts will trigger the periosteal growth and bone widening. (e and
f) A second wave of vascularization will give rise to secondary ossification centres, marking the
completion of endochondral ossification. (Reproduced by permission from Springer Nature:
Nature Reviews Endocrinology, BMP signalling in skeletal development, disease and repair,

Salazar VS et al. 2016).



1.4.2 Molecular mediators of endochondral ossification
Multiple transcription factors and developmental pathways are crucial for chondrogenesis
and endochondral ossification. Mesenchymal progenitors differentiate into osteochondral

progenitors before committing into either chondrocytes or osteoblasts (Figure 1.3).

1.4.2.1 Chondrocyte differentiation

As for chondrocyte differentiation, mature chondrocytes proceed into prehypertrophic
and hypertrophic chondrocytes before either undergoing apoptosis or transdifferentiating into
osteoblasts. The master regulator of cartilage development is the Sry-box 9 (SOX9) transcription
factor. SOX9 is expressed in mesenchymal progenitor cells, osteochondral progenitors, and
immature chondrocytes. Along with other SOX factors, SOX9 coordinate mesenchymal
condensation driving the transition into chondrocytes (57, 58), while modulating the expression

of key chondrogenic factors such as: Col2al, Colllal, Col9al, and Acan (59).

Chondrocyte hypertrophy is governed by the balanced expression of several transcription
factors including SOX9, runt-related transcription factor 2 (RUNX?2), osterix (OSX), runt-related
transcription factor 3 (RUNX3), myocyte enhancer factor 2c (MEF2C), myocyte enhancer factor
2d (MEF2D), and histone deacetylase 4 (HDAC4). RUNX2 and OSX are expressed in
prehypertrophic and hypertrophic chondrocytes, regulating hypertrophic differentiation,
calcification, and degradation of the calcified cartilage. Coll0al, Alpl, and Mmp13 are examples
of transcriptional targets of RUNX2 and OSX during chondrocyte hypertrophy (60). HDAC4
and MEF2C are two other important regulators of chondrocyte hypertrophy. Studies have
highlighted the regulatory functions of the two factors, converging at Runx2 transcriptional
regulation (61). Finally, SOX9 maintains hypertrophic chondrocytes by regulating Coll0al
transcription and oppose RUNX2 and OSX activities inhibiting osteoblast differentiation of
chondrocytes (62).

The interplay of several developmental signaling pathways define mesenchymal
condensation patterns, lineage commitment of osteochondral progenitors, and hypertrophy. The
induction of Sox9 by the BMP and related TGF[} pathways is crucial to shape condensation
patterns and promote chondrogenesis (57, 63-65). On the other hand, other pathways including
the WNT and NOTCH signalling pathways antagonize mesenchymal condensation and inhibit

chondrocyte differentiation (66-68). Another example is the regulation of chondrocyte

10



hypertrophy by the Indian hedgehog (Ihh), PTHrP, and NOTCH signalling molecules. All
mentioned signaling regulators impact chondrocyte differentiation and endochondral ossification
positively or negatively. Molecular signals driving the transdifferentiation of chondrocytes into

osteoblasts, are yet to be determined.

1.4.2.2 Osteoblast differentiation

Osteoblast differentiation starts with the condensation of mesenchymal stromal/stem cells
and the specification of osteochondral progenitors. Committed osteochondral progenitors will
differentiate into preosteoblasts and then mature osteoblasts, before getting trapped in bone
matrix as osteocytes. Cellular sources of osteoblasts include perivascular mesenchymal
progenitors (pericytes) (69), perichondrial cells, hypertrophic chondrocytes (70, 71), circulating

progenitors, and other mesenchymal cells of the bone marrow.

Several transcription factors and signaling molecules regulate osteoblast differentiation.
Differentiating osteoblasts express master transcriptional regulators including Sox9
(mesenchymal progenitors), Runx2 (osteochondral progenitors and mature osteoblasts), Osterix

(Osx/Sp7) (preosteoblasts and mature osteoblasts), and A#f4 (mature osteoblasts).

RUNX2 is a member of the Runx family consisting of RUNX1, RUNX2, and RUNX3.
Members of this family have the DNA-binding domain runt (72). RUNX2 is the master regulator
of osteogenesis. RUNX2 is expressed in osteochondral progenitors, and its expression increases
in preosteoblasts to reach its maximum in immature osteoblasts. As the key driver of
osteogenesis, RUNX2 regulates all aspects of osteoblast differentiation. It regulates the
proliferation of osteoprogenitors, their commitment to osteoblast lineage, and bone matrix
deposition. The deletion of Runx2 (Runx2"") in mice blocks bone formation and inhibits
chondrocyte maturation (73-77). The expression of bone matrix protein genes including Spp/,
Ibsp, Bglap2and Collal is halted in Runx2 null mice. Moreover, RUNX2 haploinsufficiency
causes cleidocranial dysplasia (CCD) in humans (77). Open fontanelles and sutures in addition to
hypoplastic clavicles are all typical features of CCD. It is still unclear why the development of
the calvaria and clavicles is severely affected, despite that both intramembranous and
endochondral bone development are disrupted in CCD. Under the control of the PrrxI promoter,
the overexpression of Runx2 enhances osteoblast differentiation and blocks chondrocyte

differentiation, causing ectopic bone formation and limb defects (78). The interaction of RUNX2
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with coactivators and corepressors controls pro-osteogenic signaling and osteoblastic gene
expression through differentiation (79). In addition to bone matrix protein genes, RUNX2
engages with major signaling pathways including Fgf, Wnt and PTH and transcription factors

including Sp7 and DIx5 via reciprocal regulation.

OSTERIX/Sp7 (OSX) has been identified as an osteoblast gene in BMP2-treated C2C12
cultures (60). It is characterized by a proline-rich activation domain at the N-terminus and three
CoHo-type zinc finger DNA-binding domains at the C-terminus. Osterix is also referred to as Sp7
due to the striking degree of homology of its DNA-binding domain with Sp/, Sp3 and Sp4
motifs. During embryonic development, Osx is expressed as early as E13.5 in calvaria and
perichondrium of long bones. This expression becomes more robust by E15.5, where Osx is
expressed in all osseus elements. After birth, Osx is exclusively detected in periosteal bone

surfaces, the endosteum, and cells of the bone matrix (80).

Osx and Runx2 regulate each other reciprocally. RUNX2 is an upstream direct regulator
of Osx expression, as it is normally expressed in Osx”" mice. OSX along with DLX5 and MEF2
control the activation of the Runx2 enhancer in osteoblasts (81). Both Runx2 and Osx null mice
lack osteoblasts and bone formation (60). One striking difference between the two mouse models
is the low density of mesenchymal cells in Runx2”" mice, suggesting that RUNX2 is essential for
mesenchymal cell expansion (82). OSX is crucial for osteoblast differentiation and bone
formation during embryonic development. OSX plays a dual role inhibiting chondrocyte
differentiation and promoting osteoblast differentiation. Runx2-positive Osx-null cells are
committed to follow a chondrocytic fate, unless Osx is expressed to switch their lineage-fate
decision into osteoblasts. Despite normal expression of Runx2, Osx-null embryos exhibit arrested
osteoblast differentiation, with undetectable expression of Collagen type I, Osteonectin, and
Osteopontin. The expression of Osteocalcin, a late-osteoblastic differentiation marker, is also

absent in Osx-null embryos (60).

Studies have characterized the role of OSX in adult bone formation. The global ablation
of Osx in adult mice results in arrested bone formation, abnormal cartilage development, and
defective osteocyte maturation (83). During endochondral ossification, OSX plays a role in the
degradation of the cartilaginous matrix. Both the conditional and global depletion of Osx target

the activation of MMP-13 in the hypertrophic zone of the growth plate and arrest cartilage-
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matrix ossification (83, 84). Despite the unobvious skeletal defects at the embryonic stage, the
osteoblast-specific inactivation of Osx causes an osteopenic phenotype at the adult stage (85).
Under the control of Collal promoter, transgenic mice overexpressing Osx exhibit osteopenia,
woven-structured cortical bone, and reduced expression of osteoblast genes, mainly Osteocalcin
(86). The compilation of genetic mice studies modulating the dosage of Osx revealed the

importance of OSX as a modulator of bone formation in embryos and adults.

ATF4 (activating transcription factor-4, or cyclic AMP-responsive element binding 2,
CREB2) is another key transcription factor, essential for the terminal differentiation of
osteoblasts and bone matrix production. ATF4 is a basic domain-leucine zipper (bZIP)
transcription factor and a partner of RUNX2, implicated in the transcriptional regulation of
osteogenic genes. One example is the regulation of Osteocalcin expression by ATF4 and
RUNX2 (87). Through its expression in osteoblasts, ATF4 regulates osteoclast differentiation
and bone resorption by binding to the Rankl promoter (88, 89). At the molecular level, both PTH
and sympathetic signaling promote Rankl expression through ATF4 (90).

The homozygous deletion of A#f4 delays osteoblast differentiation and bone formation
during embryonic development, leading to low bone mass postnatally. The identification of
ATF4 as a substrate of RSK2, defined the function of ATF4 in bone matrix production and its
contribution to the skeletal phenotype of Coffin-Lowry syndrome (CLS). ATF4 enhances amino
acid uptake facilitating protein synthesis and bone matrix deposition. One example is the
regulation of COL1A1 protein. Through posttranslational modifications, RSK2 and ATF4
regulate the synthesis of type I collagen protein, rendering its expression untouched. This has
been regarded to be the primary role of ATF4 in osteoblasts, as feeding A#f4” mice with a high
protein diet corrects the skeletal deformities (91). In the context of human disease, the disruption
of ATF4 phosphorylation by RSK2 has been linked to CLS, a condition characterized by mental
retardation and skeletal abnormalities(6). Beyond the regulatory trio mentioned above, other
transcription factors contribute to osteoblast function and differentiation, including DLXS5,

MSX2, SATB2, and LEF1.
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Figure 1. 3 Molecular modulators of endochondral ossification

Mesenchymal progenitor cells differentiate into osteochondral progenitors before
committing to either the osteoblast or chondrocyte lineage. Immature osteoblasts differentiate
into mature osteoblasts and further into osteocytes. Chondrocyte differentiation proceeds from
committed chondrocytes to prehypertrophic and hypertrophic chondrocytes. Hypertrophic
chondrocytes can undergo cell death or transdifferentiate into osteoblasts. Key signaling
pathways including: NOTCH, BMP, TGFp, IHH, and WNT pathways orchestrate chondrocyte
and osteoblast differentiation during endochondral ossification. Question marks indicate
unknown molecular mechanisms. Figure reproduced by permission of John Wiley and Sons,
Wiley books, eBook: Primer on the metabolic bone diseases and disorders of mineral
metabolism, ninth edition, chapter 2, Endochondral Ossification, pages (12-19), Karner CM,
Hilton MJ. 2018.
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1.5 Paracrine functions of the bone

We have previously reviewed the phases of bone remodeling responsible for the
maintenance of the skeleton. Through this process, paracrine signalling drives and regulates the
crosstalk among bone cells, thereby maintaining a balance between bone formation and bone
resorption. In this section we will highlight the paracrine functions of secreted proteins

circulating among osteoblasts, osteocytes, and osteoclasts (Figure 1.4).

Bone cells communicate with each other by secreting paracrine signaling molecules
including cytokines, chemokines, and growth factors. Within the bone niche, osteoblasts and
osteocytes synthesize and secrete proteins to regulate osteoclastogenesis. The production of
RANKL by osteocytes mediate the crosstalk between osteoclasts and osteocytes (37, 92).
Because they are the main producers of RANKL, osteocytes have leverage over osteoblasts and
bone marrow stromal cells supporting osteoclastogenesis and initiating the remodeling process
(37). In this context, studies have highlighted the role of apoptotic or damaged osteocytes in
triggering osteoclast formation and invasion (93-95). Besides, osteocytes secrete sclerostin to
inhibit osteoblast differentiation and consequently bone formation. The cross talk between
osteoblasts and osteoclasts is also maintained through paracrine coupling factors. Osteoblasts
activate osteoclastogenesis via expressing M-CSF, RANKL, and WNTS5A and inhibit osteoclast
activity through osteoprotegerin (OPG), a decoy receptor of RANKL, SEM3A, and WNT16
(96). The production of OPG by osteoblasts antagonize the effect of RANKL and disrupts the
coupling between osteoblasts and osteoclasts (97). The OPG/RANK/RANKL axis is one of the

most studied pathways underlying bone resorption disorders (98).

Due to reciprocal paracrine regulation, osteoclasts secrete coupling proteins to regulate
osteoblast function and differentiation (99, 100). Osteoclast-derived factors such as SEMA4D,
BMP6, EFNB2, CT-1, WNT10B and CTHRCI1 regulate osteoblast/ MSCs migration and
differentiation (101). Bone formation and bone resorption are also coupled to angiogenesis
through paracrine signaling. This is not surprising as angiogenesis is involved in bone fracture
healing and bone-related disorders such as osteoporosis and bone cancer (102). The vascular
endothelial growth factor A (VEGFA) is a key pro-angiogenic factor produced by pre-osteoblasts
and chondrocytes. VEGFA stimulate the proliferation, survival, and migration of MSCs during

the reversal phase of bone remodeling (103). Similarly, pre-osteoclasts produce the platelet
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derived growth factor-BB (PDGF-BB), another angiogenic factor enhancing MSCs migration
and osteoblast differentiation (104, 105).

The well-rounded communication among bone cells has proven to not only maintain

bone homeostasis, but also reveal connections between the skeleton and other tissues in the body.
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Figure 1. 4 A paracrine cross talk among osteoblasts, osteoclasts, and osteocytes

To maintain bone homeostasis, bone cells communicate with each other in a paracrine
manner secreting ligands and molecules. Osteoblasts induce osteoclast formation and activation
by expressing M-CSF, RANKL, and WNTS5A and block osteoclast activity through OPG, a
decoy receptor of RANKL, SEMA3A, and WNT16. Osteocytes produce high levels of SOST to
inhibit osteogenesis and stimulate osteoclastogenesis. Osteoclasts regulate the activity of
osteoblasts and osteocytes by producing BMP6, CTHRCI1, EFNB2, S1P, WNT10B, SEMA4D,
and CT-1, thereby controlling bone formation. (Reproduced from Springer Nature, Bone
Research, open access article, Paracrine and endocrine actions of bone—the functions of

secretory proteins from osteoblasts, osteocytes, and osteoclasts, Han Y et al. 2018).
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1.6 Endocrine functions. “The soft functions of the bone”

In addition to its static structural functions, the skeleton has been recognized as an
endocrine organ that regulates systemic energy metabolism. The skeleton exerts an endocrine
control over different organs by secreting regulatory proteins. This is exemplified by the inter-
organ regulation of phosphate levels by the kidneys, parathyroid glands, and bone. The bone-
derived fibroblast growth factor 23 (FGF23), mainly synthesized by osteoblasts and
osteocytes, inhibits phosphate reabsorption and 1,25-dihydroxyvitamin D3 [1,25(OH)2Ds]
kidneys as well as PTH synthesis and secretion. FGF23 binds a complex of FGFR1 and the co-
receptor Klotho to activate FGF signaling, targeting kidneys and parathyroid gland (96).
Reciprocally, both PTH and 1,25(OH),D3 stimulate the synthesis and secretion of FGF23.
1,25(0OH).Ds triggers the secretion of FGF23 by osteocytes through the VDR/RXR dimer, while
the renal actions of PTH is mediated through its binding to its receptor PTH1R, thus increasing
1,25(0OH)2D3 synthesis (106). This regulatory loop connecting bone and other tissues, maintains

phosphate homeostasis and proper matrix mineralization.

Another example of endocrine control is conveyed through osteoblasts by osteocalcin
(OCN), the most abundant osteoblast-specific non-collagenous protein (46 aa in mice and 49 aa
in humans). It has been commonly used as a serum determinant of bone formation and recent
accumulating evidence has uncovered its role as a master endocrine regulator in liver, muscle,

pancreas, testis, brain, and adipose tissues (96) (Figure 1.5).

Osteocalcin s initially synthesized as a pro-hormone (pro-OCN) and then cleaved by
Furin, an intracellular proprotein convertase in osteoblasts (107). The cleavage by Furin is
essential for pro-OCN maturation and subsequently its bone endocrine functions (107). OCN
resides in the general circulation in three different forms: fully carboxylated (inactive, GlaOCN)),
partially carboxylated, and uncarboxylated (active, GluOCN). Prior to secretion, OCN is y-
carboxylated on 3 glutamic acid residues in the endoplasmic reticulum (ER) of osteoblasts. Fully
carboxylated OCN binds calcium and hydroxyapatite matrices with high affinity, supporting
bone ECM. Trapped peptides of carboxylated OCN are mobilized during bone resorption. The
acidification (pH ~ 4.5) of the resorptive milieu by osteoclasts promotes the decarboxylation of

GlaOCN into uncarboxylated form (GluOCN) and therefore its release into the circulation (108,
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109). Increased levels of GIuOCN, improved glucose tolerance and insulin sensitivity have been

reported in mice with increased osteoclast activity (109).

In addition to bone, OCN targets different tissues and organs to regulate energy
metabolism. It has been demonstrated that the uncarboxylated form of OCN is the active
circulating form, responsible for endocrine functions in mice and humans (108, 110, 111). The
osteoblast-specific inactivation of y-carboxylase (Ggcx) resulted in increased levels of GluOCN
and enhanced glucose tolerance in mice (112). Ocn- null mice exhibited impaired glucose
metabolism, reduced insulin sensitivity, and increased fat mass (113). This phenotype indicated
that OCN extends multiple regulatory arms to handle glucose and energy metabolism. OCN
regulates systemic glucose levels by enhancing -cell proliferation and insulin secretion, by
promoting glucose and fatty acid uptake into myofibers, and by improving energy expenditure
through Adiponectin in adipose tissues (96). Taken together, these studies identified a list of
targets of OCN including pancreas, muscle, and adipose tissues and expanded our understanding

of its impact on obesity and insulin resistance disorders.
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Figure 1. 5 OCN is the master bone-derived hormone.

The inactive carboxylated form of OCN (GlaOCN) is secreted by osteoblasts into the
bone extracellular matrix. During bone resorption, the acidification pH (~4.5) of the resorption
lacunae induces the decarboxylation of GlaOCN into undercarboxylated active form (GluOCN)).
The undercarboxylated form (GluOCN) acts as an active hormone regulating multiple tissues and
organs. It regulates energy metabolism by enhancing glucose uptake in muscle, insulin
production in the pancreas, insulin sensitivity in the liver and adipose tissue, upregulation of
adiponectin expression in adipose tissue and promotion of B-cell proliferation in the pancreas.
Moreover, OCN promotes male fertility by stimulation of testosterone synthesis in Leydig cells
which improves cognitive function of the brain through an increase in neurotransmitter synthesis
and facilitation of hippocampus development. It is important to note that OCN functions in testis,
pancreas, and muscle through its binding to the receptor GPRC6A while receptor(s) of OCN in
adipose tissues and liver are yet to be determined. Figure reproduced from Springer Nature,
Bone Research, open access article, Paracrine and endocrine actions of bone—the functions of

secretory proteins from osteoblasts, osteocytes, and osteoclasts, Han Y et al. 2018.
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1.7 Bone marrow stromal cells

The bone marrow harbors populations of multipotent mesenchymal stromal cells
(MSC:s), originally identified by Friedenstein and colleagues in the 1970s. MSCs are usually
referred to as colony-forming-unit fibroblasts (CFU-F), due to their fibroblastic morphology and
clonogenic capacity. Bone marrow-derived MSCs (BMSCs) have the plasticity to differentiate
into osteoblasts, adipocytes, and chondrocytes both in vitro and in vivo (114), and differentiate
along the myogenic lineage, at least in vitro. A better understanding of the regulatory
mechanisms orchestrating the lineage making decisions of BMSC:s is crucial, considering their
promising therapeutic contribution to disorders of low bone mass and compromised fracture
healing (114, 115). We have highlighted the molecular mechanisms driving the recruitment and
differentiation of progenitors into the osteoblastic and chondrocytic lineages, whether during
bone development, growth, or remodeling. In the next part, we will focus on adipocyte
development and the molecular cascades regulating the adipogenic differentiation of

mesenchymal progenitors.

1.7.1 Adipose tissues: “ A connective tissue with lipid droplets”

Adipose tissues are loose connective tissues that develop in multiple discrete locations in
the body. They form large aggregates recognized as fat depots, composed of adipocytes, vascular
endothelial cells, fibroblasts, and some immune cells. They are the only form of connective
tissues that can store energy in the form of lipids and exhibit a substantial increase in size, even
after adulthood. Fat pads can offer some cushioning to delicate organs such as the eyes and body
parts exposed to high mechanical pressure including heels and toepads. The evolving incessant
interest in adipose biology is credited to its central role in maintaining energy and glucose
homeostasis and the drastic increase in global rates of obesity, diabetes, and metabolic diseases.
Additionally, the adipose tissue has been considered a knot connecting energy homeostasis and
reproduction, as it regulates the hypothalamic-pituitary-gonadal axis in both genders through

hormonal signalling.

1.7.2 Adipose tissues: Developmental origins and types
Most of the adipocytes in the body develop from mesoderm-derived mesenchyme, except
for the cephalic region where mesenchyme is derived from the neuroectoderm. The

developmental clock of fat formation is variable among species and within the same specie
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depending on the type of adipocytes. At least in rodents, white adipose tissues (WAT) including
subcutaneous and visceral fat are largely detected after birth, whereas brown adipose tissues
(BAT) such as interscapular fat can be identified during embryogenesis. There are three different
types of adipocytes, distinguished, in part, by the color of the fat tissue: white, brown, and beige/
brit. Each type has a unique gene expression program that dictates different functions and
responses to external environmental factors. Lineage-tracing studies using transgenic Cre lines
and antibody-based cell sorting have shown that both white and beige adipocytes derive from
Pax7/Myt5 cells via distinct progenitors. In contrast, classic brown adipocytes originate from a
Pax7*/Myf5" lineage, the very same precursor of skeletal muscles (116) (Figure 1.6). Tracing the
developmental origins of each type of adipocytes has been a hot and debatable topic among
different scientific groups and more information is needed to form a cohesive developmental

scheme.

White adipocytes are unilocular adipocytes specialized for energy storage. They make up
the bulk of fatty tissues in the body, where they can expand (hypertrophy; cell size increase) and
accumulate (hyperplasia; cell number increase), mainly supporting prolonged fasting periods.
The classical broad classification of WATSs distinguishes between subcutaneous and visceral fat.
Increased visceral adiposity has been associated with increased risk of metabolic diseases in
humans, as opposed to no risk or even better immunity in case of high subcutaneous adiposity
(116). WATS store energy in the form of triglycerides and release fatty acids by lipolysis to fuel
other organs. WATS regulate lipid metabolism by adipokine production through adiponectin and
leptin. These adipokines stimulate fatty acid oxidation in the liver to decrease lipid content.
Additionally, the production of leptin by adipose tissues alters bone mass and modulates the
endocrinology of the skeleton. Leptin acts on the brain to increase sympathetic nervous system
(SNS) signaling to trigger an increase in Esp expression (encodes the protein tyrosine
phosphatase, OST-PTP) in osteoblasts through 2- adrenergic receptor (Adrp2), thus inhibiting
osteocalcin decarboxylation and activity. Inactivating osteocalcin will in turn inhibit insulin
production and secretion by the pancreas (117). This hypothalamic-bone circuit counteracts the
bone-pancreas endocrine loop, highlighting the role of adipose tissues in modulating the

fascinating interdependence between bone remodeling and energy metabolism.
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Brown adipocytes are multilocular highly specialized cells that dissipate stored chemical
energy in the form of heat. In rodents, brown adipocyte depots cluster in defined anatomical
sites such as the scapulae (interscapular) and perirenal areas. BATs have been considered the
main node of nonshivering thermogenesis in mammals, due to the actions of uncoupling
protein-1 (UCP-1), a BAT-specific protein. Brown adipocytes are densely loaded with
mitochondrion that express high levels of UCP-1 which actively oxidize metabolic substrates to
produce heat. In addition to thermogenesis, the induction of BAT in mice stimulates energy

expenditure and protects mice from diet-induced obesity (116).

Cold exposure as well as triggered activation of the sympathetic nervous system can
promote UCP-1- dependent “browning” of adipocytes within WATSs depots in rodents. These
inducible cells have been called beige/brite adipocytes, which are predominantly located in
inguinal and retroperitoneal fat depots and very poorly seen in perigonadal fat. Both classic
brown and beige adipocytes implement an overlapping though distinct genetic program, sharing
thermogenic and mitochondrial genes, including Ucp . As compared to brown adipocytes, beige
adipocytes have lower basal levels of UCP1, which increase in response to thermogenic stimuli.
Consequently, beige adipocytes are suited to play a dual role, thus storing energy in the absence
of thermogenic stimuli and releasing heat when triggered. Interestingly, beige adipocytes are
induced to compensate for the selective loss of brown adipocytes, restoring body temperature

and resistance to diet-induced obesity (116).

1.7.3 Marrow adipocytes

Bone marrow adipose tissue (BMAT or MAT) is a distinct type of fat depot, also
referred to as “yellow fat”. Resembling white adipocytes, BMATS carry a large unilocular lipid
vacuole that hosts a distinct type of fatty acids, as compared to WATs. Bone marrow adipocytes
develop postnatally, and marrow adiposity is mainly dependent on age, bone area, and gender.
Through development, yellow fat replaces hematopoietic red marrow to account for 50-70% of
bone marrow volume in adults(118). The functional metabolic resemblance of BMATS to either
WATSs or BATs has been extensively investigated by different groups and shown to be site-
dependent. BMAs can exhibit WATSs or BATs-like properties depending on their source such as

long bone versus vertebrae (118).
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Accumulating evidence has demonstrated a link between marrow adiposity and bone
remodeling in both humans and rodents. Studies have demonstrated a negative correlation
between BMAT amounts and bone mass in models of aging, calorie restriction, ovariectomy, and
glucocorticoid stimulation. It is suggested that BMATs modulate bone remodeling through
paracrine actions. In response to stimuli (catecholamines, glucocorticoids, and cytokines), BMAs
get heavily involved in bone remodeling. BMAs can secrete leptin and adiponectin enhancing
MSCs commitment into the osteoblast lineage. Concurrently, BMAs enhance osteoclastogenesis
via RANKL and TNF-a production. Though debatable, the secretion of saturated fatty acids by
BMAs can influence osteoblast and osteoclast functions (118). Altogether, BMATSs have been
shown to be metabolically distinct as compared to other fat depots and closely involved in bone
remodeling. Further investigation is needed to characterize the reciprocal regulation of BMAT

functions by osteoblasts, osteoclasts, and hematopoietic cells.

1.7.4 Adipocyte differentiation

Adipocytes derive from multipotent mesenchymal stromal cells. The process of
adipogenesis is split into two phases: commitment and terminal differentiation. Committed
MSCs differentiate into preadipocytes and further into mature adipocytes, suited for lipid
transport and synthesis, insulin sensitization, and paracrine signaling. The transcriptional cascade
that regulates adipocyte differentiation has been dissected, revealing the transcription factors,
cytokines/adipokines, and regulatory pathways in action. We will focus on key transcriptional

regulators of adipocyte differentiation, expressed by all types of adipocytes.

The peroxisome proliferator- activated receptor gamma (PPARY), a member of the
nuclear-receptor superfamily, is the master regulator of adipogenesis. PPARY is so potent that it
can induce the adipogenic differentiation of nonadipogenic cells such as fibroblasts and
myoblasts (116). The expression of PPARY is necessary and sufficient by itself for adipocyte
differentiation. This key role in adipogenesis is not surprising, as most adipogenic regulatory
signaling targets PPARy expression and activity, directly or through pro-adipogenic factors that
function in part, via PPARy (116). The specific inactivation of Ppary in adipose tissues protects
mice against high-fat diet-induced obesity and insulin resistance (119). Moreover, the in vitro
inactivation of PPARY blocks adipogenesis and enhances osteoblastogenesis of BMSCs.

Multiple studies have linked PPARY to bone loss in diabetic patients and changes in bone
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marrow adiposity and osteoblastogenesis with aging (120). Altogether, PPARY is a potent
regulator of adipocytic differentiation in all fat depots and a key player in the bone-fat switch
game during mesenchymal differentiation. CCAAT enhancer-binding proteins (C/EBP) family
members including C/EBPa, C/EBPp, and C/EBP$ are also crucial for adipogenic
differentiation. The bZIP factors C/EBPa, C/EBPJ, and C/EBPS bind to different adipogenic
promoters during differentiation. C/EBPB and C/EBP9 are early inducers of adipocytic terminal
differentiation, whose expression is indispensable for the induction of C/EBPa and PPARY.
Interestingly, the induction of C/EBPa is abrogated in the absence of PPARY, further
emphasizing the crucial role of PPARy during differentiation (121). In addition to PPARy and
C/EBPs, a cascade of the Kruppel-like factors (KLFs), modulates adipogenic differentiation.
KLFs play both pro-adipogenic (KLF5,KLF6, and KLF15) and anti-adipogenic(KLF2 and
KLF7) functions during adipogenic differentiation. The inhibitory and activating functions of
KLFs converge at the regulation of Pparg?2 promoter (121). In addition to classic adipogenic
transcription factors and due to their specialized functions, brown adipocytes express a set of
transcription factors and regulators, unique to their depot. The list includes thermogenic and
mitochondrial genes including UCP-1, PPARY co-activator-1a (PGCla), transcriptional cofactor
PRD1-BF-1-RIZ1 homologous domain-containing protein-16 (PRDM16), and cell death-
inducing DNA fragmentation factor alpha-like effector A (CIDEA) (116).

The commitment of preadipocytes is a prerequisite for adipogenic terminal
differentiation. In response to adipogenic stimuli, the expression of metabolic genes and
adipokines is activated, shaping the functional phenotype of adipose tissues. The fatty acid-
binding protein 4 (FABP4;AP2), glucose transporter 4 (GLUT4;SLC2A4), leptin, and
adiponectin are markers of terminally differentiated adipocytes. Notwithstanding the contribution
of other adipogenic regulators, it is the proper expression of PPARy and C/EBPs that ensures
sustained gene expression in mature adipocytes. Glucocorticoid stimulation, BMP/TGF-
signalling, cAMP-mediated activation of both protein kinase A (PKA)-dependent and PKA-
independent pathways, and the mitogen-activated protein kinase (MAPK) pathway, are main
components of the adipogenic program driving the differentiation of both MSCs and
preadipocytes (122). In addition to adipogenic regulation, those pathways and others modulate
the crosstalk between adipocytes and osteoblasts, by regulating MSCs commitment and

differentiation.
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Figure 1. 6 Developmental origins and differentiation of adipocytes

For a long time, it was thought that both white and brown adipocytes are derived from
the same precursor cell. However, recent studies have shown that brown adipocytes share a
common MYF5 */PAX7 " precursor with muscle cells. The MYF5 */PAX7 " precursors give
rise to committed brown preadipocytes that undergo terminal differentiation or myoblasts that
differentiate into myocytes. The molecular regulators of brown adipocytes terminal
differentiation are the bone morphogenetic protein 7 (BMP7), peroxisome proliferator activated
receptor-y (PPARYy), CCAAT/enhancer-binding proteins (C/EBPs), and the transcriptional co-
regulator PR domain-containing 16 (PRDM16). White adipocytes can also be stimulated to
display characteristics of brown adipocytes by B-adrenergic signalling, cold exposure and
thiazolidinediones, which seem to function through the indicated factors. MSC, mesenchymal
stem cell; MYFS5, myogenic factor 5; PAX7, paired-box 7; PGCla, PPARYy co-activator 1a.
(Reproduced by permission from Springer Nature: Nature Reviews Molecular Cell Biology,
Forming functional fat: a growing understanding of adipocyte differentiation, Cristancho AG. ,

Lazar MA. 2011).
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1.8 The PTH axis and bone anabolism
This section is adapted from our literature review entitled “ New PTH Signals

Mediating Bone Anabolism” published by Hariri H et al. in 2017 (123).

“Parathyroid hormone (PTH), an 84-amino acid peptide hormone, is an important
regulator of calcium homeostasis. The parathyroid gland senses low levels of circulating calcium
through the calcium-sensing receptor and in response secretes PTH. The endocrine function of
PTH is elicited by its direct effect on bone and kidneys and indirect effect on the gastrointestinal
tract. High levels of PTH promotes calcium and phosphorus release by activating osteoclast-
mediated resorption of bone. At the level of the kidney, it acts to decrease calcium excretion and
phosphorus reabsorption. The indirect effect of PTH is mediated by vitamin D activation, that in

turn stimulates the absorption of dietary calcium and phosphorus from the gut (124, 125).”

“The profound effect of PTH on the skeleton shapes bone microarchitecture and
modulates its strength. Chronic and excessive infusion of PTH has been associated with bone
loss. Primary hyperparathyroidism (PHPT) is one classical example mimicked by continuous
PTH administration, associated with osteopenia (126), accelerated bone loss (127), and increased
bone turnover. However, intermittent administration of PTH at a low dosage promotes bone
formation in a time interval referred to as the anabolic window (128). This osteoanabolic effect is
antagonized by the activation of bone resorption afterwards, yet the net effect is enhanced bone
formation (129, 130).” While new therapeutics are in the pipeline, at the time of writing this
report the intermittent treatment with teriparatide (the N-terminal fragment of PTH (1-34)),
abaloparatide (parathyroid hormone-related protein, PTHrP ), and romosozumab (humanized
monoclonal antibody against sclerostin) are the only U.S. Food and Drug Administration (FDA)-

approved osteoanabolic therapies (131).

1.8.1 The PTH-PTH1R-G proteins signaling

“PTH signals in cells by activating the Parathyroid Hormone Receptor 1 (PTHIR), a
seven-transmembrane domains G protein-coupled receptor (GPCR) that belongs to the class B
secretin-like GPCR family (132). In bone, chondrocytes, osteoblasts, and osteocytes express
PTHIR (133). In mice, deletion of Pthlr either globally or in the osteoblastic lineage
(osteoblasts or osteocytes) impairs proper bone development and the capacity of bone tissue to

respond to PTH treatment. Systemic deletion of Pthlr results in mild cortical thickening in
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specific regions of long bones accompanied by a more profound decrease of trabecular bone
development (134). Osteoblast-specific inactivation with the osteocalcin-driven Cre (OC- Cre)
yields a similar phenotype (135). A mild osteopenic phenotype has also been reported when
Pthlr is deleted from osteocytes postnatally using a tamoxifen-inducible Dmp1-CRE driver
(136). However, different results were reported when Pthlr was constitutively deleted from
osteocytes. These animals show an increased trabecular and cortical bone volume at 3 months of
age, resulting from a low bone turnover state (137, 138). A significant finding, regardless of the
steady-state bone phenotype of mice in which Pthlr is ablated in osteocytes, is that the anabolic
response to PTH is blunted in those animals (137, 138). These results indicate the importance of

the osteocyte cell population for PTH-induced bone gain responses.”

“PTHIR is coupled to different G proteins including the Gas, the Gaql1 and the
Gaq12/13 subunits which respectively primarily mediate their intracellular effects through the
activation of the adenylate cyclase (ADCY), the phospholipase C (PLC) and the Ras homolog
gene family, member A (RHOA) (139, 140). Within this wide range of signaling cascades
activated by PTH, it has been demonstrated that its anabolic function is mainly mediated by the
activation of the Gas-dependent accumulation of cyclic AMP (92) and activation of Protein
Kinase A (PKA) and not by Gog-mediated PLC activation. This was initially examined using
various amino-terminal fragments of PTH that differentially activate Gas- or Gaq-mediated
signalling (141). PTH(1-34) activates both cAMP production and PLC, while PTH (1-31) only
activates cCAMP synthesis (142-144). On the other hand, PTH(3-38) only activates the PLC
pathway (143, 144). Anabolic effects were measured upon daily injections of PTH(1-34) and
PTH(1-31), but not PTH(3-38) (145, 146). These studies established that PTH-stimulated cAMP
production is sufficient for mediating the anabolic effect, but activation of the PLC pathway is
insufficient. These classical biochemistry studies have now been confirmed using mouse

molecular genetics approaches and osteoblast-specific, postnatal inactivation of Gas (147-149).”

“The important role of the Gas-dependent pathway in PTH-mediated bone acquisition
was confirmed using mice expressing a constitutively active PTHIR (caPTH1R) systemically.
These mice show a drastic increase of trabecular bone volume (150), but this abnormal increase
of bone volume is completely reversed when Gas is postnatally deleted from the osteoblasts

(149). Interestingly, the same study also showed than even if the intermittent PTH (iPTH)-
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mediated increase of bone mass is blunted in mice lacking osteoblast expression of Gas, PTH is
still able to increase osteoblast numbers and bone formation rates (149). This discovery
illustrates well the complexity of PTH signaling in bone cells. It also suggests that other
pathways are required to work in collaboration with Goas-dependent signalisation to improve
bone mass following PTH stimulation. One possibility would involve the Barrestin 2-dependent
pathway, which is a Gas-independent cascade that has been shown to be involved in iPTH-

induced bone formation (151-153).”

“ The cAMP second messenger activates the PK A-dependent signaling cascade as well as
a PKA-independent pathway that involves the Rap guanine nucleotide exchange factor (GEF) 3
and 4 (also called EPAC). While the physiological importance of the latter remains to be
demonstrated in bone, the bone anabolic function of PKA has been confirmed using a transgenic
approach (154, 155). Forcing the expression of a constitutively active form of PKA (caPKA) in
osteoblasts led to an important increase of the bone volume in long bones (155). This phenotype
is associated with an increase of bone turnover and aligns with the phenotype observed in mice
expressing caPTHI1R specifically in osteocytes (156, 157). Interestingly, the increased bone
volume observed when caPKA is expressed in osteoblasts is more dramatic than the increase
observed when the transgene is only expressed in osteocytes (154, 155). Here again, this
difference suggests that the PKA axis is not the only one required to mediate the anabolic action

of PTH on bone.”

1.8.2 Signaling pathways of PTH-mediated bone anabolism

“ PTH signaling is a common factor mediating the crosstalk amongst osteoblasts,
osteocytes, and osteoclasts. At the cellular level, the biological effect of PTH is mediated
through signaling cascades and downstream targets controlling proliferation, maturation, and
differentiation events. Because of its clinical relevance, extensive work has been performed to

uncover the key signaling pathways modulated by PTH.”

“Optimal activation of PTHIR by PTH involves its interaction with the LDL receptor
related protein 6 (LRP6) (158-161). When Lrp6 expression is disrupted in mice, the expression
of the sclerostin (SCL) gene (Sos?) and the anabolic action of iPTH are blunted (159). It has been
suggested that N-Cadherin regulates the amount of LRP5/LRP6 complex at the plasma
membrane (162). This indirectly impacts the abundance of PTHIR/LRP6 complexes by affecting
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the LRP6 pool available for an interaction with PTHIR (160). This model is supported by
ablation of the Cdh2 gene (coding for N-Cadherin) in mice which increases membrane
PTH1R/LRP6 complexes and promotes Sost downregulation and bone formation following iPTH
treatment (160, 163). LRP6 availability and activity is mainly regulated via interaction with
extracellular ligands and phosphorylation of its intracellular domain (reviewed in (164-166)).
However, mechanisms regulating Lrp6 transcription remain largely unknown. Kulkarni and
colleagues (167) reported that Lrp6 expression can be modulated by PTH, but the exact

mechanism still needs to be determined.”

“PTH signaling activates the different nodes of the Wingless-related integration site
(Wnt) signal transduction network in osteoblastic cells. Wnt signaling plays a significant role in
bone metabolism. Once activated, it fates mesenchymal stem cells (MSCs) to osteogenic
commitment, regulates pre-osteoblast proliferation, differentiation, and survival, and controls
osteoclastic bone resorption by augmenting osteoprotegerin (OPG) production (reviewed in
(22)). Wnt proteins bind to a dual-receptor complex of the frizzled (Fzd) receptor and the LRP5
and LRP6 coreceptors, stabilizing its main downstream effector -catenin and triggering the
transcription of Wnt target genes. Recent studies have shown that the anabolic effect of PTH can
be altered by the Wnt/LRP6/B-catenin axis. As discussed before, PTH-bound PTH1R engages
with LRP6 and activates B-catenin in osteoblasts and osteocytes (161) and this PTH-induced
activation is completely abrogated in Lrp6 deficient mice (159). This interaction appears to be
exclusive to LRP6, as the loss of LRP5 does not affect the anabolic actions of intermittent PTH
(168). Although PTH activates B-catenin in osteoblasts (160, 169), studies using mice with -
catenin-deficient osteocytes revealed that the anabolic effects of PTH therapy in the trabecular

compartment does not require osteocytic B-catenin (170).”

“An established mechanism by which PTH exerts its anabolic effect in bone is through
the suppression of the sclerostin (SCL) gene (SOST). SCL is a potent Wnt antagonist, mainly
secreted by osteocytes. SOST regulation by PTH remains a hot area for investigation by different
research groups. Kramer and colleagues (171) reported contradictory evidence from studies in
Sost transgenic and Sost-deficient mice (172, 173), raising questions about whether PTH-induced

bone gain requires the downregulation of Sost or not. A recent study performed in osteocyte-
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specific Sost transgenic mice has resolved this discrepancy, presenting evidence that PTH can

activate alternative anabolic pathways independently of Sost suppression (137).”

1.8.3 Basic domain-leucine zipper transcription factors and PTH signal transduction

“In response to PTH, the basic domain-leucine zipper (bZIP) transcription factor, cAMP
response element binding protein (CREB), is phosphorylated (174). It then stimulates the
transcription of genes that encode for members of the AP-1 family of bZIP factors, Fos and Jun
(174-176). A recent study has linked the class III HDAC, Sirtuin 1 (SIRT1), to the PTH-
mediated regulation of the Mmp13 promoter. The mechanism involves the direct binding of
SIRT1 to cJUN and this interaction at the AP-1 site within the Mmp13 promoter blocks AP-1
activity and downregulates Mmp13 (177). Interestingly, the authors further showed that the
deacetylation of cJUN by SIRT1 is cAMP dependent (177).”

In the context of PTH anabolism, we have focused on describing the effectors of the
anabolic effect of PTH in bone. One emerging pathway involves the transcriptional coregulator

NACA (Nascent polypeptide associated complex And Coregulator alpha).

1.9 Coregulatory scaffolding proteins

Coregulatory proteins provide an additional layer of transcriptional control in the nucleus.
Studies have described gene-specific regulatory complexes responsible for functional
modifications in chromatin accessibility to transactivation modulators and chromatin remodelers
(178, 179). One example is the role of SATB2 during osteoblast differentiation. Sath2 originally
identified as the cleft palate gene is a nuclear scaffolding protein implicated in transcriptional
regulation. Satb2-/- mice exhibit craniofacial defects and impaired osteoblast differentiation.
SATB2 interacts with ATF4 and Runx2 to drive the expression of Runx2-target genes and
thereby stimulate osteoblast differentiation (180).

1.9.1 NACA: A transcriptional coregulator

One intriguing question in our laboratory focuses on the coregulatory functions of
NACA in osteoblasts. Initially, NACA was cloned as the alpha chain of the nascent-polypeptide-
associated complex (NAC), responsible for the fidelity of sorting and translocation of
polypeptides from the ribosome. NAC is a heterodimeric cytosolic chaperone containing 2
subunits, NACA and B-NAC (BTF3) (181, 182). BTF3 is a general transcription factor that
interacts with the basal transcriptional machinery at proximal promoter regions (182-184).
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has shown that NAC ( via the N terminus of the BNAC subunit) can block the aggregation of
polyglutamine-expanded (polyQ) proteins and amyloid-p 40 (AB40) peptides associated with
Huntington’s disease and age-related protein pathologies (185).

In 1998, Yotov and Moreau et.al amplified NACA from mineralizing osteoblast
cells (186), opening the door for the complete characterization of this protein and its function
in osteoblast biology. The NACA-BTF3 heterodimerization has been shown to be essential for
NAC ribosomal-dependent activities but a role for the uncomplexed NACA subunit remained to
be characterized. Past work from our laboratory and others have shown that NACA has a DNA binding
domain, a calcium binding EF-hand motif, and a NAC domain essential for DNA binding and
nuclear localization (182, 187, 188). Same studies have demonstrated that NACA can potentiate
the activity of the chimeric activator GAL4/VP-16 in vitro, by acting as a transcriptional
coactivator (186). Additionally, lessons acquired from different promoter studies have indicated
that although NACA can bind DNA, it cannot initiate transcription on its own (188-190).

To better understand the regulatory functions of NACA, it was crucial to identify
transcriptional partners of this protein. Studies have demonstrated that cJUN is a top candidate as
NACA is implicated in AP-1 transcriptional regulation of target genes. In one regulatory scheme,
NACA interacts with cJUN to stabilize the interaction of cJUN homodimers with chromatin and
extends another arm to bridge the interaction between cJUN homodimers and the basal
transcription machinery (186). This interaction was shown to enhance AP-1-mediated
transcription of the Osteocalcin promoter in differentiated osteoblasts, where the DNA-binding
activities of NACA are indispensable (189, 191). In addition to cJUN, NACA can potentiate the
transcritptional activity of JUND in osteoblasts. A recent study has demonstrated that both
NACA and JUND coactivate Lrp6 gene expression in osteoblasts (192). The significance of this
transcriptional regulation lies in the outcome, as this is the first characterization of Lrp6 gene
regulation and its impact on priming PTH subsequent responses in osteoblasts. More examples of
NACA-mediated regulation of AP-1 transcription include the transcriptional control of Collal
and Mmp9 gene promoters during osteoblast differentiation (186, 189-191).

After reviewing the coactivating functions of NACA, we will highlight the other facet of
this protein as a transcriptional corepressor. Studies from our laboratory have confirmed the binding of
NACA to the Osteocalcin and Myogenin gene promoters in osteoblasts and myoblasts (193). The

differential regulation of both promoters during osteogenesis and myogenesis suggests a
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promoter- and cell- specific functions for NACA. The regulatory scheme of those promoters
depends on the interaction and recruitment of HDACs by NACA in specific cell lineages. The N-
terminal (12-69) fragment of NACA binds the corepressors HDAC1 and HDAC3 and regulates
the transcription of the Osteocalcin and Myogenin promoters in myoblasts and osteoblasts,
respectively (193). In this context, the docking functions of NACA ensure the inhibition of
Myogenin in differentiated osteoblasts and Osteocalcin in cells destined to the myogenic lineage
(193).

Altogether, our work has revealed a dynamic transcriptional control exerted by NACA
during differentiation either by potentiating AP-1 transcription in osteoblasts or by recruiting

corepressors to lineage-specific promoters.

1.9.2 NACA: The cytoplasmic-nuclear shuttle

The coregulatory functions of NACA are highly dependent on phosphorylation events
carried out by multiple kinases. Post-translational modification by phosphorylation is one of the
most important mechanisms regulating protein function, localization, and stability. In vitro and
in vivo studies have characterized different phosphorylation events modulating the subcellular
localization and activity of NACA. Those studies have revealed the identity of kinases,
phosphatases, and signaling pathways associated with NACA’s functions in osteoblast cells. In
this section, we will review the work done by our group and others to identify different effectors
modulating the activity of NACA.

The ubiquitous kinase glycogen synthase kinase 3beta (GSK3p) phosphorylates NACA
on Thr-159 residue of the C-terminal end, thus triggering the degradation of NACA by the 26S
proteasome system. The inhibition of the kinase leads to the stabilization and nuclear
accumulation of NACA, while mutating the phosphoacceptor sites of GSK33 on NACA
enhances its coactivation potency (194). Additionally, NACA is phosphorylated by casein kinase
2 (CK2). The phosphorylation of NACA by CK2 at Ser-25, Thr-27, Ser29 and Ser-34 activates
the chromosome region maintenance 1 (CRM1) - mediated nuclear export of the protein. The N-
terminus phosphorylated sequence by CK2 is thought to be the signal for NACA’s nuclear export
(195). Moreover, the cell adhesion to fibronectins stimulates the phosphorylation of NACA by
the integrin linked kinase (ILK) on Ser-43, thus inducing the nuclear import of NACA in
osteoblasts (196). Similarly, the phosphorylation of NACA by PKA on Ser-99 induces its

nuclear translocation in response to PTH signaling in osteoblasts. Phospho-S99-NACA
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accumulates in osteoblasts exposed to PTH (1-34) and this accumulation is abrogated by an
S99A mutation but further enhanced by a phosphomimetic residue (S99D). The same study has
also shown that PTH (1-34) induces the accumulation of NACA at the Osteocalcin promoter in
osteoblasts (197). Current studies in our laboratory are focused on understanding the
physiological relevance of this modification using site-directed mutagenesis of NACA at S99 in
knock-in mice models.

As the search for more kinases regulating NACA’s shuttling and activity is still going, we
have recently investigated the role of phosphatases in this matter. Addison et al. have identified
the protein phosphatase 1 catalytic subunit oo (PP1A) as a NACA-associated phosphatase. The
Ser/Thr PP1A phosphatase dephosphorylates NACA at Thr-89, Ser-151 and Thr-174 in MC3T3-
E1 osteoblastic cells. Interestingly, the dephosphorylation of NACA by PP1A enhances its
nuclear accumulation and potentiates AP-1 transcriptional activity, osteogenic differentiation,
and matrix mineralization in vitro (198). Collectively, the reviewed studies show that the NACA
cytoplasmic-nuclear shuttle is driven, in part, by reversible phosphorylation, thus regulating its
coactivating functions in osteoblast gene transcription.

1.9.3 The physiological relevance of NACA

The physiological relevance of NACA phosphorylation has been demonstrated in vivo.
The first evidence of this significance is a knock-in mouse model with a non-phosphorylatable
serine-to-alanine mutation at position 43 (S43A). NACA S43A mice exhibited reduced mass of
immature and woven-type bone with an increase in osteocyte number. The S43 A mutation
decreased the nuclear translocation of NACA and reduced Ocn promoter occupancy and gene
transcription (196). This phenotype was strikingly similar to the phenotype of mice that lack the
expression of Gas in early osteoblasts (199). As previously mentioned, Gas is a proximal
downstream effector of PTH signaling and a mediator of its anabolic effect in bone. The notion
of a genetic link between Gas and NACA has been further strengthened by an altered gene
dosage in compound heterozygous mouse model (Gas®"; Naca™"). Those mice exhibited
osteopenia with reduced bone mass, increased number of osteocytes, and enhanced expression of
Sost (197). The work of Pellicelli et al. has supported the physiological significance of the PTH-
Gas-PKA-NACA pathway in osteoblasts, identifying both Osteocalcin and Lrp6 as downstream
targets of this pathway. The same approach using chromatin immunoprecipitation with deep

sequencing (ChIP-Seq) against NACA and RNA-Seq gene expression profiling in PTH-treated
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osteoblast cells, has identified two novel targets of the PTH-Gas-PKA-NACA pathway: The
Nuclear factor interleukin-3-regulated (Nfi/3) and the Ubiquitin-specific peptidase 53 (Usp53).

1.9.3.1 Nfil3

Nfil3 (also known as E4-binding protein 4) is a basic leucine zipper (bZIP) transcription
factor (200). E4-binding protein 4 (E4bp4) was initially isolated by screening for its ability to
bind the ATF site of the adenovirus E4 promoter and repress its activity (200). Later, Nfil3
protein was isolated from a human T-cell cDNA library where it binds to the CRE/ATF
regulatory sequences of the IL3 promoter (201). It was suggested that Nfil3/E4bp4 can act both

as a transcriptional activator and a transcriptional repressor in a promoter-specific fashion.

In order to regulate the transcription of target gene promoters, bZIP members form either
homodimers or heterodimers that bind specific DNA stretches. The bZIP superfamily of
transcription factors include the cAMP response element binding protein (CREB)/activating
transcription factor, activator protein 1, CCAAT enhancer binding protein (C/EBP), nuclear
factor (erythroid-derived 2), and proline and acidic residue rich (PAR) families (202). As a bZIP
member, Nfil3 recognizes a homologous consensus binding sequence to the cAMP-responsive
DNA element (CRE), consensus C/EBPf and PAR binding sites (203). Sharing a common
recognition site with NFIL3, CREB, and C/EBPJ suggests a potential interaction among the

different bZIP members at the level of regulating the transcription of common gene products.

NFIL3 has been implicated in diverse processes regulating immune cell function (201,
204-206), circadian rhythm oscillations (202, 207), cell survival versus apoptosis (205, 208), and
anti-inflammatory responses (202). PTH, PGE2, and cAMP analogs are known to activate Nfil3
expression (209, 210). Rapid induction of Nfi/3 can also be achieved by the direct binding of the
glucocorticoid receptor (GR) to the Nfil3 gene distal promoter in thymocytes (211).

In the context of bone biology, Nfi/3 is a well described transcriptional repressor
responding to PTH treatment in osteoblasts (210, 212). NFIL3 was shown to repress neuronal
CREB targets (213), PTH-regulated Cox-2 promoter activity (210), and osteoblast gene
transcription (210, 212). A clear characterization of Nfil3 function and regulation in osteoblasts

is still missing.
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1.9.3.2 Usp53

USP53 belongs to the ubiquitin-specific protease (USP) superfamily of deubiquitinating
enzymes (214, 215). The genomic landscape encompasses about 58 different USPs, few of which
have a clear assigned function and substrate. Domain structure analysis indicated that most USPs
bear a core catalytic domain in addition to N-and C-terminal extensions defining substrate
specificity and protein-protein interaction decisions (215, 216). Based on sequence analysis,
USP53 along with five other USP members (USP39, USP50, USP52, USP54, and USPLI) are
predicted to be inactive (217). The lack of a functional histidine residue in the USP53 catalytic
domain renders the protein devoid of catalytic activity and this was further confirmed using in

vitro ubiquitination assays (217, 218).

USP53 has been associated with human syndromes of pleiotropic effects on different
tissues. Initially, a duplicated genomic locus encompassing MYOZ2, FABP2, and USP53
accompanied a severe phenotype of Cantu syndrome in a patient with cardiomegaly,
hypertrichosis, bone deformities, and severe obesity (219). More recently, USP53 has been
linked to pediatric cholestatic liver disease. The study identified a homozygous truncating
mutation in USP53 in a family diagnosed with liver cholestasis and hearing loss (220). Along the
same line, whole exome sequencing in 7 patients from unrelated families has identified 10
biallelic pathogenic variants in USP53, all contributing to the defective hepatobiliary condition
in those patients (221). The listing of different clinical manifestations converging at USP53

supports a central function for the gene in regulating developmental processes.

Reviewing public expression datasets shows that Usp53 is expressed in a wide range of
internal, nervous, reproductive, and secretory organs. Two main isoforms of Usp53 (long
isoform; NM_133857.3 and short isoform; AK045953) have been described and the full-length
Usp353 transcript has been shown to be predominant in mouse cochlear extracts (218). This study
has linked UspJ53 to progressive hearing loss in mambo mice carrying a missense mutation in the
Usp353 catalytic domain. The suggested underlying mechanism involved a disrupted interaction
between USP53 and tight junction proteins (218). Except for this study, the contribution of
Usp53 to any developmental pathway has not been addressed.
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1.10 Rationale, hypothesis, and objectives

The daily injection of parathyroid hormone (PTH) increases bone mass and protects against
osteoporotic fractures, however it has several limitations. The expensive costs and inconvenient
route of administration of PTH is burdensome to most patients. Moreover, PTH is not
recommended for use in children with metabolic bone diseases such as Osteogenesis Imperfecta.
Additionally, a complete picture of PTH mechanism of action is still missing. Therefore, it is
important to find alternative therapeutic options, possibly by targeting enzymes in the signaling
cascade downstream of PTH, that modulate osteoblastic gene expression, differentiation, and

function.

We have shown that PTH induces the phosphorylation of NACA at Ser99 enhancing its
nuclear translocation and activation of target genes. We have also demonstrated the physiological
significance of the PTH-Gas-PKA-NACA pathway in vivo (197). Our genome-wide approach has
identified Nfil3 and Usp53 as potential targets mediating the PTH-NACA signaling in osteoblasts.
Reviewing the literature, we have noted that the functional characterization of Nfil3 in osteoblasts
is missing and that despite the work done to identify USP53 variants, the functional and
mechanistic characterization underlying USP53-related pathologies has not been covered yet.
Consequently, we hypothesized that Nfil3 and Usp53 mediate the PTH-NACA signaling

modulating osteoblast biology and PTH anabolism in vitro and in vivo.

The first objective of this research project is to identify and characterize the mechanism
that regulates Nfil3 transcription and expression in osteoblasts as well as its role in osteoblast and

osteocyte differentiation (Chapter III).

USP53 was initially identified as part of a gene duplication associated with Cantu
syndrome, a condition of hypertrichosis, cardiomegaly, severe bone deformities, and obesity (219).
At the time of starting this research project this was the only published study linked to USP53,
with no assigned biological functions in any tissue. The human phenotype associated with USP53
as well as our ChIP-Seq and RNA-Seq findings in PTH- treated osteoblasts have shifted all the
efforts to uncover the biological functions of Usp353 in vitro (Chapter 1V) and in vivo (Chapter
V). Consequently, chapter IV focuses on the role of Usp53 in regulating mesenchymal
differentiation in vitro and chapter V offers the full skeletal characterization of Usp53-deficient

mice and more.
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2.1. Chromatin immunoprecipitation (ChIP), Chip Sequencing (ChIP-Seq), and RNA-
Sequencing (RNA-Seq)

Conventional ChIP assay, ChIP-Seq, and RNA-Seq were performed as previously
described [24]. For ChIP-PCR, Nfil3 promoter fragments were amplified using 5°-
AAAGGTGCTGGCACCACG -3’ forward and 5 * - CAGCTGCTACCCGCTGTC- 3 ’ reverse
primers. The ChIP-Seq against NACA has identified a peak in Chromosome 3 (3qG1); Chr3:
122,984,707- 122,984,915. For ChIP-PCR, Usp53 promoter fragment was amplified using 5’ -
CTGAAACCCACAGAACCCCG -3’ forward and 5’ - GGATTTCCACGGCAGACGC -3~
reverse primers. Reactions were performed using Power SYBR™ Green master mix following
the manufacturer's instructions (ThermoFisher Scientific) and carried out in a QuantStudio 7

Flex Real-Time PCR System (ThermoFisher Scientific).

2.2. RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted from cells or tissues using TRIzol reagent following the
manufacturer’s instructions (Invitrogen). Using the high-capacity cDNA reverse transcription kit
(Thermo Fisher Scientific), 1-2 ug of RNA were reverse-transcribed into cDNA following the
manufacturer’s protocol. Gene expression was assessed using the Tagman™ Fast Advanced
Master Mix (Thermo Fisher Scientific) and the following TagMan primers: (Supplementary
Table 5.2).

Expression levels of Usp53 (long and short isoforms) were assessed using the Power SYBR™
Green PCR Master Mix (Thermo Fisher Scientific) and the following isoform-specific
oligonucleotide primers: Usp53 short isoform, forward, 5'-
GAAGTGTCCTAGTAACTGTGGCC-3', and reverse, 5'-
GAATGAAAGCAACTGTGATACCCC-3'; Usp53 long isoform, forward, 5'-
CGACACAGGGATTTGGTTGATG-3', and reverse, 5'-CAGAGGTGTAGCTCTCATGGG-3;
and Gapdh, forward, 5'-CATCACTGCCACCCAGAAGACTG-3', and reverse, 5'-
ATGCCAGTGAGCTTCCCGTTCAG-3'. All reactions were carried out in a 7500 real-time PCR
system (Thermo Fisher Scientific).

For bone and fat tissues, samples were collected, flash-frozen in liquid nitrogen and stored at -
80°C. For long bones, bone marrow was flushed with PBS prior to freezing. Samples were
homogenized in TRIzol using a tissue homogenizer (Polytron) following the manufacturer’s

instructions (Invitrogen) and then processed for gene expression analysis.
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2.3. Plasmids, Antibodies, and Reagents

The wildtype-NACA , NACA-S99D mutant (197), and NACA delta DBD (69-80) mutant (189)
expressing vectors were previously described. The affinity-purified chicken anti-NACA (222)
and the rabbit polyclonal anti-NACA-phosphoS99 (anti-pS99) (197) antibodies have also been
previously reported. PTH(1-34) was purchased from Bachem (Torrance, CA) and N°-
benzoyladenosine cAMP (6Bnz-cAMP; catalog no. B009) was from Biolog (Bremen, Germany).
Ascorbic acid, B-glycerophosphate, dexamethasone (Dex), 3-isobutyl-1-methylxanthine (IBMX),
insulin, and hexadimethrine bromide were obtained from Sigma-Aldrich. The pLenti-C-Myc-
DDK Usp53 expression vector (MR224743L1) encoding the full-length transcript (NM-133857)
was purchased from Origene. Cycloheximide (CHX) was obtained from Sigma-Aldrich.
Recombinant human bone morphogenetic protein-2 (BMP-2) was obtained from Life

Technologies.
2.4. Cell culture systems

2.4.1 Cell lines

ST2 stromal cells (obtained from Riken Cell bank, Tsukuba, Japan) and MC3T3-E1
(subclone 4) osteoblastic cell line (a gift from Dr. Renny T. Franceschi, University of Michigan,
Ann Arbor, MI) were cultured in minimum essential medium alpha (a-MEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT), 100 U/ml penicillin,
and 100 pg/ml streptomycin at 37°C in a humidified atmosphere with 5% CO2. HEK293T cells
(ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM,Gibco) supplemented
with 10% FBS. IDGSW3 cells (EKC001, Kerafast) were expanded in proliferation conditions at
33°C in aMEM with 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 50 U/ml IFN-y
on rat tail type 1 collagen-coated plates. For osteocytic cultures, IDG-SW3 cells were plated at
80,000 cells/cm?2 in osteogenic medium (37°C with 50 pg/ml ascorbic acid and 4 mM f-
glycerophosphate in the absence of IFN-y) (15).

2.4.2 Primary cells
2.4.2.1. Calvaraie

Primary osteoblasts were isolated from calvariae of 2-d-old mice as described previously
(223). Briefly, calvariae were dissected and washed in phosphate-buffered saline (PBS).

Calvariae were subjected to two consecutive digestions (15 and 30 min) at 37°C in a-MEM
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containing increasing concentrations of collagenase P (Roche) and 0.25% trypsin (Life
Technologies). Supernatants of the first two digests were discarded and fresh digestion medium
containing collagenase P and 0.25% trypsin was added. Calvariae were then incubated at 37°C
for 60 min, with vigorous shaking every 10 min. This step was repeated one more time. After
that, cells and bone pieces were spun, resuspended in complete medium (a-MEM supplemented
with 10% fetal bovine serum (FBS)), and plated separately. Cells were kept 2 to 4 days before
passaging for experiments. Only fraction 4, representing the more mature osteoblast population,
was used for in vitro experiments in this study. Mouse embryonic fibroblasts were isolated from
E13.5 embryos as described previously (224). MEFs were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Life Technologies) containing 4.5 g/L D-glucose and 10% FBS.

Passage 2 MEF cells were used in subsequent experiments.

2.4.2.2. Bone marrow stromal cells (BMSCs)

Murine BMSCs were isolated from 6-8 week old mice as previously described (225).
Briefly, tibia and femoral marrow compartments were used to isolate BMSCs. After cutting the
epiphysis, the femurs and tibia were flushed with complete media using a 27-gauge needle. The
flushed cells were then filtered using a 70-pum filter mesh to get rid of bone chips and cell
clumps. Finally, the cells were resuspended in additional complete medium and cultured in
DMEM supplemented with 20% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin sulfate
for differentiation experiments. Alternatively, flushed bone marrow suspensions were processed

for osteoclast precursors isolation and differentiation.

2.5. Short hairpin RNA (shRNA) Gene Silencing

Vectors expressing the short hairpin RNAs (shRNAs) targeting Naca were generated as
previously described (192). Vectors expressing shRNAs targeting Creb! (shCreb TRC no.
0000096633, and TRC no. 0000301658), Nfil3 (shNfil3, TRC no. 0000082339 and TRC no.
0000082338), Usp53 (shUsp53, TRC no. 0000030914; shUsp53.1, TRC no. 0000030918) and
the non-targeted control shRNA (shScr; #SHC016) were purchased from Sigma-Aldrich. For
stable silencing of Nfil3, Naca, Crebl, and Usp53, lentiviral particles were prepared by
transfecting HEK-293T cells with 10 pg of shRNA expressing vector, 7.5 pug psPAX2 (viral
packaging vector, a gift from Dr. Didier Trono; Addgene plasmid #12260), and 2.5 ng pMD2.G

(viral envelope encoding vector, a gift from Dr. Didier Trono; Addgene plasmid #12259), using
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X-treme GENE HP (Roche, through Sigma-Aldrich) according to manufacturer’s instructions.
Lentivirus-enriched medium was collected at 24h and 48h post transfection, filtered using a 0.45
um filter (Millipore, Billerica, MA), and supplemented with 8 pg/ml hexadimethrine bromide
(Polybrene, Sigma-Aldrich). The lentiviral medium was used to infect IDG-SW3, BMSCs or
ST2 or MC3T3-El cells for 24 h cells. Infected cells were then cultured in the presence of 2.5
pg/ml (BMSCs, ST2, and IDG-SW3) or 5 ng/ml (MC3T3-El) of puromycin for selection.

Selection was performed for 5 days.

2.6. Western Blotting

Whole cell extracts were prepared from MC3T3-E1, ST2, HEK-293T or MEF cells. Cells
were washed twice with ice-cold PBS (1x) and scraped with lysis buffer (300mM NaCl, 50mM
HEPES, pH 7.6, 1% Triton X-100, and protease/phosphatase inhibitor cocktail (Cell Signaling)).
Cells were then kept on ice for 10 min and briefly sonicated with 1 pulse for 15 sec using an
Ultrasonic dismembrator model 500 (Thermo Fisher Scientific, Waltham, MA). Following
sonication, cells were spun down at 4°C for 15 min at maximum speed. Supernatant was
aliquoted and stored at -80°C. For western blots, equal amounts of cell extracts (10 pg protein)
were resuspended in 6X Laemmli buffer. The samples were boiled for 5 min and run on a
denaturing SDS-PAGE for 1.5 h then transferred to a PVDF membrane (Amersham, UK). The
membrane was blocked for 45 min in 5% non-fat dry milk. After blocking, the membrane was
incubated with the primary antibody diluted 1:1000 in 5% non-fat dry milk or bovine serum
albumin (BSA), overnight at 4°C. The membrane was later incubated with the secondary
antibody conjugated with horseradish-peroxidase, anti-mouse, or anti-rabbit- HRP, diluted
1:20,000. Development was done using the Western Lightening Chemiluminescence Kit (Perkin
Elmer, Akron, OH, USA). The protein bands were visualized by autoradiography. The blots
were probed with the following antibodies: rabbit anti-USP53 (HPA035844, Prestige antibodies,
Sigma-Aldrich), rabbit-anti-TAK1 (#5206, Cell Signaling), rabbit- anti-TAB2 (#3745, Cell
Signaling), rabbit-anti-TAB1 (ab76412, abcam), mouse-anti-DYKDDDDK (#8146, Cell
Signaling), rabbit- anti-phospho-p38 MAPK (#4511, Cell Signaling), rabbit- anti-p38 MAPK
(#8690, Cell Signaling), rabbit-anti-PPARY (#2443, Cell Signaling), mouse-anti- GAPDH (HRP
Conjugate) (#51332, Cell Signaling), mouse anti-aTubulin (catalog no. T6074), Sigma-Aldrich),
Rabbit anti-CREB (catalog no. 9197) and rabbit antiE4BP4/NFIL3 (catalog no. 14312) were
purchased from Cell Signaling.
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2.7. Vector Cloning

The Nfil3 promoter fragment (-818/+182 bp) and the Usp53 promoter fragment (-
2325/+238bp) were amplified from MC3T3-E1 cell genomic DNA. The fragments were
subcloned into the pGL4.10[LUC2] vector (Promega, Madison, WI) using Kpnl and Nhel
restriction sites that were added during the PCR step. All generated vectors were verified by

sequencing. Primer sequences and plasmids are available upon request.

2.8. Luciferase Assay

MC3T3-E1 cells were seeded at a density of 20,000 cells/well, 14h prior to transfection.
In each well, 300 ng of Nfi/3 or 300 ng of Usp53 promoter reporter vector and 15 ng of Renilla
luciferase internal control vector (pRL-null, Promega) were transfected using the lipofectamine
LTX and PLUS Reagent kit following the manufacturer’s instructions (Invitrogen). 100 ng of
NACA- S99D mutant or NACA delta DBD (69-80) mutant and 50 ng of CREB-expressing
vector (MR204788, Origene) or 50 ng of cJUN-expressing vector (35) were co-transfected.
Twenty-four (24) h post transfection, the dual-luciferase assay was performed according to the
manufacturer’s protocol (Promega) and signal was measured using a VICTOR Nivo multimode
microplate reader (Perkin Elmer, Waltham, MA). Results were calculated by normalizing Firefly
relative light units to Renilla relative light units and are expressed as fold-change over the empty
vector. When indicated, cells were treated with 100 nM PTH(1-34) for 24 h before luciferase

measurement.

2.9. Differentiation Assays

2.9.1. Osteogenic Differentiation

ST2 cells, BMSCs, calvarial osteoblasts or MC3T3-E1 cells were plated at 50,000
cells/cm? for differentiation assays. To induce osteogenic differentiation of ST2 cells, cells were
incubated in a-MEM medium at 37°C with the supplementation of 50 pg/ml of ascorbic acid and
100 ng/ml of BMP2 (Gibco). To induce osteogenic differentiation of MC3T3-E1 cells, cells were
incubated in 0-MEM medium at 37°C with the supplementation of 50 pg/ml of ascorbic acid and
10 mM of B-glycerophosphate.

To induce osteogenic differentiation of calvarial osteoblasts, cells were incubated in
complete a-MEM medium with the supplementation of 50 pg/ml of ascorbic acid (Sigma-

Aldrich), 10 mM of B-glycerophosphate (Sigma-Aldrich), and 10nM dexamethasone (Sigma-
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Aldrich). Medium was changed every 2 days for the duration of the experiment. For MEF
cultures, cells were plated at a density of 50,000 cells/cm? for osteogenic differentiation. Cells
were induced in complete DMEM medium supplemented with 100 pg/ml of ascorbic acid
(Sigma-Aldrich), 10 mM of B-glycerophosphate (Sigma-Aldrich), and 20 ng/ml BMP-2 (Life
Technologies). Medium was changed every other day for 15 days.

2.9.2. Adipogenic Differentiation

ST2 cells, BMSCs and MEF cells were plated at 50,000 cells/cm? for adipogenic
differentiation. BMSCs and MEF cells were incubated in DMEM medium and ST2 cells in a-
MEM medium at 37°C with 0.5 mM of 3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich), 1
uM dexamethasone, 1 pg/ml insulin (Sigma-Aldrich), and 1 uM rosiglitazone (Sigma-Aldrich)
for the first day. On day 2, differentiation medium was changed and supplemented with only
insulin (1 pg/ml) and rosiglitazone (1 uM). Complete medium (without supplements) was used
from day 4 until the end of the differentiation assay. For ST2 cells and BMSCs, medium was
changed every other day for 8 days. For MEFs, medium was changed every other day for 15
days.

2.10. Staining
2.10.1. Cell Staining

Alizarin red staining was performed on MC3T3-E1 cells on day 21 of osteogenic
differentiation. Briefly, cells were fixed in 70% ethanol for 1 h at -20°C and then incubated with
alizarin red solution (40 mM, pH 4.2) (Sigma-Aldrich) for 15 min at RT. Cells were then washed
with dH>O to remove excess stain. Finally, cells were washed with PBS (1x) for 15 min and
photographed. Alkaline phosphatase (ALP) staining was performed on ST2 cells on day 6 of
osteogenic differentiation. Staining was performed using the TRACP and ALP double-stain kit
(TAKARA) following the manufacturer’s instructions. Cells were fixed in 10% formalin at RT.
Von Kossa staining for mineralized matrix was performed using 5% silver nitrate. Oil red O
(Sigma-Aldrich) staining was performed to detect lipid accumulation. Following fixation, cells
were rinsed with dH>O and then 60% isopropanol for 2-5 min. Cells were then incubated with

Oil Red O solution for 5 min. Finally, cells were rinsed 3-4 times with dH,O and photographed.

Mature osteoclasts were stained for tartrate resistant acid phosphatase (TRAP) using the

TRACP and ALP double-stain kit (TAKARA) following the manufacturer’s instructions.
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Number of osteoclast nuclei was counted in 50 random fields for each condition at a 20X

magnification.

2.10.2. Picrosirius Red Staining
To visualize the deposited collagen type I matrix, we performed picrosirius red staining
on IDG-SW3 cultures. Cells were stained with Sirius Red F3BA (Sigma-Aldrich) and quantified

using a microplate reader at 562 nm as previously described (226).

2.10.3. Immunohistochemical Staining of Collagen Type-I

IDG-SW3 cells were plated at a density of 80,000 cells/cm?2 , on non-collagen-coated
plastic tissue culture plates, in differentiation medium. At each indicated timepoint, cells were
washed with PBS twice, fixed with 95% ethanol for 10 min and then washed with PBS three
times. Cultures were incubated with blocking solution (2% BSA in PBS) for 1 hour at room
temperature and then incubated overnight with polyclonal anti-collagen type I antibody
(AB749P, EMD Millipore) (diluted 1:400 in 1% BSA in PBS) at 4°C. Cultures were then
washed with PBS three times and incubated for 45 minutes with Alexa Fluor594 conjugated goat
anti-rabbit IgG (H+L) (diluted 1:500 in 1% BSA in PBS; Invitrogen). Finally, cells were washed
with PBS 5 times and nuclei were stained with ProLong Gold antifade reagent with DAPI
(ThermoFisher Scientific). Images were acquired using a Leica DMR fluorescence microscope
(Leica Microsystems, Wetzlar, Germany) connected to a digital DP70 camera (Olympus, Center
Valley, PA). Image processing included whole image channel filtering to remove noise and
whole image adjustment of brightness, contrast, color balance, and sharpening using Adobe
Photoshop v.12.1. Photoshop images were then flattened and imported into Adobe [llustrator
v.15.1 to build the final montages.

2.11. Electrophoresis Mobility Shift Assay (EMSA)

EMSA assays were performed as described elsewhere (192). HEK-293 cells were
transfected with 10 pg of NACA-expressing vector (192). 24hrs following transfection, cells
were treated for 1 h with 100 pum 6Bnz-cAMP to induce phosphorylation of NACA at residue
Serine 99 and nuclear translocation (192). Oligonucleotide probes spanning the NACA binding
site (NACADbds) within the Usp53 promoter region (5’-ACCCCGGCTCAGATCCCGCG-3’) or
the positive control NACAbds from the Myoglobin promoter region (5'-
AGGGCCAGAGAAAGACA-3") (188) were synthesized with a GG overhang. The probes were
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32P-labeled using [a32P]- dCTP (PerkinElmer, Waltham, MA) and Klenow DNA Polymerase |
(New England Biolabs, Ipswich, MA).

2.12. In vivo osteogenesis assay

Murine BMSCs were isolated from 6-wk-old C57BL/6N male mice (obtained from
Charles River Canada Laboratories) as described in the above sections. 2 x10° shScr or shUsp53-
knockdown BMSCs were seeded in Gelfoam absorbable collagen sponges (Pfizer) and implanted
subcutaneously on the backs of 6-wk-old athymic nude mice (Crl:NIH-Lystbg Foxnlnu Btkxid;
201; Charles River Laboratories). After 4 weeks, the transplants (n=4 for both shScr and
shUsp53) were harvested and further processed for micro-CT and histological analysis. For
micro-CT, transplants were fixed in 4% PFA in PBS for 48 h at room temperature and washed
with 1x phosphate-buffered saline. Transplants were then scanned with a 6-pum pixel size using a
Skyscan 1272 pCT system (Bruker, Belgium). The parameters were 5 um pixel size, 50 kV, 194
pA, 0.5 mm Al filter, angular rotation step of 0.450, and an exposure time of 500 ms with a total
scan duration of 45min. Three-frame averaging was used to improve the signal-to-noise ratio.
After scanning, 3-dimensional (3D) microstructural image data were reconstructed using the
manufacturer’s software (Skyscan NRecon). For histology, transplants were then decalcified in
EDTA and embedded in paraffin. Paraffin blocks were sectioned (6-um) and stained with H&E
or incubated with specific primary antibodies against Osterix (1/100; ab22552; Abcam) or
Perilipin (1/200; ab3526; Abcam). Prior to immunostaining, sections were pretreated with citrate
buffer (pH 6.0) and heated for 10 min at a temperature between 95°C and 100°C for antigen
retrieval. Primary antibodies were detected using Alexa Fluor® 594 conjugated goat anti-rabbit
IgG (H+L) (1/250; Invitrogen). Nuclei were stained with ProLong® Gold antifade reagent with
DAPI (Thermo Fisher Scientific). Images were acquired using a Leica DMR fluorescence
microscope (Leica Microsystems, Wetzlar, Germany) connected to a digital DP70 camera
(Olympus, Center Valley, PA). Image processing included whole image channel filtering to
remove noise and whole image adjustment of brightness, contrast, color balance, and sharpening
using Adobe Photoshop v. 12.1. Photoshop images were then flattened and imported into Adobe
Mlustrator v. 15.1 to build the final montages.
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2.13. Animal Experimentation

All animal procedures were reviewed and approved by the McGill Institutional Animal
Care and Use Committee and followed the guidelines of the Canadian Council on Animal Care,
conforming to the relevant regulatory standards. Mice were kept in an environmentally
controlled barrier animal facility with a 12-h light/12-h dark cycle and were fed mouse chow and
water ad libitum. ES cell blastocyst microinjection was performed at the Montreal Clinical

Research Institute (IRCM) transgenic core facility in Montreal.

2.13.1. Mouse and ES cells generation

Embryonic stem cells (ES, JIM8A3.N1) harboring a Usp53 promoter-driven targeting
cassette (L1L2-Bact-P) were purchased from the European Mouse Mutant Cell Repository
(EUMMCR). Homologous recombination of UspJ3 targeting vector in male ES cells
(C57BL/6N mouse cells, P5) produced a conditional ‘knockout-first’ allele with a neomycin-
resistance cassette and a LacZ reporter gene inserted between the third and the fourth Usp53

exons (Usp53mIa(EUCOMMEMGU "pio 1 A top).

ES cells containing the recombined allele were injected into C57BL/6N blastocysts and
reimplanted in CD1 pseudopregnant females. One chimeric male bearing the recombined allele
was mated with C57BL/6N female mice to obtain heterozygotes Usp33m1AEUCOMMHEMGU  Thege
mice were then mated with transgenic mice expressing Cre recombinase ubiquitously under the
control of a human cytomegalovirus (CMV) promoter. Recombination at /oxP sites resulted in
deletion of both the neomycin-resistance selection cassette and Usp53 critical region
encompassing exons 4,5, and 6, generating a Usp53 null allele (tm1b) (Fig.1A, bottom). Back
crossing to C57BL/6N mice generated heterozygous (HET, tm1b/wt) mice free of recombinase
expression. Wildtype (WT, wt/wt) and homozygous (KO, tm1b/tm1b) males and females were
obtained by subsequent crossings of heterozygotes. All mice used in this work were maintained
on a C57BL/6N genetic background. Colony establishment and maintenance were performed as

per EUCOMM guidelines (227) and summarized in Figure 5. Biological replicates N= 8-10

mice/group were used for all experiments except for dynamic histomorphometry N=5.

2.13.2. Mouse genotyping
Genotyping of animals was performed by PCR using DNA extracted from tail and ear
snips. We followed the EUCOMM/KOMP-CSD gel-based genotyping guidelines for primer
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design and genotyping strategies, to genotype the ‘knockout-first’ allele and all other studied
alleles. The wildtype, HET, and KO alleles were amplified by a PCR reaction incorporating three
primers (a,b, and c, Fig.1B). Amplified fragment length from a WT mouse is 550 bp and 888 bp
for HET or KO mice (Fig.1B). Primer sequences will be provided upon request.

2.13.3. Beta-galactosidase activity detection

Embryonic and postnatal samples (embryos, long bones, calvariae, and skin ) were
dissected and cleaned of soft tissues. For whole mounts, embryos were incubated in 2% PBS-
buffered paraformaldehyde fixative solution for 1-3 h at 4°C . Embryos were incubated in 0.1%
X-gal buffer for 6 h at 37°C in the dark. Samples were then rinsed in PBS and postfixed in 4%
PFA overnight at 4°C. Finally, embryos were briefly cleared in ethanol and imaged. Adult bone
samples were fixed in 4% PBS-buffered formaldehyde for 1-2 h at 4°C. Bone samples were
preincubated in 30% sucrose solution overnight and snap-frozen by liquid nitrogen and 2-methyl
butane (Sigma-Aldrich) in embedding medium (OCT, Thermo Fisher Scientific) in cryomolds.
Cryomolds were then sectioned at Sum-thick cross-sectional sections using a CryoStaR NX70

(Thermo Scientific) and samples were kept at -80°C until further processing.

For B-galactosidase activity, LacZ expression was detected by staining with X-gal (5-
bromo-4-chloro-3-indolyl B-D galactopyranoside, Promega). Briefly, frozen sections were
washed 3 times in a LacZ wash buffer containing 2mM MgCl2, 0.01% sodium deoxycholate,
0.02% NP-40 in 100mM sodium phosphate buffer at 4°C. Sections were stained overnight at
30°C in a humidified chamber in LacZ staining buffer containing 1 mg/ml X-gal. Sections were
then washed, postfixed in 4% formaldehyde, and counterstained with nuclear fast red solution
(Sigma-Aldrich). Pictures were taken using a Leica DMR fluorescence microscope (Leica
Microsystems, Wetzlar, Germany) connected to a digital DP70 camera (Olympus, Center Valley,
PA).

2.13.4. Skeletal tissue preparations

Skeletal tissue preparation of 2-d-old mice was performed as described previously (228).
In brief, newborns were collected, skinned, and cleaned of internal organs. Skeletons were then
fixed overnight in 95% ethanol at RT. To stain cartilage, skeletons were submerged in a solution
0f 0.015% alcian blue 8GX dye (Sigma-Aldrich) and then cleared in 95% ethanol for 24 h.

Alcian blue stained skeletons were treated with 2% potassium hydroxide to dissolve extra soft
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tissues. The mineralized tissues were stained by 0.005% alizarin red S (Sigma-Aldrich) solution
for 3-4 h at RT. Finally, stained skeletons were cleared with an equimolar solution of glycerol

and 1% potassium hydroxide at RT, until ready for imaging.

2.13.5. Bone histomorphometry

Femurs from 6-week-old female mice were dissected and fixed in 4% PFA for 24 h at
4°C, dehydrated with graded concentrations of ethanol, and either embedded in methyl
methacrylate resin or processed for pCT analysis. For dynamic histomorphometry, bone
formation rates and other parameters were assessed after calcein double labeling. Calcein
(Sigma-Aldrich) was dissolved in calcein buffer (0.15M NaCl and 2% NaHCO3) and injected
twice at 0.125 mg/g body weight 7 and 2 days prior to mice sacrifice. Resin-embedded femurs
were sectioned at 5 pm-thick cross-sectional sections using a Rotary microtome model RM2255
(Leica Microsystems). All quantifications were acquired with a fluorescent microscope (DMR;
Leica) equipped with a QImaging camera. Analysis of the parameters was performed using the
BioquantOsteo software (BioQuant, Nashville, TN). For static histomorphometry, pCT was
performed using a SkyScan 1272 high-resolution pCT scanner connected to a Hamamatsu 10-
megapixel camera. Scan settings are as follows: voxel size 4.5 pm, high resolution, 60 kV, 166
pA, and a 0.25-mm aluminum (AL) filter. Integration time was set at 550 ms, and 3 images were
captured every 0.45° through 180° rotation. Reconstruction was performed using SkyScan Recon
software and analyzed using SkyScan CT Analysis software. For femoral trabecular parameters,
a region of interest (ROI) was defined starting at 0.75 mm proximal to the growth plate of femurs
and extending 1.85 mm in the direction of the diaphysis where trabeculae were no longer visible.
For femoral cortical parameters, ROI was defined starting at 0.25mm above the third trochanter

landmark. A region of 0.5mm in height at midshaft was analyzed.

2.13.6 Blood Biochemistry

Blood from 6-week-old female mice was collected at sacrifice by cardiac puncture.
Serum was isolated using a serum separator tube (BD Microtainer tubes; BD, Franklin Lakes,
NJ) following the manufacturer's instructions, aliquoted, and stored at —80°C. The C-terminal
telopeptide al chain of type I collagen (CTX) was detected using the RatLaps enzyme
immunoassay (EIA), the N-terminal propeptide of type I procollagen (PINP) was detected using

the Rat/Mouse PINP competitive enzyme immunoassay, and mouse tartrate-resistant acid
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phosphatase form 5b (TRACP 5b) was detected using an immunofixed enzyme activity assay
(Immunodiagnostic Systems, Scottsdale, AZ) following the manufacturer's instructions. For
determination of parathyroid hormone (PTH (1-84)) serum levels, MicroVue™ Bone mouse
PTH (1-84) kit (Immunotopics, QUIDEL) was used following the manufacturer's instructions.
For quantitative measurements of serum calcium and phosphate, detection kits (SCKISUI
Diagnostics) were used following the manufacturer's protocol. Absorbances were read using a

VICTOR Nivo multimode microplate reader (Perkin Elmer, Waltham, MA).

2.13.7 Mechanical testing

Femoral mid-diaphyseal mechanical properties were measured via three-point bending
test. Briefly, femurs from 6-week-old mice were dissected and kept frozen at —20°C in PBS-
soaked gauze until testing. Frozen femurs were equilibrated to RT and loaded to failure in a
three-point bending assay using an Instron model 5943 single column table frame machine.
Samples were positioned anterior surface down and loaded centrally at a cross-head speed of
0.05 mm/s and a support distance of 6 mm. Whole-bone mechanical properties were assessed by

the generated force vs. displacement data.

Tibial tissue mechanical properties were analyzed by cyclic micro-indentation using the
BioDent 1000™ Reference Point Indentation (RPI) instrument (Active Life Scientific, Inc.,
Santa Barbara, CA) using BP2 probes. Briefly, tibias of 6-week-old mice were dissected and
freshly-analyzed in PBS by micro-indentation. Four sites (1 mm apart) extending all over the flat
surface of the tibia were analyzed, using the tibia-fibula junction as a landmark for a start point.
As per published protocols (229), twenty indentation cycles were performed at 2 Hz with a
maximum force of 2N at each site. Prior to testing, probes were tested on a PMMA (Poly methyl
methacrylate) block according to manufacturer’s instructions. Tissue- mechanical properties
were assessed by the generated force vs. distance RPI data. Measurements were averaged for

each sample and used to calculate the mean for each group.

2.13.8 Marrow fat quantification by osmium staining and CT

Tibias of 8-week-old female mice were stained with osmium tetroxide for marrow fat
analysis as previously described (230). Briefly, tibias were dissected and fibulas were removed
prior to processing. Intact tibias were fixed in 10% methanol-free formaldehyde solution for 24 h

at 4°C (Thermo Scientific), rinsed with water, and processed for decalcification in 14% EDTA,
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pH 7.4, for 14 days. Samples were first washed with water and then with Sorensen’s phosphate
buffer pH (7.2) in 1.5 ml microtubes. All subsequent steps were performed in the fume hood.
With extreme caution, 4% osmium tetroxide vials (Electron Microscopy Services, Hatfield, PA)
were diluted in Sorensen’s buffer to make a 1% staining solution. Tibias were stained in 1%
osmium tetroxide solution and incubated for 48 h at RT on a rotating wheel. Stained tibias were
then carefully washed, in the same tube, with Sorensen’s buffer twice for 3 h and then overnight.
Samples were then moved to a clean set of 1.5 ml microtubes containing 1 ml of Sorensen’s
buffer and stored at 4°C until pCT analysis. At this point, tubes were removed from fume hood
for unCT analysis. Osmium tetroxide wastes (tips, tubes, liquids) were deactivated in corn oil

(Sigma-Aldrich) and discarded in osmium tetroxide labelled solid and liquid waste containers.

MicroCT. Stained tibias were embedded in 1% agarose and marrow fat content was
scanned using a SkyScan 1272 high-resolution pCT scanner. Scan settings are as follows: voxel
size 7.9um, 70 kV, 142 pA, and a 0.5-mm aluminum (AL) filter. Exposure time was set at 1750
ms, and 3 images were captured every 0.4° through 180° rotation. Reconstruction was performed
using SkyScan Recon software and analyzed using SkyScan CT Analysis software.
Quantification of marrow adipose tissue volume included the ROI starting at tibia/fibula junction

to the distal end of the bone.

2.14. Histology

Adipose tissue embedding and processing was performed as described previously (231).
Briefly, adipose depots of 6-week-old females were dissected, weighed, and fixed in 10%
formalin solution for 72 h at 4°C. Samples were then kept in 70% ethanol for 48 h, subsequently
dehydrated in increasing concentrations of ethanol, and processed in paraffin at 60°C. Processed
samples were embedded into paraffin blocks and stored at 4°C prior to sectioning. Embedded
tissue samples were sectioned at 5 pm-thick cross-sectional sections using a paraffin microtome
(Leica 2155 rotary paraffin microtome, Leica microbiosystems, Wetzlar, Germany). Finally,
sections were deparaffinized and stained with H&E stain. Pictures were taken using a Leica
DMR fluorescence microscope (Leica Microsystems, Wetzlar, Germany) connected to a digital

DP70 camera (Olympus, Center Valley, PA).
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2.15. Osteoclast cultures and differentiation

Bone marrow stem cells were isolated from long bones (tibia and femur) of 6-8-week-old
mice as described in the above sections. For osteoclast primary cultures, bone marrow
suspensions were centrifuged at 1000 rpm for 5 min. The resulting cell pellet was resuspended in
red blood cell (RBC) lysis buffer (Sigma-Aldrich), incubated for 10 min on ice and washed twice
with complete medium by centrifugation at 1,000 rpm for 5 min. Bone marrow cell pellets were
resuspended in complete a-MEM medium supplemented with M-CSF (25 ng/ml, R&D system)
plated, and incubated overnight. Cell medium was collected, spun, and resuspended in complete
medium. Viable osteoclast precursors were counted, plated for differentiation in complete
medium supplemented with M-CSF (25 ng/ml) and RANKL (100 ng/ml, R&D system), and
incubated at 37°C in a humidified atmosphere with 5% CO2. Culture medium was changed on

day 3 and mature osteoclasts were observed by day 5 of differentiation.

2.16. Transwell Cocultures

Transwell chamber culture system (Thermo Scientific) was used to assess the paracrine
communication between osteoclast precursors and osteoblast cells. BMSCs of 8-week-old mice
were isolated and differentiated into osteoblasts as described in the above sections. First, BMSCs
were seeded at confluency in transwell inserts (upper chamber) harboring a 0.4 pm- sized pore
polycarbonate membrane and induced in an osteogenic medium for 12 days. At D10 of
osteogenic differentiation, osteoclast precursors were isolated from long bones of 8-week-old
mice as described in the above sections. The day after, OC precursors were counted and seeded
at confluency in 12-well plates (lower chamber). After 24 h of attachment, osteoblast inserts
were added to the 12-well plates marking the start of the coculture. The coculture was
maintained in a-MEM medium supplemented with 10% FBS and 25 ng/ml M-CSF for 12-15
days or until mature osteoclasts starts to form. Medium was changed carefully every 3 days for
the duration of the coculture. For this experiment, RANKL was not added to the medium of any

culture.

2.17. Immunoprecipitation and MS

HEK-293T cells were transfected with either Myc-DDK-tagged Usp53 vector (bait) or
Flag-GFP (control) using the calcium/phosphate transfection method. After 48h, cells were lysed
and homogenized in IP buffer (150 mM NaCl, 50 mM Tris-HCl at pH 7.5, 1% NP-40, and
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protease/phosphatase inhibitor cocktail (Cell Signaling). One (1) mg of lysate was then incubated
with 30 ul of anti-Flag M2 magnetic beads (Sigma-Aldrich) overnight at 4°C on a rotating
wheel. Immunocomplexes were washed 4 times with IP buffer on a magnetic stand (Ambion),
prior to MS processing. For regular IPs performed in HEK-293T or MEF or ST2 cells,
immunocomplexes were resuspended in 2X Laemmli buffer, boiled for 5 min and then used for
western blotting. Co-Immunoprecipitation (co-IP) assays were performed as previously

described (198).

Proteins (bait and control) bound on the beads were reduced with DTT, alkylated with
iodoacetic acid, and digested with trypsin. The lyophilized peptides were re-solubilized in 0.1%
aqueous formic acid/2% acetonitrile and then loaded onto a Thermo Acclaim Pepmap (Thermo,
75 pm ID X 2 cm with 3 um C18 beads) precolumn and then onto an Acclaim Pepmap
Easyspray (Thermo, 75 um X 15 cm with 2 pm C18 beads) analytical column separation using a
Dionex Ultimate 3000 uHPLC at 220 nl/min with a gradient of 2-35% organic (0.1% formic acid
in acetonitrile) over 2 h. Peptides were analyzed using a Thermo Orbitrap Fusion mass
spectrometer operating at 120,000 resolution (FWHM in MS1, 15,000 for MS/MS) with HCD
sequencing of all peptides with a charge of 2+ or greater. The raw data were converted into
* mgf format (Mascot generic format) and searched using Mascot 2.3 against human sequences
(Swissprot). The database search results were then loaded onto Scaffold Q+ Scaffold 4.4.8
(Proteome Sciences) for spectral counting statistical treatment and data visualization. Scaffold
(version Scaffold 4.7.5, Proteome Software Inc., Portland, OR) was used to validate MS/MS
based peptide and protein identifications. Peptide identifications were accepted if they could be
established at greater than 95.0% probability by the Peptide Prophet algorithm (232) with
Scaffold delta-mass correction. Protein identifications were accepted if they could be established
at greater than 99.9% probability and contained at least 2 identified peptides. Protein
probabilities were assigned by the Protein Prophet algorithm (233). Statistical significance was
assessed using z-test (P<0.05). Mass spectroscopy was performed at the Research Institute of the

McGill University Health Centre (Proteomics RIMUHC).

2.18. Cell-based assays
Cells were treated with 100 nM PTH(1-34) or vehicle for the indicated time before RNA

isolation. For cell-based assays, MEF cultures were differentiated into osteoblasts for 10 days.
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Cells were fasted in serum-free media for 16 h and treated with 50 ng/ml of BMP-2 for 45 min
prior to protein extraction. To assess changes in PPARY protein levels, MEF cultures were
differentiated into adipocytes for 10 days prior to protein extraction. For ST2 cultures, PPARYy
protein stability was assessed by cycloheximide (100 pg/ml) treatment at different timepoints

prior to protein extraction.

2.19 Statistical analyses
Data are presented as means + one standard deviation (SD). Comparisons were made by
analysis of variance (ANOVA) with post hoc tests (Bonferroni's test), or unpaired ¢-fests. A

probability (P) value lower than 0.05 was accepted as significant.
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Chapter III: Nfil3, a target of the NACA transcriptional coregulator, affects osteoblast and

osteocyte gene expression differentially
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3.1. Nfil3is a target of the PTH-NACA signaling axis in osteoblasts

Previous studies from our laboratory have shown that PTH(1-34) stimulation of
osteoblasts induces the phosphorylation of NACA at residue S99, and its subsequent nuclear
translocation and binding to the Bglap2 (197) and Lrp6 promoters (192). Our goal was to
identify additional target promoters downstream of the PTH-activated NACA axis that could be
involved in the anabolic effect of iPTH in bone. One study by Ozkurt and Tetradis (210) has
previously identified Nfi/3 as a PTH target in osteoblasts. Our results suggest that PTH-activated
NACA is implicated in this regulation, as NACA bound to a fragment of the proximal promoter
of Nfil3 (nucleotides -394 to -181 relative to the annotated transcription initiation site) in ChIP-
Seq assays of PTH-treated MC3T3-E1 osteoblasts (Fig.3.1 A). To validate the ChIP-Seq results,
we performed a conventional ChIP against NACA in MC3T3-E1 cells under the same
conditions and amplified the Nfi/3 promoter region corresponding to the ChIP-Seq peak. Using
pan-specific anti-NACA antibodies, results show that following PTH(1-34) stimulation for 30
min, NACA was recruited to the Nfi/3 amplified promoter fragment. Results show an
enrichment of 5-fold as compared to vehicle treated cells or the ChIP performed with naive IgG
(Fig.3.1 B). RNA-Seq data of PTH-treated MC3T3-E1 cells show a 10-fold increase in Nfil3
transcript levels compared to vehicle-treated cells (Fig.3.1 C). Treatment of primary osteoblast
cultures with the hormone induced the expression of Nfil3 in a similar manner. The expression

of Nfil3 peaked at 2 h of treatment and declined by 4 h (Fig.3.1 D).

These data confirm that Nfil3 is a PTH(1-34) target in osteoblasts, where NACA can be

involved directly or indirectly in the regulation of its expression following PTH treatment.

3.2. Knockdown of NACA and CREB affect the response of Nfil3 to PTH(1-34) stimulation
Yotov et.al (188) have characterized the DNA binding site of the NACA protein as a
loose consensus sequence centered around 5'g/cCAg/cA-3'. In silico analysis of the Nfil3
promoter region between nucleotides -818 and +182 using the MatInspector software (234)
identified one potential binding site for NACA and two binding sites for the cAMP response
element binding protein (CREB) (data not shown). The predicted binding site for NACA (5'-
CGGCCAGAGAAGG-3', between nucleotides -211 and -198) lies within the peak identified by
ChIP-Seq analysis (data not shown). The distal potential binding site for CREB lies between
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nucleotides -69 and -49 and the proximal one between nucleotides -37 and -21 relative to the

annotated transcription initiation site (data not shown).

The ChIP-Seq data indicated the binding of NACA to the Nfi/3 promoter. In order to
investigate the role of NACA in Nfil3 gene regulation, we used a short hairpin RNAs (shRNAs)-
mediated knockdown approach to target Naca in MC3T3-E1 cells. The knockdown of NACA
(using shaNAC.!1 or shaNAC.2) was confirmed by immunoblotting compared to MC3T3-E1
cells stably expressing a scrambled shRNA (shScr) (Fig.3.2 A). We checked the effect of NACA
knockdown on Nfil3 mRNA expression levels. The knockdown of NACA did not affect the
expression levels of Nfil3 at the basal levels (Fig.3.2 B, grey bars). PTH(1-34) stimulation of
shScr-expressing MC3T3-El cells increased the expression levels of Nfil3 by 7-fold. The
magnitude of the PTH(1-34) response was significantly reduced in NACA knockdown MC3T3-
E1 cells (Fig.3.2 B, black bars). The data indicate that NACA has no effect on the basal
transcription of Nfil3, however it contributes to its PTH-mediated transcriptional induction. We
then checked the effect of CREB knockdown on Nfil3 mRNA expression levels. The knockdown
of CREB (using shCREB.1 or shCREB.2) was confirmed by immunoblotting compared to
MC3T3-E1 cells stably expressing a scrambled shRNA (shScr) (Fig.3.2 C). Knockdown of
CREB reduced the expression levels of Nfil3 by 70% at the basal levels (Fig.3.2 D, grey bars).
PTH(1-34) stimulation of shScr-expressing MC3T3- E1 cells increased the expression levels of
Nfil3 by 6-fold. The PTH(1-34) response was completely blunted in CREB knockdown MC3T3-
E1 cells (Fig.3.2 D, black bars). The data indicate that CREB is essential for the transcription of
Nfil3 at basal levels and following PTH(1-34) induction.

3.3. CREB-mediated transcription from the proximal Nfil3 promoter requires NACA

We cloned a fragment of the Nfil3 promoter corresponding to nucleotides -818 to +182
bp (818/+182bp) relative to the annotated transcription start site into a luciferase reporter vector.
We assessed the effect of NACA knockdown on the activity of the cloned promoter fragment.
The knockdown of NACA using shaNAC.1 or shaNAC.2 shRNAs resulted in >50% reduction in
Nfil3 promoter activity as compared to reporter gene expression of MC3T3-E1 cells transfected
with shScr (Fig.3.3A). The PTH(1- 34) stimulation of the promoter activity was completely
abolished in NACA-knockdown cells (Fig.3.3 A). These results show that the presence of NACA
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is important for Nfil3 promoter activity. It also indicates that NACA is an important element for

the proper induction of Nfi/3 by PTH.

The in silico predictions suggest a potential role for CREB along with NACA in the
transcriptional regulation of the promoter. This scenario is plausible as previous studies have
highlighted the need for a bona fide transcription factor partner such as the basic domain-leucine
zipper (bZIP) homodimeric AP-1 family member cJUN to regulate transcription in conjunction
with NACA, as the coregulator lacks a transcriptional activation domain (190). We did not detect
any modulation of the Nfil3 promoter activity when overexpressing NACA alone or in
combination with AP-1 transcription factors such as cJUN, cFOS, JUND, and ATFs
(Supplementary Figure.3.1 A,B). Besides, it is well known that PTHIR signaling induces CREB-
mediated transcription of target genes in osteoblasts (235, 236). Considering this, we tested first
whether CREB knockdown impacts transcription from the cloned promoter fragment. The
knockdown of CREB using shCREB.1 or shtCREB.2 shRNAs resulted in 50% reduction in Nfil3
promoter activity as compared to reporter gene expression of MC3T3-E1 cells transfected with
shScr (Fig.3.3 B). The PTH(1- 34) stimulation of the promoter activity was dramatically
abolished in CREB-knockdown cells (Fig.3.3 B). We next tested whether CREB activates the
transcription of the cloned promoter fragment alone or in combination with NACA. The activity
of the -818/+182bp promoter fragment was strongly boosted following CREB overexpression in
MC3T3-E1 cells (Fig.3.3 C, grey bars). This activation was further potentiated with PTH(1-34)
treatment for 6h (Fig.3.3 C, black bars), suggesting that Nfil3 is a PTH-CREB regulated target in
osteoblasts. The CREB activation of the 818/+182bp promoter fragment was abrogated in
NACA-knockdown MC3T3-E1 cells (Fig.3.3 D). Taken together, the results indicate a role for
NACA and CREB in the regulation of the Nfi/3 promoter. It also suggests a role for NACA in
the CREB-mediated activation of the promoter.

3.4. Nfil3 knockdown modulates osteoblast and osteocyte gene expression differentially
Previous studies have highlighted the role of Nfil3 as a transcriptional repressor in
different cell lines, including osteoblasts (210, 212). However, little is known about the role of
Nfil3 in osteocytes. To address this question, we first checked the expression levels of Nfi/3
during MC3T3-E1 and IDG-SW3 cells differentiation (Fig.3.4 A). In IDG-SW3 osteocytic cells,
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steady state Nfi/l3 mRNA levels increased by 4-fold (CT= 27 to 25) after 14 days of
differentiation, compared to only 2-fold (CT= 27 to 26) for MC3T3- E1 cells (Fig.3.4 A).

In order to investigate the role of Nfil3 through differentiation, we then used a pool of
shRNAs to target Nfil3 in MC3T3-E1 and IDG-SW3 cells. We first assessed the efficacy of the
knockdown by Western blotting against NFIL3 in both cell lines. Stably-infected cells with
shNfil3 exhibited around 50% reduction in NFIL3 protein levels in MC3T3-E1 (Fig.3.4 B) and
IDG-SW3 cells (Fig.3.5 A). Stably-infected MC3T3-E1 cells with either shScr or shNfil3 were
set to differentiate in osteogenic medium for 21 days. Gene expression analysis confirmed the
significant reduction of Nfil3 mRNA levels (Fig.3.4 C). Nfil3 knockdown enhanced the
expression of early osteoblastic markers such as Sp7, Runx2 and Collal, in addition to late
differentiation markers including Alp/ and Bglap2 (Fig.3.4 C). These results support the

previously reported role of NFIL3 as an osteoblastic transcriptional repressor (210, 212).

We then stained the cells for calcium deposition by the alizarin red technique to assess
whether reducing Nfi/3 expression affected osteoblast mineralization. We did observe a

significant increase in calcium deposition in Nfil3-knockdown MC3T3-E1 cultures (Fig.3.4 D).

Osteocytic IDG-SW3 cells stably infected with either shScr or shNfil3 were cultured
under differentiation conditions (15) for 35 days. Gene expression analysis confirmed the
significant reduction of Nfil3 mRNA levels (Fig.3.5 B). Interestingly, Nfil3 knockdown in
differentiating IDG-SW?3 cells reduced the expression of early osteocytic markers such as Dentin
matrix proteinl (Dmp1), Phosphate regulating endopeptidase homolog X-Linked (Phex), and
Alpl (Fig. 3.5 B). The knockdown of Nfil3 also decreased the expression levels of mature
osteocytic markers such as Sost and Fgf-23 (Fig.3.5 B). In addition, Nfil/3 knockdown reduced
the expression of osteoblast-related targets such as Collal and Sp7 (Fig.3.5 B) during the 35
days time course of IDG-SW3 cells differentiation. We interpret this data to mean that in

osteocytes, NFIL3 does not exhibit the function of a transcriptional repressor.

The decrease in Collal mRNA expression levels was further validated by Picrosirius red
staining, used to visualize collagen fibers. After 14 days of differentiation, Nfil3 knockdown cells
showed decreased collagen staining as compared to control cultures, with a 50% reduction in

collagen amounts (Fig.3.6 A). The collagen immunostaining of the same cultures revealed that
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while overall type I collagen levels were reduced in Nfi/3 knockdown cultures, collagen secretion

was not disturbed through differentiation (Fig.3.6 B).
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Figure 3.1 ChIP-Seq and RNA-Seq identify Nfil3 as a PTH-NACA regulated target gene in

osteoblasts.

A, Representative profile of peaks (bracketed) obtained on the Nfi/3 gene by ChIP-Seq.
ChIP-Seq was performed on MC3T3-E1 cells treated with vehicle or 100 nM PTH(1-34) for 30
min using an anti-NACA or naive IgG as negative control. B, NACA binds the proximal Nfil3
promoter. Quantitative chromatin immunoprecipitation (ChIP) was performed on MC3T3-E1
cells treated with vehicle or 100nM PTH(1-34) for 30 min using anti-NACA-specific antibody or
naive IgG as negative control. Input and ChIP products were amplified by SYBR green PCR
using specific primers flanking the NACA binding site within the Nfil3 promoter. Relative
promoter occupancy was calculated as enrichment over vehicle treated cells, which was ascribed
an arbitrary value of 1. Results are means = SD of three independent experiments (n=3). C,
Expression levels of Nfil3 determined by RNA-sequencing done on mRNA isolated from
MC3T3-E1 cells treated with vehicle or PTH(1-34) for 1 h. Results are presented as fragments
per kilobase of exon per million fragments mapped (FPKM). D, Quantitative reverse
transcription PCR of Nfil3 gene expression using mRNA isolated from primary osteoblast cells
treated with vehicle or 100 nM PTH(1-34) for the indicated time points. Results are means + SD
of three independent experiments (n=3). **, P <0.01; *** P <0.001; #, P <0.0001; ANOVA

with Bonferroni’s post-hoc test for panels B and D; unpaired #-test was used for panel C.
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Figure 3.2 Knockdown of NACA and CREB reduces the response of Nfil3 to PTH.

A, C, immunoblot of whole cells extracts from MC3T3-E1 cells stably expressing
shRNAs targeting Naca (shaNAC.1 and shaNAC.2) or Crebl (shCreb.1 and shCreb.2), and non-
targeted shRNA (shScr) as control. Membranes were probed with anti-NACA or anti-CREB and
anti-oTubulin or anti-GAPDH antibodies as loading controls. B,D, Quantitative reverse
transcription PCR of Nfil3 gene expression using mRNA isolated from the stably transfected
cells treated with vehicle or 100 nM PTH(1- 34) for 2 h. Data are expressed relative to levels
measured in the shScr expressing cells treated with vehicle and are presented as the means = SD
of three independent experiments (n=3). *, P < 0.05; **, P <0.01; *** P <0.001; #, P <0.0001;
ANOVA with Bonferroni’s post-hoc test.
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Figure 3.3 NACA and CREB regulate the promoter activity of Nfil3.

Firefly luciferase (Fluc) reporter assays. A, MC3T3-El cells stably expressing sShRNAs
targeting Naca (shaNAC.1 and shaNAC.2) or scrambled shRNA (shScr) as a control were
transfected with the Nfil3 promoter reporter vector (-818/+182bp). Cells were treated with
vehicle or 100 nM PTH(1-34) for 6 h before measuring luciferase expression. B, MC3T3-El
cells stably expressing shRNAs targeting Creb! (shCreb.1 and shCreb.2) or scrambled shRNA
(shScr) as a control were transfected with the Nfil3 promoter reporter vector (-818/+182bp).
Cells were treated with vehicle or 100 nM PTH (1-34) for 6 h before measuring luciferase

expression. C, MC3T3-E1 cells transfected with the -818/+182bp vector alone or together with a

CREB expression vector. Cells were treated with vehicle or 100 nM PTH(1-34) for 6 h before

measuring luciferase expression. D, MC3T3-E1 cells stably expressing shaNAC.1, shaNAC.2 or

the control shScr were transfected with the -818/+182bp vector alone or together with a CREB

expression vector. Empty pGL4 vector was used as a negative control. Firefly luciferase counts

were normalized to Renilla counts. Results are presented as the mean fold induction SD; n>3. *,

P <0.05; ** P <0.01; *** P <0.001; # P <0.0001; NS, not significant; ANOVA with

Bonferroni’s post-hoc test.
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Figure 3.4 Impact of Nfil3 knockdown in osteoblasts.

A, Expression of Nfi/l3 mRNA in IDG-SW3 cells (dotted line) and MC3T3-E1 cells
(solid line). Quantitative RT-qPCR using Nfil3-specific TagMan probe, normalized to Gapdh,
was performed on RNA isolated from cultures differentiated for 21 days in osteogenic medium.
B, Western blot analysis of NFIL3 expression. Total protein isolated from MC3T3-E1 cells
stably transfected with shScr or shNfil3 at D1, confirming the knockdown of Nfil3. GAPDH was
used as a loading control. C, Gene expression analysis of osteoblast differentiation markers.
Quantitative RT-qPCR using TagMan probes against osteoblast differentiation markers,
normalized to Gapdh, was performed on RNA isolated from shScr-stably transfected (black line)
or shNfil3-stably transfected (red line) pools of MC3T3-E1 cells differentiated for 21 days in
osteogenic medium. ShScr-stably expressing cultures were used as controls to compare
expression levels. D, MC3T3-E1 cultures were cultured in differentiation medium for 12 days

and stained for calcium deposition by alizarin red S staining.
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Figure 3.5 Impact of Nfil3 knockdown in osteocytes.

A, Western blot analysis of NFIL3 expression. Total protein isolated from IDG-SW3
cultures stably transfected with shScr or shNfil3 at D1, confirming the knockdown of Nfi/3.
GAPDH was used as a loading control. B, Gene expression analysis of osteocyte differentiation
markers., was performed on RNA isolated from shScr-stably transfected (black line) or shINfil3-
stably transfected (red line) pools of IDG-SW3 cells cultured for 35 days under differentiation
conditions. ShScr-stably expressing cultures were used as controls to compare expression levels.
Results are means + SD of three independent experiments (n=3). *, P <0.05 ; **, P <0.01; ***,

P <0.001; #, P <0.0001; ANOVA with Bonferroni’s post-hoc test.
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Figure 3.6 Collagen amounts but not secretion are affected by Nfil3 silencing.

A, Picrosirius red staining of Nfi/3-knockdown IDG-SW3 cells and control cells, cultured
in differentiation medium for 14 days. Quantification of picrosirius red staining is shown on the
right. Data is represented as means £ SD; n=3. #, P < 0.0001; unpaired ¢-test. B, Collagen
immunostaining of IDG-SW3 cells cultured in differentiation medium. IDG-SW3 cell cultures
stably expressing shRNA targeting Nfil3 or non-targeted shRNA (shScr) were fixed and
immunostained with anti-collagen type 1 antibody at indicated timepoints. D, days.

Magnification bar, 200 p.
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Supplementary Figure 3.1 Absence of Nfil3 promoter response to AP-1 or ATF

transcription factors.

A, B, Firefly luciferase (Fluc) reporter assay. MC3T3-E1 cells were transfected with the -
818/+182bp promoter fragment with expression vectors for NACA, JUND, ¢-FOS, cJUN,
CREB, ATF2, ATF4, andATF6, alone (A) or in combination with NACA (B). EV, empty vector.
PGLA4 vector was used as a negative control and Firefly luciferase counts were normalized to
Renilla counts. Results are presented as the mean fold induction SD; n>3. #, P <0.0001;
ANOVA with Bonferroni’s post-hoc test. C, Immunoprecipitation assay (IP) to test for physical
interaction between CREB and NACA. MC3T3-E1 cells expressing empty vector (EV) or
NACA-FLAG and MYC-CREB alone or together (CO) were lysed and immunoprecipitated (IP)
with anti-MYC antibody beads and probed for NACA-FLAG. Cultures were treated with 100
nM Forskolin prior to IP.
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CONNECTING TEXT BETWEEN CHAPTERS III AND IV

We have discussed the importance of identifying new target promoters downstream of the
PTH-NACA pathway in understanding the molecular actions of PTH and uncovering potential
therapeutic alternatives (Sections 1.8 and 1.9). In chapter III, we have demonstrated the
transcriptional regulation and biological role of Nfi/3 in osteoblasts and highlighted its
differential role in regulating osteoblast vs osteocyte differentiation in vitro. Another target
identified by our strategy was Usp53. The identification of Usp53 as a target gene of the PTH-
NACA pathway in osteoblasts provided a window to study the gene’s function in bone. Besides,
the human phenotype (Cantu syndrome) associated with the USP53 duplication study raised an
intriguing question about the biological role of this gene in different tissues, especially bone and
fat (219). Consequently, we have a unique opportunity to be the first research group to unravel

the contribution of Usp53 to skeletal development.

This led us to the work presented in Chapter IV . The second study focuses on the
identification of Usp53 as a target of the PTH-NACA pathway in PTH- treated MC3T3-E1 cells,
using ChIP-Seq and RNA-Seq gene profiling. To study the transcriptional regulation of Usp33,
in silico promoter analysis was performed and binding sequences for NACA and other
transcription factors (TFs) were determined. Strategies of transient overexpression and shRNAs-
mediated knockdown were used to test the role of candidate transcription factors in this
regulation downstream of PTH. The second part of the study describes the function of Usp53 in
regulating mesenchymal differentiation. For this aim, shRNAs-mediated knockdown of Usp53
was performed in different cell lines (MC3T3-E1, ST2, and BMSCs) and systems (in vitro and

ex vivo), to assess the impact of Usp53 deletion on mesenchymal lineage-making decisions.
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Chapter IV: Ubiquitin specific protease Usp53 regulates osteoblast versus adipocyte lineage

commitment
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4.1. The PTH-NACA pathway regulates Usp53 in osteoblasts

Our laboratory has characterized the binding of NACA to multiple gene promoters in
osteoblasts. In one study, the PTH (1-34) stimulation of osteoblasts induces the phosphorylation
of NACA at S99, its subsequent nuclear translocation and binding to the Bglap2 promoter (197).
Another study has highlighted the role of NACA along with JUND in Lrp6 transcriptional
regulation in MC3T3-EI cells (192). More recently, we have demonstrated the transcriptional

regulation of the Nfil3 promoter by NACA and CREB in MC3T3-E1 cells (chapter 3).

To further our understanding of the significance of the PTH-activated NACA pathway in
bone, we performed Chromatin Immunoprecipitation with deep sequencing (Chlp-Seq) in PTH-
treated MC3T3-E1 osteoblast-like cells to identify genome-wide DNA- binding sites of NACA.
This strategy identified the Ubiquitin-Specific Peptidase 53 (Usp353) as a candidate gene target
for NACA in osteoblasts (Fig.4.1 A). Binding of NACA to the proximal promoter of Usp53 was
confirmed by ChIP-PCR on MC3T3-El cells stimulated with PTH (1-34) or vehicle under the
same conditions (Fig.4.1 B). We amplified the Usp53 promoter region corresponding to the peak
identified by ChIP-Seq. Using an anti-pS99-NACA-specific antibody, results show a significant
enrichment of the Usp53 promoter by NACA in vehicle-treated cells as compared to naive IgG.
This enrichment was further enhanced by 4-fold following 100 nM PTH (1-34) treatment for 30
min. In parallel, PTH-responsive genes were identified by RNA-Seq gene expression profiling in
PTH-treated MC3T3-E1 cells. RNA-Seq performed on MC3T3-E1 cells stimulated for 60 min
with 100 nM PTH (1-34), showed a 3-fold increase in Usp53 transcript levels as compared to
vehicle-treated cells (Fig.4.1 C). This increase in Usp33 transcript levels was further confirmed
using quantitative RT-qPCR in primary calvarial osteoblasts treated with vehicle or 100 nM PTH
(1-34) at different time points. The expression of Usp33 increased after 1hr of treatment, peaked
at 2h of treatment and then returned to basal levels by 6h (Fig.4.1 D).

The ChIP-Seq data indicated the binding of NACA to the proximal region of Usp353
promoter. In order to investigate the role of NACA in Usp53 gene regulation, we used a short
hairpin RNAs (shRNAs)-mediated knockdown approach to target Naca in MC3T3-E1 cells. We
checked the effect of NACA knockdown on Usp53 mRNA expression levels. The knockdown of
NACA did not impact the expression levels of Usp53 at the basal levels (Fig.4.1 E). PTH(1-34)
stimulation of shScr-expressing MC3T3-E1 cells increased the expression levels of Usp53 by 3-
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fold. The PTH(1-34) response was completely blunted in NACA knockdown MC3T3-E1 cells
(Fig.4.1 E).

Together, our data show that Usp53 is a PTH target in osteoblasts, where NACA can be
involved directly or indirectly in the regulation of its expression following PTH treatment. The
data also indicate that NACA has no effect on the basal transcription of Usp53, however it

contributes to its PTH-mediated transcriptional induction.

4.2. Usp53 promoter hosts a functional binding site for NACA

Our data show that NACA has an impact on the transcriptional regulation of Usp53
following PTH(1-34) stimulation. Yotov et al. have characterized the DNA binding domain of
the NACA protein to a loose consensus sequence centered around 5'-g/cCAg/cA-3' (188). In
silico analysis of the Usp53 promoter region between nucleotides -1000 and +94 using
Matlnspector software (234) identified one potential binding site for NACA and one binding site
for the cAMP response element binding protein (CREB) (Fig.4.2 A). The predicted proximal
binding site of NACA to the promoter (5-GGCTCAGATCCCC-3’, between nucleotides -333
and -345) lies within the peak identified by ChIP-Seq analysis (Fig.4.2 A).

In order to further validate the binding of NACA to its potential binding site (bds) within
the Usp53 promoter, we performed an electrophoretic mobility shift assay (EMSA) using probes
corresponding to NACAbds. The binding of NACA to the Myoglobin promoter was used as a
positive control in these experiments (188). The formation of mobility shift complexes (Fig.4.2
B, lanes 2 and 6) confirmed the binding of proteins from nuclear extracts to the probes
harbouring NACAbds. We further confirmed the presence of NACA in the shifted DNA-protein
complexes. The addition of anti-NACA antibody to the reactions super shifted (SS) the formed
complexes (Fig.4.2 B, lanes 4 and 8). This supershift was not observed when adding naive IgG
(Fig.4.2 B, lanes 3 and 7). In order to further validate the fidelity of NACA binding, we mutated
its potential binding site within the Usp53 promoter. The 5'- GGCTCAGATCCCC-3' NACA
binding site was mutated to 5'-GGCTCgGgTCCCC-3". The formation of a DNA-protein
complex was abrogated when incubating NACA protein extracts with mutated NACAbds probes
(Fig.4.2 B, lane 10). These experiments confirm the binding of NACA to its cognate site within
the Usp53 proximal promoter.

78



4.3. NACA is required for the cJUN/CREB- mediated synergistic regulation of the Usp53
promoter

We cloned a fragment of the Usp53 promoter corresponding to nucleotides -2325 to +238
bp (-2325/+238bp) relative to the annotated transcription start site into the pGL4.10[LUC2]
reporter vector. In order to check the functionality of the NACA binding site, we implemented
site-directed mutagenesis and shRNA-mediated knockdown techniques. The 5'-
GGCTCAGATCCCC -3 NACA binding site was mutated to 5'-GGCTCgGgTCCCC-3" in the
context of the -2325/4+238bp promoter fragment. The cloned promoter fragment (-2325/+238bp)
carrying a wild-type response element for NACA (Wt-NACADbds) showed a 10-fold increase in
the transcriptional activity of the luciferase reporter as compared to cells transfected with pGL4
vector (Fig.4.3 A). The Usp353 promoter activity was reduced by 40% when we transfected the
same fragment carrying a mutated sequence of the NACA response element (Mut-NACADbds)
(Fig.4.3 A, black bars). The mutation abrogated the PTH-induced activation of the cloned Usp53
fragment, resulting in > 50% reduction in the promoter activity (Fig.4.3 A, grey bars).
Interestingly, the knockdown of NACA using shaNAC.1 or shaNAC.2 shRNAs resulted in >
80% reduction in Usp353 promoter activity as compared to reporter gene expression of MC3T3-
E1 cells transfected with shScr (Fig.4.3 B, black bars). The absence of NACA blunted the
induction of the Usp53 promoter fragment by PTH (Fig.4.3 B, grey bars). Taken together, these
results show that the presence of NACA and its proper binding to its response element is critical

for promoter activity.

A potential binding site for CREB lies between nucleotides -5 and -14 relative to the
annotated transcription initiation site, within the Usp53 proximal promoter (Fig.4.2 A). The in
silico predictions suggest a potential role for CREB along with NACA in the transcriptional
regulation of the promoter. This scenario is not surprising. We have recently shown that both
NACA and CREB can regulate the transcription of the Nfil3 promoter in MC3T3-E1 cells (Hariri
et al. 2020. Submitted). Besides, previous studies have highlighted the need for a bona fide
transcription factor partner such as the basic domain-leucine zipper (bZIP) homodimeric AP-1
family member cJUN to regulate transcription, as NACA lacks a transcriptional activation
domain (190, 237). Considering this, we tested whether CREB along with cJUN activate the

transcription of the cloned promoter fragment alone or in combination with NACA.
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We first assessed the cJUN-CREB activation of the Usp53 cloned fragment in Naca-
knockdown cells. The cloned promoter fragment (-2325/4+238bp) showed a 10-fold increase in
the transcriptional activity of the luciferase reporter as compared to cells transfected with pGL4
vector (Fig.4.3 C, black bars). The overexpression of 50ng of cJUN expression vector did not
induce a statistically significant increase in the promoter activity. However, the activity of the -
2325/+238bp promoter fragment was significantly increased by 4-fold following CREB
overexpression in MC3T3-E1 cells transfected with shScr (Fig.4.3 C, black bars). The
overexpression of both cJUN and CREB expression vectors in the same condition further
enhanced the promoter activity by 2- fold, as compared to CREB alone (Fig.4.3 C, black bars).
This enhanced activity highlighted the combinatorial actions of the cJUN/CREB complex in
regulating the Usp53 promoter activity. Interestingly, this additive activation was completely
abolished in MC3T3-E1 cells transfected with NACA shRNAs (Fig.4.3 C, light and dark grey
bars). It is important to note that the absence of NACA did not affect the promoter activation
when either cJUN or CREB were transfected alone (Fig.4.3 C, light and dark grey bars).

We then investigated whether the binding of NACA to DNA is needed for the optimal
promoter activation carried by cJUN and CREB. To mimic the PTH(1-34) effect on NACA
translocation, we overexpressed NACA-S99D mutant; a phosphomimetic form of NACA that
shows enhanced nuclear localization (197). As described in figure 4.3 C, similar patterns of
promoter activation were seen when overexpressing cJUN and CREB, alone or combined
(Fig.4.3 D, black bars). The overexpression of NACA-S99D mutant or a NACA mutant lacking
its DNA binding domain (delta DBD(69-80)) had no effect on the cJUN or CREB-mediated
activation of the promoter fragment (Fig.4.3 D, light and dark grey bars). However,
overexpressing NACA-S99D along with cJUN and CREB in MC3T3-E1 cells boosted the
promoter activity as compared to conditions with cJUN and CREB alone (Fig.4.3 D, grey bar).
This enhanced activity was not seen when overexpressing the delta DBD (69-80) NACA mutant
in the same condition (Fig.4.3 D, dark grey bar).

We interpret this data to mean that NACA is important for the combined actions of cJUN
and CREB in the regulation of Usp53 promoter activity.
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4.4. Usp53 affects mesenchymal cell lineage selection and differentiation in vitro

Two main isoforms of Usp53 have previously been described: a full-length isoform
comprising 15 coding exons and a short isoform containing exons 1-7 of the Usp53 gene (218).
Little is known about the expression of Usp53 in different lineages. We analyzed the expression
of the two isoforms by RT-qPCR in long and flat bones as well as in fat compartments of wild-
type mice at 3-weeks of age (Supplementary Figure 4.1 ). Usp53 was expressed in calvaria and
tibia and in white (gonadal) and brown (interscapular) fat. In all tissues tested, the expression of

the long, full-length isoform was predominant.

To examine the putative role of Usp53 in mesenchymal cell differentiation, we targeted
its expression in ST2 stromal cells. Short hairpin RNAs (shRNAs) targeting Usp53 (shUsp53) or
a control scrambled shRNA (shScr) were transfected into ST2 cells and stable pools expressing
the distinct sShRNAs were established. The stably transfected cells were differentiated in either
osteogenic or adipogenic medium for 6 days. The expression levels of Usp53 showed a
significant 50% reduction following knockdown and remained stable through the osteoblast
differentiation regimen (Fig.4.4 A). Knockdown of Usp53 in MC3T3-El1 cells using the shUsp53

vector resulted in significant reduction in USP53 protein levels (Supplementary Figure 4.2 B).

We then monitored the level of transcripts expressed during early- and late-stage
osteoblastic differentiation. The knockdown of Usp353 enhanced the expression of early-stage
osteoblast markers, such as Osterix (Sp7) and DIx5 as well as late-stage osteoblast markers such
as osteocalcin (Bglap?2) and alkaline phosphatase (A4/pl) (Fig.4.4 B). Alkaline phosphatase
activity was markedly increased in the absence of Usp33, assessed by staining at Day 6 (Fig.4.4
C). These results show that the absence of Usp353 enhanced osteoblast differentiation. Similar
results were obtained upon analysis of MC3T3-E1 osteoblast-like cells. Usp53-knockdown
MC3T3-E1 cells exhibited a drastic increase in osteocalcin (Bglap2) and Alpl expression levels
throughout differentiation together with increased calcium deposition as assessed by Alizarin
Red Staining (Supplementary Figure 4.2). We interpret these results to mean that Usp53 inhibits

osteoblastogenesis of both bipotential stromal cells and committed osteoblasts.

We also cultured the Usp53 knockdown ST2 cells in adipogenic medium for 6 days.
Again, the expression levels of Usp53 were stable throughout adipocyte differentiation and

significant knockdown was measured (Fig.4.4 D). Interestingly, the expression levels of early-
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adipogenic activators such as Fabp4 and C/ebpa as well as late adipogenic markers such as
Ppary and C/ebpf were reduced (Fig.4.4 E). This translated into decreased lipid accumulation as
assessed by Oil Red O Staining at Day 6 (Fig.4.4 F). Thus, the absence of Usp53 caused a
substantial reduction in adipocytic differentiation capacity. Taken together, our data suggest that
Usp353 is a regulator of the lineage-making decisions of mesenchymal cells, altering their

differentiation into osteoblasts or adipocytes reciprocally.

4.5. Usp53 affects mesenchymal cell lineage-making decisions and differentiation in vivo
To ensure that the observed effects were not restricted to established cell lines, we
performed an in vivo differentiation assay with murine bone marrow stromal cells (BMSCs, also
known as bone-marrow derived mesenchymal stem cells) (238). BMSCs were isolated from

femoral and tibial bone of C57BL/6 wild-type male mice and infected with shUsp53 or the

control shScr and their ability to form bone or fat in vivo was assessed (Fig.4.5 A).

The expression level of Usp53 showed a 50% reduction following knockdown in BMSCs
(Fig. 4.5 B). Cells were implanted on collagen scaffolds and inserted subcutaneously into female
immunocompromised mice (Fig.4.5 A). Four (4) weeks after surgery, the mice (N=4) were
sacrificed and the implants were processed for microcomputed tomography (micro-CT) and
histological analysis. Initially, sections were stained with H&E, which stains the newly
deposited bone matrix. BMSCs expressing shUsp53 showed increased H&E staining (Fig.4.5 C).
Bone formation was also assessed by micro-CT. The relative bone volume versus tissue volume
(BV/TV) was higher in Usp53 knockdown implants as compared to control, but the experimental
variation prevented to reach statistical significance (Fig.4.5 F). To further confirm the presence
of bone cells, we performed immunostaining using an anti-SP7 (Osterix) antibody to identify
osteoblasts. Usp53 knockdown implants showed an increase in Osterix staining as compared to
control (Fig.4.5 D). Quantification was performed by counting Osterix-positive cells in different
histological sections. Usp53 knockdown implants showed a significant increase in Osterix-
positive cells (Fig.4.5 D, rightmost panel). Adipocytes were detected by immunostaining with an
anti-perilipin antibody, which detects surface-associated lipid droplets present in adipocytes.
Usp53 knockdown implants showed reduced perilipin staining as compared to control (Fig.4.5

E), and this decrease was statistically significant (Fig. 4.5 E, rightmost panel). We conclude that
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a decrease in Usp53 expression enhanced osteoblastogenesis and suppressed adipogenesis in

Vivo.
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Figure 4.1 ChIP-Seq and RNA-Seq identify Usp53 as a target of the PTH-NACA axis in

osteoblasts.

A, Representative profile of peaks (highlighted in blue) obtained on the Usp53 gene by
ChIP-Seq. ChIP-Seq was performed on MC3T3-E1 cells treated with vehicle or 100 nM PTH(1—
34) for 30 min using an anti-NACA-pS99 or naive IgG as negative control. B, NACA binds the
proximal Usp53 promoter. Quantitative chromatin immunoprecipitation (ChIP) was performed
on MC3T3-E1 cells treated with vehicle or 100nM PTH(1-34) for 30 min using anti-NACA-
pS99- specific antibody or naive IgG as negative control. Input and ChIP products were
amplified by SYBR green PCR using specific primers flanking the NACA binding site within the
Usp53 promoter. Relative promoter occupancy was calculated as enrichment over vehicle treated
cells, which was ascribed an arbitrary value of 1. Results are means + SD of three independent
experiments (n=3). C, Expression levels of Usp53 determined by RNA-sequencing done on
mRNA isolated from MC3T3-E1 cells treated with vehicle or PTH(1-34) for 1 h. Results are
presented as fragments per kilobase of exon per million fragments mapped (FPKM). D,
Quantitative reverse transcription PCR of Usp53 gene expression using mRNA isolated from
primary osteoblast cells treated with vehicle or 100 nM PTH(1-34) for the indicated time points.
E, Quantitative reverse transcription PCR of Usp53 gene expression using mRNA isolated from
the stably transfected ST2 cells (shScr, shaNAC.1, or shaNAC.2) treated with vehicle or 100 nM
PTH(1- 34) for 2 h. Data are expressed relative to levels measured in the shScr expressing cells
treated with vehicle. Results are means = SD of three independent experiments (n=3). *, P <
0.0001; ANOVA with Bonferroni’s post-hoc test for panels B,D, and E; unpaired #-test was used
for panel C.
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Figure 4.2 The proximal promoter of Usp53 contains binding sites for NACA and CREB

A, Mouse Usp353 promoter sequence from nucleotide —406 to nucleotide +94 relative to
the transcriptional initiation site (arrow). Nucleotides bracketed and in bold represent the peak
identified by ChIP-Seq. Highlighted are putative binding sites for NACA and CREB identified
using Mat Inspector (Genomatix software suite). B, Autoradiograph of an electrophoretic
mobility shift assay (EMSA) performed using either a probe containing the NACAbds sequence
present in the Myoglobin (lanes 1 to 4) or the Usp53 promoter (lanes 5 to 8), or a probe with a
mutated NACAbds sequence present in the Usp53 promoter (Usp53 mut; lanes 9 and 10). Probes
were incubated with nuclear extracts (NE) proteins from HEK293 cells overexpressing NACA
and treated with 6Bnz-cAMP or with binding buffer as negative control. Super shift (SS; top
arrow) was performed by adding anti-NACA or naive, non-specific (NS) IgG to the binding

reactions.
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Figure 4.3 NACA, cJUN, and CREB are implicated in Usp53 promoter regulation

A, Firefly luciferase (Fluc) reporter assay was performed using MC3T3-E1 cells
overexpressing wildtype or mutated Usp53-Luc vector (-2325/+238bp). The mutated region lies
in the proximal NACA binding site of the Usp53-Luc vector. B and C, Firefly luciferase (Fluc)
reporter assay was performed using MC3T3-E1 cells stably expressing shRNAs targeting Naca
(shaNAC.1 and shaNAC.2) or scrambled shRNA (shScr) as a control by lentiviral infection.
When indicated, cells were treated with vehicle or 100 nM PTH (1-34) for 24 h before
performing the assay. C, Firefly luciferase (Fluc) reporter assay in MC3T3-E1 cells transfected
with Usp53-Luc vector (-2325/+238bp) alone or along with cJUN and/or CREB expression
vectors. D, Firefly luciferase (Fluc) reporter assay in MC3T3-E1 cells transfected with Usp353-
Luc vector (-2325/+238bp) alone or along with NACA-S99D or NACA mutant deltaDBD (69-
80), cJUN and/or CREB expression vectors. Cells were treated with 100 nM PTH (1-34) for 24 h
before performing the assay. Empty pGL4 vector was used as a negative control. Firefly
luciferase counts were normalized to Renilla counts. Results are presented as the mean fold
induction & SD. *, P<0.05; **, P<0.01; #, P<0.0001; ANOVA with Bonferroni’s post-hoc test for

all panels.
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Figure 4.4 Usp53 controls osteogenic and adipogenic fate determination in vitro

ST2 cells expressing scrambled shRNAs (shScr) targeting control and shRNAs targeting
Usp53 were grown under osteogenic conditions (A) or adipogenic conditions (D) for 6 days.
Gene expression analysis of osteogenic (B) or adipogenic (E) differentiation markers.
Quantitative RT-qPCR using TagMan probes against osteoblast or adipocyte differentiation
markers, normalized to Gapdh, was performed on RNA isolated from shScr-stably transfected
(dashed line) or shUsp53-stably transfected (solid line) pools of ST2 cells grown for 6 days in
osteogenic or adipogenic medium. ST2 cultures were examined for ALP staining at day 12 (C) or

oil red O at day 6 (F). Magnification bar 200 L.
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Figure 4.5 Usp53 knockdown enhances osteoblastogenesis and inhibits adipogenesis in vivo

A, In vivo differentiation assay. A scheme showing the workflow of the in vivo
osteogenesis assay performed on immunocompromised mice. B, Knockdown of Usp53 in bone
marrow stromal cells (BMSCs). Quantitative RT-qPCR using TagMan probe against Usp3 3,
normalized to Gapdh, was performed on RNA isolated from stable BMSCs cultures transfected
with shScr or shUsp53. C, H & E staining of murine implants (shScr and shUsp53) after 4-
weeks of BMSCs transplantation embedded in collagen sponge. D, Immunostaining of the
implants (shScr and shUsp53) showing Osterix staining for osteoblasts (97) and DAPI staining
for nuclei (blue). Quantification of Osterix-positive osteoblast cells (rightmost panel). E,
Immunostaining of the implants (shScr and shUsp53) showing Perilipin staining for adipocytes
(97). Quantification of perilipin-positive adipocytes (rightmost panel). F, Micro-CT analysis of
the newly formed bone in the implants. Bone volume/tissue volume (BV/TV). “p<0.05, ™

p<0.01,

R

p<0.001, NS; not significant; z-test was used in all panels.
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Supplementary Figure 4.1 Usp53 long isoform is the predominant in skeletal tissues

Gene expression analysis of Usp53 expression in different skeletal tissues of wildtype
C57BL/6 mice (n=4). Quantitative RT-qPCR using isoform-specific primers against Usp3 3,
normalized to Gapdh, was performed on RNA isolated from long and flat bones as well as

gonadal (white fat) and interscapular (brown fat). Results are presented as means + SD.
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Supplementary Figure 4.2 Usp53 knockdown enhances the differentiation of committed

osteoblasts

A,C, and D Knockdown of Usp53 in MC3T3-E1 cells and gene expression analysis of
osteogenic differentiation markers. Quantitative RT-qPCR using probes against Usp53, Alpl, and
Bglap?2, normalized to Gapdh, was performed on RNA isolated from shScr-stably transfected
(dashed line) or shUsp53-stably transfected (solid line) pools of MC3T3-E1 cells differentiated
for 21 days in osteogenic medium. B, Western blot analysis of Usp53 expression. Total protein
isolated from MC3T3-E1 cells stably transfected with shScr or shUsp53 at D1, confirming the
knockdown of Usp53. a- tubulin was used as a loading control. E, MC3T3-E1 cultures were

examined for calcium deposition using alizarin red staining at D21.
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CONNECTING TEXT BETWEEN CHAPTERS IV and V

We have previously reviewed the molecular pathways and regulators mediating PTH
signaling in bone. The described molecular cascades regulate osteoblast commitment,
differentiation, and function (Sections 1.8 and 1.9). The work presented in chapter IV has
identified Usp53 as a downstream target of the PTH-NACA axis in osteoblasts and unfolded a
potential role for Usp53 in regulating mesenchymal stem cell lineage selection. We have shown
that the knockdown of Usp353 enhances osteoblastogenesis and inhibits adipogenesis in vitro in
ST2 cells and ex vivo in BMSCs. The findings of chapter IV could explain the skeletal phenotype
reported in a patient carrying a duplication mutation within USP53 genomic locus (219).

Consequently, we have focused on characterizing the biological function of Usp353 in vivo.

This led us to the work presented in chapter V. This chapter focuses on the in vivo
characterization of Usp53 null mice, generated by global inactivation of the gene using a CMV-
Cre deleter strain. Chapter V covers the developmental role of Usp353 in mesenchyme-derived
tissues including bone and adipose tissues. We track the expression of Usp53 by examining X-
gal staining of tissues isolated from Usp53 null-LacZ reporter mice. The impact of Usp353
ablation on bone and fat development has been assessed by microcomputed tomography (Micro-
CT) analyses, mechanical testing, gene expression analyses, dynamic histomorphometry, and
histology. Additionally, we assess the contribution of Usp53 to mesenchymal differentiation
using different culture systems of cells isolated from long bones (BMSCs), calvaria, and
embryos
(mouse embryonic fibroblasts (MEFs).

Finally, we uncover the molecular mechanisms underlying the observed phenotypes in
Usp53 null mice and mediating the biological function of Usp53. For this aim, we perform mass
spectrometry (MS) to identify protein partners of USP53. Meaningful interactions have been
further validated and characterized by immunoprecipitation assays and western blotting in
primary cells. Changes in major pathways regulating both adipogenic and osteogenic signaling
arms have been examined by western blotting in Usp53-deficient and wildtype primary cells.
The work presented in chapter V is the results section a draft of a manuscript describing the

biological role of Usp53 in vivo (In preparation).
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Chapter V: Usp53 regulates mesenchymal stem cell differentiation and bone turnover in

vivo
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5.1. UspS3 is expressed during skeletal development

Since we identified Usp53 as a PTH-responsive gene in osteoblasts (Hariri et al., MCB.
Accepted with revisions), we investigated its contribution to skeletal development. To study the
function of Usp33 in vivo we generated a targeted allele (Usp53 "knockout-first" tm1la, Fig.5.1
A) of Usp53 and obtained heterozygous and homozygous null mice with the lacZ tracer allele at
the Usp53 locus by crossing tmla mice to the CMV-Cre deleter strain (Fig.5.1 A). The different
genotypes, wildtype (WT, wt/wt), heterozygous (HET, tm1b/wt), and homozygous null (KO,
tm1b/tm1b) were examined by PCR assays on DNA isolated from calvarial cultures of mice at
P2 (Fig.5.1 B). We report the expression of Usp53 in different tissues, especially bone and fat.
Gene expression analysis of tissues isolated from KO Usp53 mice and their wildtype littermates

has further confirmed the deletion of Usp353 in the different assayed tissues (Fig.5.1 C).

As expression can dictate function, we tracked the expression of the Usp53'“Z allele in
vivo and assayed heterozygous mice for B-galactosidase ($-gal) activity. The expression of
Ups53'<Z was first assessed during embryonic development at E15.5. The X-gal staining of
whole mount embryos (E15.5) showed a strong blue staining of Usp53%“““* embryos as compared
to wildtype littermates (Fig.5.1 D, right). Prominent staining was detected in different skeletal
tissues including the skull, mandibles, maxilla, spine, and ribs. To be noted is the strong staining
also detected in the skin of Usp53%““* embryos (Fig.5.1 D, right, and Supplementary Fig. 5.1 A).
Examination of long bones at higher magnification showed an intense staining in newly formed
long bones of the forelimbs and hindlimbs (Fig.5.1 D, right). The staining was noted in the
developing diaphysis and intensified at the ends of the long bones in the cartilaginous growth
plates (Fig.5.1 D, right). We then investigated the expression of Usp53 during postnatal
development at PO and P21 (Fig.5.2 A-D). For this aim, we examined the -gal staining of
neonatal bones to identify the cell types expressing Usp53. X-gal staining was detected in
osteoblast cells of the periosteal and spongy bone portions of calvarial sections of
Usp53““*mice at PO (Fig.5.2 A). This expression was not restricted to this developmental stage
as different portions of long bones showed similar staining at P21. Positive staining of clusters of
chondrocytes was detected throughout the growth plate of long bones, where intense X-gal
staining distinguished the hypertrophic zone of Usp53"““* mice at P21 (Fig.5.2 B). Moreover,

populations of osteoblast and osteocyte cells showed strong X-gal staining in the diaphysis of

100



long bones of Usp53'““* mice (Fig.5.2 C). Likewise, the metaphysis of long bones showed

intense X-gal staining of different cell populations embedded in the trabecular region including
osteoblasts and osteoclasts (Fig.5.2 D). Wildtype littermates did not show any detectable X-gal
staining in any of those sites through different developmental stages (Fig.5.2 A-D). The lack of
staining in wildtype littermates confirmed that the detected X-gal staining in Usp53"““" mice is

the result of the targeted transgene expression and not the result of endogenous [-gal expression.

These data show that Usp53 is expressed in the skeleton during embryonic and postnatal
development. The expression pattern of Usp53 suggests an important function for this gene in
regulating the development of bone, and possibly other tissues derived from embryonic

mesenchyme.

5.2. Germline inactivation of Usp53 results in developmental bone defects and low bone
mass

To understand the role of Usp353 through bone development, we characterized the skeletal
phenotype of Usp353 null mice. All genotypes appeared grossly normal during embryonic
development and at later stages of gestation. Though viable, the examination of Usp53 null
neonates revealed some skeletal defects at P2. Usp53 null neonates had small body sizes
distinguished by short limbs (Fig.5.3 A, panel a), asymmetrical distribution of ossification
centers along the sternum (Fig.5.3 A, panel b), and a decrease in mineralized matrices of the
sternum and vertebrae as compared to wildtypes (Fig.5.3 A, panels b, ¢). This decrease in body
size and weight was more pronounced, and statistically significant, at 6-weeks of age (Fig.5.3 B).
Usp53 null mice were hypocalcemic (Supplementary Fig.5.1 B) and normophosphatemic
(Supplementary Fig.5.1 C), with moderately elevated circulating levels of PTH (1-84) that were
not statistically significant (Supplementary Fig.5.1 D). Static histomorphometry of distal femurs
obtained by MicroCT (uCT) showed a marked decrease in both trabecular and cortical bone
compartments of Usp53 null mice (Fig.5.3 C). The loss of Usp53 caused a significant decrease in
bone volume accompanied by diminished trabecular and cortical thickness (Fig.5.3 D, E, upper
panels). Other trabecular parameters of the appendicular skeleton including trabecular number
and connectivity density as well as cortical parameters including cortical bone area and the mean
polar moment of inertia were also affected in a similar manner (Fig.5.3 D, E, lower panels).

Moreover, the analysis of Usp353 heterozygous mice at 6-weeks of age showed a decrease in
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trabecular bone parameters (Supplementary Fig.5.1 E). However, no changes were detected in

cortical indices in those mice as compared to wildtypes (Supplementary Fig.5.1 F).

We performed dynamic histomorphometry to obtain measures of bone formation and
resorption. The data did not reveal any differences in bone formation parameters (Fig.5.4 A-F),
most importantly mineralized surface per bone surface (Fig.5.4 A), mineral apposition rate
(Fig.5.4 B), and bone formation rate (Fig.5.4 C). These data suggested that decreased bone
formation did not contribute to the low bone mass detected in Usp53 null mice. Alternatively, it
could result from increased bone resorption and turnover. Serum analysis showed an increase in
the bone formation marker Procollagen type I propeptides (PINP) (Fig.5.5 A) and the bone
resorption marker C-terminal telopeptide of type I collagen (CTX-1) (Fig.5.5 B) in Usp53 null
mice as compared to wildtypes. Besides, serum levels of the Tartrate-resistant acid phosphatase
5b (TRACcPS5b), an osteoclast-specific bone resorption marker, were also elevated in Usp53 null
mice (Fig.5.5 C). These results indicate that the decrease in bone mass is attributable to increased
bone resorption, as the increase in serum Tracp5b levels reflects elevated osteoclast numbers.
Results of RT-qPCR analysis of tibial bone RNA indicated an increase in osteoclast-related
markers further supporting the hypothesis of enhanced bone resorption. Usp53-deficient bones
exhibited increased levels of cathepsin K (Ctsk) and tartrate-resistant acid phosphatase type 5
(Acp35), with no significant alterations in expression levels of osteoblast- and osteocyte-related
genes, except for Runx2 (Fig.5.5 D and Supplementary Fig.5.1 G). Importantly, the expression of
Rankl; an osteoblast-secreted cytokine and a master regulator of osteoclastogenesis, was
upregulated in Usp53-deficient bones with no significant changes in Opg expression levels

(Fig.5.5 D). This caused a marked increase in the Rankl/Opg ratio (Fig.5.5 D).

Collectively, these data identify Usp353 as a novel regulator of skeletal growth and bone
mass. The global inactivation of Usp53 leads to low bone mass achieved by increased bone
turnover rate. The functional consequences of this inactivation resulted in a significant increase
in markers of osteoclast number and activity rendering osteoblast-specific markers unchanged.
These data support the model that increased bone resorption underlies the low bone phenotype
observed in Usp53-deficient mice. Results presented in subsequent sections of this study address
whether the role of Usp53 involves a cell autonomous effect on osteoclast number and activity or

an indirect osteoblast-assisted regulation of osteoclast function through paracrine signaling.
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5.3. Effects of Usp53 inactivation on bone strength and microarchitecture

The uCT analysis of Usp53-deficient femurs indicated a decrease in diaphyseal (cortical)
parameters, which may affect mechanical bone properties (Fig.5.3 E). To investigate whether the
low bone mass reported in Usp53 null mice is associated with high risk of fracture, we assessed
the biomechanical and structural properties of Usp53-deficient bones (Fig.5.6 A-H). We first
assessed whole-bone mechanical properties of femurs at mid-diaphysis by three-point bending
(3-pt-bending) technique. The analysis of Usp53-deficient femurs at 6-weeks of age showed a
marked decrease in biomechanical parameters including stiffness, ultimate load, work-to-yield,
and work-to-fracture (Fig.5.6 A-D). The interrelated decrease in these parameters reflects an
overall decline in whole bone’s strength of Usp353 null mice. Also, the decrease in the work
needed to fracture the bone was associated with a decrease in post-yield displacement
(Supplementary Fig.S5.1 H). The reduction in both parameters converges to reflect compromised

toughness and ductility of Usp53-deficient bones.

We also assessed changes in bone microarchitecture of tibias using the reference point
indentation (RPI) technique. The micro-indentation of freshly-harvested tibias at 6-weeks of age
indicated an increase in RPI variables including indentation distance increase (IDI, Fig.5.6 E),
total indentation distance (TID, Fig.5.6 F), and first cycle indentation distance (ID1%, Fig.5.6 G)
of Usp53-deficient bones. This was accompanied with a decrease in the mean unloading slope
(US, Fig.5.6 H). These data obtained from different indentation sites along the tibial cortical
surface suggest that the material properties of Usp33-deficient bones are poor and its

microarchitecture is less sophisticated as compared to wildtype bones.

Taken together, these data show that the loss of Usp53 decreases the biomechanical and
structural quality of bone, probably making it more prone to fracture. Comparing both data sets,
a correlation shows up associating the decrease in biomechanical strength given by 3-pt-bending

with poor bone quality at the tissue level revealed by RPI in Usp53 null mice.

5.4. Variable impacts of Usp53 inactivation on adipose tissue development

Bone and adipose tissues are derived from a common multipotent mesenchymal
progenitor. To investigate whether Usp33 inactivation affects adipose tissue development, we
examined the changes in three peripheral adipose depots: gonadal white adipose tissues (gWAT),

inguinal white adipose tissues (iWAT), and interscapular brown adipose tissues (iBAT). At 6-
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weeks of age, we found that iWAT depots were significantly bigger, with no significant change
in gWAT or iBAT depot masses of Usp53 null mice (Fig.5.7 A). It is yet to be determined
whether the change in iWAT depot mass is due to changes in adipocyte number and/or diameter.
Interestingly, the examination of histological sections of gWAT (Fig.5.7 B, left panel) and iIWAT
(Fig.5.7 B, right panel) depots showed an increase in fat ‘beiging’. This increase in fat beiging
was associated with a prominent increase in uncoupling protein 1 (Ucpl) expression levels in
both gWAT (Fig.5.7 C) and iWAT (Fig.5.7 D) depots of Usp53 null mice. Moreover, gene
expression analysis of gWAT (Fig.5.7 C) and iBAT (Fig.5.7 E) depots did not show any changes
in mRNA levels of classical gene markers of adipogenesis. However, the analysis of iWAT
depots showed an increase in expression levels of early-adipogenic activators such as fatty acid
binding protein 4 (Fabp4) and CCAAT/enhancer binding protein o (C/ebpa) as well as the late
adipogenic marker CCAAT/enhancer binding protein B (C/ebpp) (Fig.5.7 D).

These data show that Usp53 is involved in adipose tissue development. The global
inactivation of Usp53 had no impact on brown fat adipogenesis and variable effects on gWAT
and iWAT differentiation programs. The increased beiging of iWAT depots along with the
striking beiging of gWAT suggest alterations in the metabolic program of Usp353 null mice,
achieved by a UcpI-dependent mechanism. It remains to be determined whether Usp53 has a cell
autonomous effect on adipogenic differentiation of early progenitors or alters systemic signalling

to regulate adipose tissue development and function.

5.5. Usp53 inactivation increases marrow adipogenesis

Bone marrow adipose tissue (BMAT) is a distinct adipose depot of unique origins.
Changes in marrow adiposity have been associated with alterations in bone mass in both human
and mice. To assess the impact of Usp53 deletion on marrow adipogenesis, we have quantified
and characterized the BMAT populations residing in the long bones of Usp53 null mice. Using
osmium tetroxide (OsO4) pCT analyses we visualized and quantified the volume of marrow
adipocytes occupying the region extending from tibia/fibula junction to distal end of intact tibias
of 8-week old mice. Usp53-deficient tibias exhibited more adipocytes in the distal end as
compared to controls (Fig.5.8 A) and puCT quantification further validated the significant
increase in BMAT in tibias of Usp53 null mice, as compared to WT and heterozygous (HET)
mice (Fig.5.8 B). To further examine the BMAT cell populations occupying the bone marrow
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cavity, we performed gene expression analyses of total bone marrow (BM) extracts. The
analyses indicated a significant increase in adipocyte transcription factors including Pparg and
differentiation adipocytic markers including Fabp4 and adiponectin (4dipoQ) (Fig.5.8 C).
Importantly, the analysis of whole bone marrow indicated an increase in Rankl expression in

Usp53 null mice as compared to wildtypes (Fig.5.8 D).

Combined, these data show that Usp53 depletion enhances bone marrow adipogenesis
and further supports a role for Usp53 in adipocyte differentiation. The enhanced expression of
Rankl detected in whole bone marrow contributes to the systemic pool of RANKL in Usp53 null
mice. It suggests that increased marrow adipogenesis and Rankl expression are associated with

the low bone mass phenotype in Usp53-deficient mice.

5.6. Usp53 inactivation regulates cell fate determination of mesenchymal progenitors

Bone-forming osteoblasts, adipocytes and chondrocytes arise from a common
mesenchymal precursor. The bone and adipose tissue alterations detected in Usp53 null mice
suggest a central function for Usp53 in regulating cell lineage differentiation. To functionally
assess the role of Usp53 at the cellular level, we examined the multipotent differentiation
potentials of primary bone marrow-derived stem cells (BMSCs). Under osteogenic conditions, in
vitro cultures of Usp53-deficient BMSCs showed no change in the expression of early
osteoblastic markers including Sp7, Runx2, Collal, and Alpl (Fig.5.9 A, Osteo). However, we
detected a significant decrease in osteocalcin (Bglap2) expression levels of Usp53-deficient
cultures (Fig.5.9 A, Osteo). This decrease in Bglap2 expression was accompanied by reduced
mineralization capacity of Usp33-deficient cultures when assayed for mineral deposition by Von
Kossa staining (Fig.5.9 B, fop). Interestingly, these cultures exhibited elevated expression of
Rankl that led to an increase in Rankl to Opg ratio (Fig.5.9 A, Osteo). The effect of Usp53
ablation was also assessed in primary calvarial cultures. Usp33-deficient calvarial cultures
exhibited decreased expression levels of both early and late osteoblastic markers including Sp7,
Runx2, Collal, Alpl, and Bglap?2 along with reduced matrix mineralization (Supplementary
Fig.5.2 A).

The adipogenic stimulation of Usp53-deficient BMSC cultures failed to induce
adipocytic differentiation markers including Pparg, Fabp4, and AdipoQ (Fig.5.9 A, Adipo) and

this was further demonstrated by a drastic reduction in the formation of oil red O-positive
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adipocytes (Fig.5.9 B, bottom). Moreover, we employed mouse embryonic fibroblasts (MEFs) as
another source for stem cell populations, to assess the impact of Usp53 depletion on mesodermal
cell differentiation. The analyses of Usp353-deficient MEF cultures induced by osteogenic or
adipogenic cocktails led to a similar gene expression pattern in both lineages, as compared to
BMSC cultures (Supplementary Fig.5.2 B). However, we detected an upregulation of Sp7 and
Alpl expression levels (Supplementary Fig.5.2 B, Osteo) and a downregulation in Cebpo/ff
expression levels (Supplementary Fig.5.2 B, Adipo) in Usp53-deficient MEF cultures, changes
that were not observed in the BMSC culture system. We attribute this difference in gene
regulation to the differences in the gene expression profile and origin of the two stem cell

populations, as one is acquired embryonically and the other postnatally.

Taken together, these data suggest that Usp53 acts as a modulator of the cell fate
program. The ablation of Usp353 restrains the commitment of stem cells toward the adipocyte
lineage. Also, terminal osteoblastic differentiation and mineralization are compromised in the
absence of Usp53. Our data does not allow to rule out a differential role for Usp53 in committed
osteoblasts (calvarial cultures) versus early stem cell progenitors. Importantly, the pronounced
increase in Rankl/Opg ratio in knockouts suggest a role for Usp33 in regulating osteoclast

differentiation.

5.7. Increased osteoclastogenesis leads to low bone mass in Usp53 null mice

Bone-resorbing osteoclasts and bone-forming osteoblasts are coupled by paracrine
signaling. Our data suggest a non cell-autonomous effect for Usp53 on osteoclast formation and
differentiation, rather than aberrant osteogenesis leading to the observed low bone mass. We first
tested the possibility of a direct effect for Usp53 ablation on osteoclast differentiation. To do
this, we induced bone marrow (BM) precursors to undergo osteoclastogenesis in vitro using a
cocktail of RANKL and M-CSF. Gene expression analyses of differentiated osteoclast cultures
showed no change in all osteoclast gene markers including the receptor for RANK-ligand
(Rank), nuclear factor of activated T-lymphocytes (Nfatcl), Ctsk, and Acp5 (Fig.5.9 C). The
same cultures did not show any difference between the two genotypes, when assayed for TRAP
staining (Fig.5.9 D). We next tested the possibility of an indirect effect for Usp53 ablation on
osteoclast differentiation, involving osteoblast cells. To test this possibility, we induced the

differentiation of BM precursors in a transwell coculture system. BM precursors and osteoblast
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cells were cultured in separate compartments separated by a permeable membrane allowing for
the exchange of secreted proteins and ligands (Fig.5.10 A). The experimental setup allowed the
examination of different combinations of BM precursors and osteoblast cells from both
genotypes (Fig.5.10 B). Surprisingly, no change was detected in the gene expression of
osteoclast differentiation markers for any condition (Fig.5.10 C). The same cultures were
examined for TRAP staining. Wildtype and KO osteoclast precursors co-cultured with WT-
osteoblasts showed similar TRAP staining patterns of osteoclasts with different nuclei number
(Fig.5.10 D, panel 1 and 3 and Fig.5.10 E). We observed an increase in TR AP-stained
osteoclasts with more than 5 nuclei when WT and KO osteoclast precursors were cultured with
KO osteoblasts (Fig.5.10 D, panels 2 and 4 and Fig.5.10 E). Interestingly, KO osteoclast
precursors with KO osteoblasts cocultures showed increased number and surface area occupied

by huge osteoclasts with more than 5 nuclei, as compared to all other cultures (Fig.5.10 D, E).

These data support increased osteoclastogenesis as one reason leading to low bone mass
in Usp53-deficient mice. The coculture observations show that the inactivation of Usp53
enhances osteoclastogenesis through osteoblasts, probably due to increased RANKL production.
It also suggests a direct impact on osteoclast formation and maturation and raise a question about

the role of Usp53 in regulating osteoblast-osteoclast coupling mechanisms.

5.8. USPS3 interacts with the TAK1-TAB complex

Little is known about the mechanism of action of USP53, which is enzymatically inactive
(217, 218). This suggests an alternative function that most likely involves protein-protein
interactions. One study has reported that USP53 interacts with ZO-1/TJP1 and ZO-2/TJP2 tight
junction scaffolding proteins in polarized epithelial cells of the ear in mice (218). In order to
identify additional proteins interacting with USP53 that could explain its effect on mesenchymal
cell lineage-making decisions and differentiation, we used Mass Spectrometry (MS). Flag
epitope-tagged USP53 was overexpressed in HEK-293T cells and immunoprecipitated with anti-

Flag beads to pull down interacting complexes. Flag-GFP was used as control.

MS identified 45 proteins which were exclusively bound by Flag-USP53, 11 proteins
bound by Flag-GFP, and 119 proteins that immunoprecipitated with both (Fig.5.11 A). We
analyzed the list of proteins uniquely interacting with USP53 to identify meaningful interactions

that can explain its role in mesenchymal cell differentiation. Frequent background contaminants
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were eliminated by comparison to the contaminant repository for affinity purification

(CRAPome: http://www.crapome.org) (239), bringing down the total to 33 unique interactants.

The MS data validated the previously reported interaction of USP53 with the ZO-2/TJP2 protein
and revealed several hits for deubiquitinases such as: USP15, USP9X, and OTUD4
(Supplementary Table 5.1). Interestingly, the proteomics analysis uncovered an interaction with
the transforming growth factor f (TGFp)-activated kinase 1-TAB complex, a multicomponent
complex regulated by BMP/TGF signaling (240-242). The list of proteins uniquely interacting
with USP53 included TAK1 (also known as MAP3K?7) and its binding proteins TAB1 and TAB2
(Fig.5.11 B).

We validated the interaction of USP53 with the TAK1/TAB1/TAB2 complex through co-
immunoprecipitation. Flag-USP53 was immunoprecipitated from overexpressing HEK-293T
cells, and complexes were eluted and analyzed by western blotting. Epitope-tagged USP53
interacted with endogenous TAK1, TABI1, and TAB2 (Fig.5.11 C). This data suggested that
USP53 may have a role in TAK1/TAB1/TAB2 complex formation and downstream signaling.

5.9. Usp53 depletion disrupts TAK1-TAB complex formation and alters downstream
signaling

The previously unrecognized interaction of USP53 with the TAK1/TAB1/TAB2 complex
may help elucidate the mechanism by which Usp53 modulates mesenchymal cell differentiation
and bone mass. Previous studies have shown that the assembly of TAK1 with its binding proteins
TAB1 and TAB?2 is essential for the autophosphorylation-induced activation of TAK1 (241,
243). We tested whether the ablation of Usp53 could affect the assembly of the complex and/or
its activity. Endogenous TAK1 was immunoprecipitated from MEF cultures of wildtype and KO
mice. Immunoblotting against endogenous TAB2 proteins revealed a marked decrease in the
amounts of protein interacting with TAK1 in the KO cultures (Fig.5.11 D, top and middle).
However, we could not document the interaction between TAK1 and TAB1 in MEF cultures
(Fig.5.11 D, bottom) and we owe this to the limited options of commercially available antibodies
against TAB1. This result was also validated in ST2 cells stably infected with shUsp53 or the
shScr control where a decrease in TAK1-bound TAB2 and TAB1 proteins were observed in the
absence of Usp53 (Supplementary Fig.5.3 A).
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It is well established that BMPs and TGFp signal through the TAK1/TAB1/TAB2
complex (240-242). We set out to determine whether BMP signaling was altered by decreased
TAK1/TAB1/TAB2 complex formation secondary to Usp53 depletion. We assessed the
activation of the canonical and noncanonical BMP signaling targets Smad 1/5/8, JNK, and p38.
We did not detect any significant changes in the phosphorylation of Smad1/5/8 or JNK1/2 with
or without activation in MEF cultures of both genotypes (data not shown). However, decreased
p38 phosphorylation was detected in KO MEF cultures treated with BMP-2 for 30 min (Fig.5.11
E). Reduced mRNA expression of adipogenic markers was detected in Usp53-deficient cultures
(Fig.5.9 A). We examined if Usp53 ablation could also affect their protein stability. Assaying
MEFs cultured in adipogenic medium by immunoblotting indicated a decrease in PPARY protein
levels in KO cultures (Fig.5.11 F). This result was also validated in ST2 cells. We inhibited
protein synthesis in ST2 cells stably expressing shUsp53 or the shScr control using
cycloheximide (CHX) and chased PPARY protein levels at intervals. Immunoblotting
(Supplementary Fig.5.3 B) and quantification of the signal (Supplementary Fig.5.3 C) showed
that the PPARY protein was less stable in Usp53 knockdown cells as compared to control.

Collectively, we propose a model by which USP53 interacts with the TAK1/TAB1/TAB2
complex regulating the differentiation of adipocytes, osteoblasts, and osteoclasts. The ablation of
Usp53 destabilizes the complex blocking p38 phosphorylation and Pparg transcription, thus
restraining adipocyte differentiation. The destabilization of the complex can regulate osteoblasts
and increase RANKL production by an as yet unknown mechanism. Subsequently, the increase
in RANKL production can activate osteoclastogenesis leading to low bone mass in Usp353 null
mice. The regulation of the TAK1/TAB1/TAB2 complex activity by RANK/RANKL signaling
is well established (244). It is yet to be revealed whether the pathways regulating osteoclast

maturation and activity are also affected by this scenario in Usp53-null mice (Fig.5.12).
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Figure 5.0 Usp53 knockout colony establishment and maintenance

Schematic showing the breeding scheme and strategy to generate Usp353 knockout mice.
Male CMV-Cre mice were crossed with female tm1a heterozygotes and all female offspring
genotyped for conversion to tm1b. The Cre recombinase was then removed by crossing tm1b
heterozygotes to C57BL/6N males. Recombinase negative males were then used in further
breedings to establish heterozygous x heterozygous breeding pairs. Experimental breedings of

heterozygotes (1b/wt) gave rise to homozygous knockout (1b/1b) and wildtype (wt/wt) mice.
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Figure 5.1 Generation of Usp53 knockout mice

A, Schematic showing the targeting strategy to generate the Usp53 null allele. Usp53
knockout-first allele (EUCOMM targeting allele tm1a, top) consists of 15 coding exons (white
boxes). Usp53 null allele was generated by crosses of Usp33 knockout-first allele to Cmv-Cre
strain that cuts and recombines LoxP sites (red arrows), thus removing the neomycin-resistance
cassette (neo) and exons 4,5, and 6, generating Usp53 null allele (tm1b) The image also depicts
the primers used to detect the Usp53 null allele (“a”, “b”, “c”; black arrows) and Frt sites (green
bars). B, Agarose gel of PCR products generated using primers “a”, “b”, and “c” to detect the
different genotypes. Genomic DNA isolated from calvarial cell cultures was used as a starting
material for PCR reactions. C, Gene expression analysis of the deletion efficiency of Usp53
allele in different tissues from knockout (KO, n=10) compared to wildtype (WT, n=8) mice.
Results are normalized to Gapdh expression and are given as means = SD. D, Whole-mount X-
gal staining of embryos with the indicated genotypes at E15.5. X-gal staining of forelimbs (FI)
and hindlimbs (HI) with the indicated genotypes at E15.5. Sc, scapula; Hu, humerus; Ra, radius;
Ul, ulna; Ti, tibia; Fe, femur; Fi, fibula.
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Figure 5.2 Extensive distribution of Usp53 in bone tissues

A, Histological sections of X-gal-stained calvarial tissues with the indicated genotypes at
PO. Blue staining of osteoblasts (Ob, arrows) at periosteal, endosteal surfaces and inside bone
(right panel). B,C,D, X-gal staining of long bones at P21. B, Histological sections of X-gal-
stained tibial growth plate with the indicated genotypes at P21. Blue staining of proliferative and
prehypertrophic chondrocytes was weak compared to intense staining of hypertrophic
chondrocytes (right panel). C, Histological sections of X-gal-stained tibial diaphysis with the
indicated genotypes at P21. Intense blue staining of osteocytes (Ocyte) in diaphyseal cortical
bone and osteoblasts (Ob) lining the diaphyseal periosteal surface. No staining was detected in
the marrow (M). D, Histological sections of X-gal-stained tibial metaphysis with the indicated
genotypes at P21. Intense staining was detected in different cell types (right panel) including
osteoblasts (Ob) and osteoclasts (Oc) in the trabecular zone of the metaphysis (magnified dashed
box, 100x).
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Figure 5.3 Germline Inactivation of Usp53 leads to defects in bone development

A, Alizarin red and Alcian blue-stained skeletal preparations of wildtype (WT) and
Usp53 null (KO) neonates. Usp53 null neonates show: (a) short tibias and femurs (arrows), (b)
mineralization and cartilaginous sternal defects (arrowheads), (c) mineralization defects of
vertebrae (arrowheads). Bone is stained in red and cartilage in blue. B, Gross images of 6-week-
old WT and KO mice (left panel) and their body weights (right panel). Significant changes in
body weight among the two genotypes (P < 0.001); unpaired #-test. C, Micro-CT (uCT) images
of trabecular bone of the femoral metaphyseal region (top) and cortical bone of diaphysis
(bottom). D and E, Histograms representing trabecular (D) and cortical (E) structural parameters
of WT and KO mice (n=10) obtained by uCT analyses. KO mice show a significant decrease in
all trabecular (D) and cortical (E) indices. Trabecular parameters are trabecular bone
volume/tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and
connectivity density. Cortical parameters are cortical bone volume/tissue volume (BV/TV),
cortical thickness (Ct.Th), cortical bone area, and mean polar moment of inertia (MMI polar).

Results are given as means + SD. P < 0.05 was considered significant; unpaired #-test.
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Figure 5.4 Osteoblast-related dynamic histomorphometry parameters are not affected by

Usp53 inactivation

A to E, Dynamic histomorphometry of femurs from 6-week-old mice (n=5). No
significant changes were detected for osteoblast-related dynamic parameters including
mineralized surface per bone surface (MS/BS), mineral apposition rate (MAR), bone formation
rate per bone surface (BFR/BS), single labeled surfaces per bone surface (sLs/BS), and double
labeled surfaces per bone surface (dLs/BS) (unpaired z-test. N.S., not significant). F, Calcein-
stained images of femurs from 6-week-old mice (top) and individual trabeculae (bottom)

showing no significant difference in interlabeled distances between WT and KO.
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Figure 5.5 Usp53 null mice exhibit increased bone turnover rate

A,B,C, Blood biochemistry analysis of 6-week-old mice (n=10). KO mice show:
increased levels of the N-terminal propeptide of type I procollagen (PINP) (A), C-terminal
telopeptide al chain of type I collagen (CTX-1) (B), and tartrate-resistant acid phosphatase form
5b (TRACP 5b) (C). P < 0.05 was considered significant; unpaired ¢-test. D, Gene expression
analysis of osteoblast and osteoclast-selective genes in long bones of WT and KO mice at 6-
weeks of age (n=10). Results are normalized to 7hp expression and are given as means + SD. *,

P <0.05;** P<0.01; *** P <0.001; unpaired ¢-test.
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Figure 5.6 Usp53 inactivation compromises bone mechanical strength and properties

A-D, Three-point bending testing. Femurs of KO mice show a significant decrease in all
biomechanical parameters including stiffness (A), ultimate load (B), work-to-maximum yield
(C), and work-to-fracture (D). Results are given as means + SD. E-H, Reference point
indentation testing. Tibias of KO mice show a significant increase in the following parameters:
indentation distance increase (IDI) (E), total indentation distance (TID) (F), and indentation
distance of first cycle (ID 1%) (G), except for the unloading slope (US) (H). Results are given as
means of all measurements along the tibia + SD. P < 0.05 was considered significant; unpaired #-

test.
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Figure 5.7 Impact of UspS53 ablation on adipose tissue development

A, Weights of freshly-harvested adipose depots normalized to total body weights of 6-
week-old mice (n=10). Weights of Inguinal white adipose tissues (iIWAT) show a significant
increase between the two genotypes (P<0.01). B, Histological sections of white adipose tissue
depots stained with H&E. Gonadal white adipose tissues (gWAT, left panel) and inguinal white
adipose tissues (IWAT, right panel) of KO (bottom) mice show increased beiging compared to
WT (top). C,D,E, Gene expression analysis of adipogenic-selective genes in adipose tissue
depots. KO mice show: no significant differences in adipogenic markers of gWAT (C) and iBAT
(E), significant increase in adipogenic markers of iWAT (D), and significant increase in Ucp!
expression levels of gWAT and iWAT (C and D). Results are normalized to 7hp expression and
are given as means = SD. *, P <0.05 ; ** P <0.01; *** P <0.001; #, P<0.0001; N.S., not

significant; unpaired -test.
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Figure 5.8 Increased marrow adipogenesis due to Usp53 inactivation

A, uCT images of marrow adipose tissues (MAT) starting at tibia/fibula junction (T/F J)
and extending to distal end of tibias from 8-week-old mice. pCT images show increased marrow
adipogenesis in KO (right, light violet) mice compared to WT (left, yellow). B, Quantification of
marrow adipocytes by uCT analyses of the region starting at tibia/fibula junction and extending
to distal end of tibias, showing a significant increase in KO mice, as compared to WT and
heterozygous (HET) mice (n=6). Results are given as means = SD. *, P <0.05 ; ** P <0.01;
ANOVA with Bonferroni’s post-hoc test. C, Gene expression analysis of adipogenic markers of
whole bone marrow showing increased expression in KO mice, as compared to WT. D, Gene
expression analysis showing significant increase in Rankl expression levels in KO mice as
compared to WT (P<0.01). Results are normalized to 7hp expression and are given as means =+

SD. ** P <0.01; *** P <0.001; #, P<0.0001; N.S., not significant; unpaired #-test.
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Figure 5.9 Usp53 inactivation inhibits osteogenic and adipogenic differentiation of

mesenchymal stem cells

A, WT and KO BMSCs were cultured in inducing osteogenic (Osteo) conditions for 10
days or adipogenic (Adipo) for 8 days and analyzed by RT-qPCR analysis for expression of
osteoblast-selective genes and adipocyte-selective genes, Von Kossa staining for mineral
deposition (B, top), and oil red O staining for lipid production (B, bottom). C, Bone marrow
(BM) osteoclast precursors were cultured in inducing osteoclastogenic conditions for 5 days and
analyzed by RT-qPCR analysis for expression of osteoclast-selective genes and TRAP staining
(D). Results are normalized to Gapdh expression and are given as means = SD. *, P < (.05 ; **,

P <0.01; #, P<0.0001; unpaired ¢-test.
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Figure 5.10 Usp53 inactivation enhances osteoclastogenesis

A, Schematic showing the transwell coculture system used to coculture osteoclast (OC)
precursors and osteoblasts. B, Schematic showing the four different assayed combinations of
WT/KO osteoclasts and osteoblasts, labeled 1 to 4. C, Gene expression analysis for expression of
osteoclast-selective genes for the assayed combinations. D, TRAP staining of cultures of the
assayed combinations labeled 1 to 4 to match the conditions shown in panel B. E, Quantification
of osteoclast nuclei number for each assayed combination. 50 random fields were examined for
each combination and number of nuclei was counted. Results are given as means + SD. *, P <

0.05 ; *** P <0.001; #, P<0.0001; ANOVA with Bonferroni’s post-hoc test.
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Figure 5.11 USPS53 interacts with the TAK1/TAB1/TAB2 complex and regulates P38
phosphorylation and PPARYy stability

A, Schematic showing the workflow of Mass Spectrometry (MS) in HEK-293T cells
detailing the implemented strategy and outcomes. B, Table summarizing the main proteins
identified as interactants of USP53 and their corresponding numbers of peptides, identified by
MS. C, Validation of the interaction of Usp53 with the TAK1/TAB1/TAB2 complex proteins in
HEK-293T cells. Immunoprecipitation (IP) of flag-tagged Usp53 and immunoblotting (IB)
against endogenous TAK1,TAB1,and TAB?2 interacting proteins. D, Assessing the assembly of
the TAK1/TAB1/TAB2 complex in WT and KO mouse embryonic fibroblast (MEFs) cells.
Endogenous TAK1 proteins were immunoprecipitated in WT and KO MEEF cells and interacting
endogenous partners were immunoblotted using specific antibodies. IgGs were used as controls
for IPs. E, Examining changes in P38 phosphorylation in WT and KO MEF cells cultured in
osteogenic medium for 12 days and treated with BMP-2 (50ng/ml) for 45 min prior to protein
extraction. Whole-cell lysates were analyzed by western blotting to detect P-P38, and P38
proteins using specific antibodies. F, Examining changes in PPARY protein levels in WT and KO
MEF cells cultured in adipogenic medium for 12 days. Whole-cell lysates were analyzed by
western blotting to detect PPARY proteins using specific antibodies. GAPDH was used as a

loading control.
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Figure 5.12 Mechanistic model of Usp53 function

In bone marrow stem cells, the absence of USP53 disrupts the TAK1/TAB1/TAB2
complex formation. The disruption of complex assembly inhibits the phosphorylation of P38 and
decreases the stability of PPARY protein, thus impairing adipogenesis. Also, the disruption of
complex formation regulates unknown pathways impacting osteoblast terminal differentiation
and increasing Rankl production. Increased production of Rankl by osteoblasts enhances
osteoclastogenesis. The Rank/Rankl signaling regulates the TAK1/TAB1/TAB2 complex
regulating the formation and maturation of osteoclasts. It is yet to be determined whether USP53

has a direct effect on osteoclast maturation and activity signaling pathways.
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Supplementary Figure 5.1 Additional characterization of the phenotype of Usp53-deficient

mice

A, Histological sections of X-gal-stained skin tissues with the indicated genotypes at PO.

Blue staining in the epidermis of the skin (right panel).

B,C,D, Blood biochemistry analysis of calcium (B), phosphate (C), and PTH(1-84) (D)
levels of the indicated genotypes at 6-weeks of age. KO mice show a significant decrease in

calcium levels (P<0.01).

E,F, Histograms representing trabecular (E) and cortical (F) structural parameters of WT,
HET, and KO mice (n=8-9) obtained by uCT analyses. Trabecular parameters are trabecular
bone volume/tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N),
and trabecular separation (Tb.Sp). Cortical parameters are cortical bone volume/tissue volume
(BV/TV), cortical thickness (Ct.Th), cortical bone area, and mean polar moment of inertia (MMI
polar). Results are given as means + SD. *, P <0.05 ; **, P <0.01; *** P <0.001; #, P<0.0001;
N.S., not significant; ANOVA with Bonferroni’s post-hoc test.

G, Gene expression analysis of osteocyte-selective genes in long bones of WT and KO
mice at 6-weeks of age (n=10). Results are normalized to 7bp expression and are given as means

+ SD; unpaired #-test.

H, Three-point bending testing. Femurs of KO mice show a significant decrease in the

biomechanical parameter post yield displacement (PYD) (P<0.01); unpaired #-test.
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Supplementary Figure 5.2 Usp53 inactivation inhibits osteogenic and adipogenic

differentiation of primary osteoblasts and embryonic fibroblasts

A, WT and KO calvarial cells were cultured in inducing osteogenic (Osteo) conditions
for 10 days and analyzed by RT-qPCR analysis for expression of osteoblast-selective genes and
Von Kossa staining for mineral deposition (right, top). B, WT and KO MEFs were cultured in
inducing osteogenic (Osteo) conditions or adipogenic (Adipo) for 12 days and analyzed by RT-
gPCR analysis for expression of osteoblast-selective genes and adipocyte-selective genes, Von
Kossa staining for mineral deposition (B, right top), and oil red O staining for lipid production
(B, right bottom). Results are normalized to Gapdh expression and are given as means = SD. *, P

<0.05; ** P <0.01; *** P <0.001; #, P<0.0001; unpaired ¢-test.
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Supplementary Figure 5.3 USP53 interacts with the TAK1/TAB1/TAB2 complex in
bipotential ST2 cells and impacts PPARYy stability

A, Assessing the assembly of the TAK1/TAB1/TAB2 complex in ST2 cells. ST2 cells
were stably-infected with shScr and shUsp53 lentiviral vectors. Endogenous TAK1 proteins were
immunoprecipitated in shScr and shUsp53-infected ST2 cells and interacting endogenous
partners were immunoblotted using specific antibodies. IgGs were used as controls for IPs. B,
Cycloheximide (CHX) chase assay to assess PPARY protein stability in shScr and shUsp53-
infected ST2 cells. GAPDH was used as a loading control. C, Quantification of the remaining

PPARy protein amounts (%) through CHX chase assay in ST2 cells. **, P < 0.01; unpaired #-test.
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0S=Homo sapiens GN=RIOK1 PE=1 SV=2
Low molecular weight phesph i
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Cleavage and polyadenylation specificity factor
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Flag-USP53 (R2)
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40
25
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Flag-GFP (R1)
0

0

Flag-GFP (R2)
0
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Quantitative Profile

GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high

GFP low, USP53 high
GFP low, USP53 high

GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high

GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high

GFP low, USP53 high

GFP low, USP53 high

GFP low, USP53 high

GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high

GFP low, USP53 high

GFP low, USP53 high

GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high

GFP low, USP53 high

GFP low, USPS3 high
GFP low, USP53 high

GFP low, USP53 high

GFP low, USP53 high
1}
GFP low, USPS3 high

GFP low, USP53 high

GFP low, USP53 high
GFP low, USP53 high
GFP low, USP53 high

GFP low, USP53 high

GFP low, USP53 high

GFP low, USP53 high

GFP low, USP53 high




Supplementary Table 5. 1 Mass Spectroscopy data showing USP53 interactants in HEK-
293T cells.
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Gene Tagman
Nfil3 Mm00600292_s1
Crebl Mm00501607
Dix5 Mm00438430
Usp53 MmO00476778-m1
Sp7 Mm00504574-m1
Runx2 Mm00501578
Collal MmO00801666 gl
Alpl Mm00475834-m1
Bglap2 AIWRI1X]J
Tnfsfll Mm00441906 ml
Infrsfl1b MmO00435454 ml
Infrsflla MmO00437132_ml
Nfatcl Mm01265944 ml
Ctsk MmO00484039 ml
Acp5 MmO00475698 ml
Pparg?2 Mm00440940-m1
Cebpa Mm00514283-s1
Cebpp Mm00843434-s1
Fabp4 MmO00445878-m1
AdipoQ Mm00456425 ml
Uepl MmO01244861 ml
Gapdh Mm99999915-g1
Thp MmO01277042_ml
Dmpl Mm01208363_ml
Sost Mm00470479_ml
Phex Mm00448119_ml
Fgf23 MmO00445621 ml
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Supplementary Table 5. 2 Tagman probes used in this study.
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Chapter VI : DISCUSSION
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The data presented in the previous chapters are an outcome of hypotheses and research
strategies implemented to identify and characterize novel targets of PTH signaling in osteoblast
cells. Genome-wide investigation using ChIP-Seq against NACA and RNA-Seq in PTH(1-34)-
treated osteoblasts paved the way for further characterization of the PTH-NACA pathway and its
physiological significance. The PTH-signaling umbrella shelters the two identified target genes
Nfil3 and Usp353, through the regulation of NACA in osteoblasts.

6.1. Nfil3: a Déja-vu PTH target with distinct function

We have previously shown that the PTH-Gas-PKA-NACA signaling axis is
physiologically relevant, as its impairment reduces bone mass and increases osteocyte number in
mice (197). So far, we have fully characterized two transcriptional targets of NACA in
osteoblasts, Bglap2 (189) and Lrp6 (192). Our recent work on Lrp6 regulation suggested a feed-
forward mechanism that increases the expression of the LRP6 co-receptor, thus amplifying PTH
responses in osteoblasts (192). The same unbiased strategy has identified Nfil3 as a target of
NACA following its activation by PTH in osteoblasts. Here, we show that at least in part, Nfil3
transcription is regulated by CREB and requires the presence of NACA. We also show that Nfi/3

impacts osteoblast and osteocyte gene expression in a distinct manner during differentiation.

Nfil3, also known as E4BP4, is a basic leucine zipper transcription factor, initially
identified through its ability to bind and repress viral promoter sequences (200, 203). It has been
implicated in diverse processes regulating immune cell function (201, 204-206, 245), circadian
rhythm oscillations (202, 207), cell survival versus apoptosis (205, 208), and anti-inflammatory
responses (202). PTH, PGE2, and forskolin are known to activate Nfil3 expression (209, 210).
Rapid induction of Nfi/3 can also be achieved by the direct binding of the glucocorticoid receptor
(GR) to the Nfil3 gene distal promoter in thymocytes (211). Our RNA-Seq data in MC3T3-El
cells and gene expression monitoring of PTH-treated primary osteoblasts confirm the rapid
induction of Nfil3 following PTH treatment, as was reported previously (209, 210). This
induction by PTH was shown to require the activation of PKA in osteoblasts (209). However, a

complete mechanism of Nfi/3 transcriptional regulation is still missing.

We have previously shown that PTH stimulates the PKA-dependent phosphorylation of
NACA on residue Serine 99 to provoke its import into the nucleus (197). The ChIP-Seq data
reported herein show that NACA binds to the Nfil3 gene proximal promoter following PTH
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treatment. Our results support a model in which regulation of Nfil3 expression by PTH requires
phosphorylation of NACA which accumulates at the promoter after receiving the stimulus, a

mechanism analogous to what we reported for Bglap2 and Lrp6 promoter activity (192, 197).

In the nucleus of osteoblast cells, NACA interacts with bZIP family transcription factors
and potentiates their activity. NACA enhances AP-1 transcriptional activity by binding to cJUN
homodimers and stabilizing their interaction with chromatin (189, 190, 237). It can also
potentiate the activity of JUND on the Lrp6 promoter (192). We did not observe any stimulation
of Nfil3 transcription by cJUN or JUND, alone or in combination with NACA (Supplementary
Figure 3.1). A previous study has shown that Nfil3 gene expression is regulated by the cAMP-
PKA-CREB pathway in primary adult dorsal root ganglion neurons and that CREB binds the
promoter after a sciatic nerve crush (213). Genome-wide promoter binding studies did not
identify Nfil3 as a CREB regulated target in PC12, HEK293, or IDG-SW3 cells (246-248).
However, our data show that CREB stimulates Nfi/3 transcription and that this activation
requires NACA. Despite extensive efforts using several methods, we were not able to detect any
physical interaction between CREB and NACA in HEK293 or MC3T3-E1 cells, at steady state
or in Forskolin-treated cultures (e.g. Supplementary Figure 3.1 C), even when Jun family
members were co-expressed (data not shown). We cannot exclude that the failure was technical.
Alternatively, it is possible that CREB heterodimerizes with an as yet unidentified bZIP
transcription factor to bridge its interaction with NACA and maintain the stability of the

transcriptional regulatory complex to the Nfil3 promoter.

Our study focused on characterizing the transcriptional regulation of the proximal
promoter region (<1Kb) of Nfi/3. NACA and CREB bind to proximal binding hotspots (ones
close to the nearest transcription start site (TSS)) of the Nfil3 promoter. Proximal binding of
transcription factors is conserved and shared across different tissues (207). Consequently, it is
likely that NACA and CREB regulate the proximal promoter region of Nfil3 in a similar manner

in osteocytes.

NFIL3 acts as transcriptional regulator that recognizes and binds to the E4BP4 response
element (EBPRE): 5'-[GA]TTA[CT]GTAA[CT]3'. The EBPRE consensus sequence resembles
the cAMP response element (CRE; 5'-TGACGTCA-3") bound by CREB. NFIL3 was

characterized as a master transcriptional repressor, shown to repress neuronal CREB targets
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(213), PTH-regulated Cox-2 promoter activity (210), and osteoblast gene transcription (210,
212). Our knockdown data in MC3T3-E1 cells is consistent with previously published data
highlighting the repressive role of Nfi/3 in osteoblasts.

It appeared counter-intuitive that the induction of the expression of an osteoblastic
transcriptional repressor could contribute to the mechanisms propagating the anabolic effect of
PTH. However, the knockdown of Nfil3 in IDG-SW3 osteocytic cells inhibited the expression of
early and late osteocyte markers, suggesting that in osteocytes, NFIL3 acts as a positive regulator
of gene expression. This suggests that the PTH-induced, NACA/CREB-dependent induction of
Nfil3 expression in osteocytes could be involved in the iPTH anabolic effect. How does NFIL3
convert from a repressor to an activator of gene transcription in closely related cell types? Even
though both osteoblasts and osteocytes originate from the same precursor, the gene expression
profiles of the two cell populations are distinct. St. John et al. (249) have reported substantial
differences in the epigenetic profile of osteoblasts and osteocytes. Sp7 and Pthlr are two
examples of highly distinct epigenetic loci in the two cell populations (249). It can be postulated
that differential epigenetic histone marks modulate the accessibility of NFIL3 to target promoters
or enhancers in osteoblasts vs. osteocytes, thus providing an explanation for the distinct role of
the transcription factor in the two cell populations. Alternatively, post-translational modification
of the protein could impact function, either directly or through interaction with partner
molecules. It has been reported that phosphorylation of NFIL3, or the loss of site-specific
SUMOylation, increase its transcriptional activity and cause NFIL3 to exhibit either more
repressive or more stimulating activity depending on the target promoter. One example is the
upregulation of Notchl by NFIL3 SUMOylation- or phosphorylation mutants in natural killer
cells (250).

Our study describes a mechanism for Nfi/3 transcriptional regulation downstream of the
PTH-NACA signaling pathway. It also highlights a distinct role for Nfi/3 in the control of

osteoblast vs. osteocyte gene expression.
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6.2. Usp53: In vitro characterization

In addition to Lrp6 (192) and Nfil3, we have added Usp53 to the list of target genes
regulated by the PTH-NACA pathway in osteoblasts. This finding was significant as the
literature lacks any characterization of Usp53 regulation or function in any tissue. Moreover, the
most frequent genetic changes associated with Cantu syndrome, i.e. activating mutations of
components of KATP channels (251, 252), do not readily explain the bone abnormalities
associated with the most severe manifestations of the condition. We reviewed other reported
mutations in patients with severe phenotypes and were intrigued by a patient who had more than
3 copies of USP53 genomic DNA in her genome and suffered, in addition to hypertrichosis and
cardiomegaly, from several bone abnormalities and severe obesity (BMI>40) (219). The
phenotypic manifestation of this genomic aberration as well as the identification of Usp33 as a
target of the PTH-NACA pathway led us to investigate the transcriptional regulation of Usp53

and assess whether Usp53 may have a function in mesenchymal cell lineage specification.

Little is known about the upstream signaling regulating Usp53 expression. One study has
reported the induction of USP53 in human bone marrow MSCs when treated with BMP-2 and
Wnt3a together (253). This is the first report demonstrating the regulation of Usp53 by PTH
signaling. The ChIP-Seq data reported herein show that PTH-activated NACA was recruited to
the proximal promoter region of Usp53. The same regulatory model has been previously reported
for Bglap?2, Lrp6, and Nfil3 promoters in osteoblasts highlighting their functions in fine-tuning
PTH signaling (in the case of Lrp6) or modulating osteoblast and osteocyte differentiation and
function (for Bglap?2 and Nfil3) (197, 254) (chapter III). It is yet to be determined whether the
PTH-induction of Usp53 in osteoblasts dictates an osteoanabolic or osteocatabolic effect on

bone.

Lessons learnt from different promoters regulated by the PTH-NACA pathway helped
uncover the missing pieces in the Usp53 regulatory scheme. We have previously shown that
NACA engages with bZIP family transcription factors and potentiates their activity. cJUN and
JUND are two partners of NACA regulating the expression of the Bglap2 and Lrp6 promoters,
respectively. In addition, we have recently characterized the transcriptional regulation of the
Nfil3 promoter by both NACA and CREB in osteoblasts (chapter 3). Our data herein suggest that
NACA is indispensable for Usp53 promoter activity, its response to PTH, and its full activation
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by the cJUN-CREB complex. In this respect, it is plausible to hypothesize that cJUN and CREB
heterodimerize (255) and interact with NACA to achieve the optimal potentiation of the Usp53
promoter. The cJUN partner of the heterodimer would mediate the interaction of the dimer with

NACA, considering that we could not detect any physical contacts between NACA and CREB.

USP53 has been reported to be expressed in skeletal muscle, hair follicles, and cardiac
muscle (219). We have further detected its expression in bone tissue (calvaria and tibia) and
adipose tissue (white fat and brown fat). The prevalence of the full-length isoform is most likely

related to its function in those tissues.

We provide evidence that USP53 is involved in mesenchymal cell lineage-making
decisions. We show that the knockdown of Usp53 in ST2 stromal cells and BMSCs enhances
osteogenesis and inhibits adipogenesis, both in vitro and in vivo. Osteoblasts and adipocytes
originate from a common mesenchymal precursor whose fate is regulated by critical signaling
pathways and key transcription factors (256). Commitment to a lineage appears to be mutually
exclusive, and a number of studies have shown that pathways that induce adipogenesis inhibit

osteogenesis, and vice-versa.

Since increased copy number (and presumably increased expression) was reported in the
patient with multiple bone abnormalities, we first attempted overexpression strategies by
transient transfection or infection with constitutive or inducible Usp353 expression vectors. In all
cases, mesenchymal cells did not survive the addition of extraneous Usp353 coding sequence
(data not shown). When Usp33 expression was decreased using shRNA-mediated knockdown,
we measured a marked upregulation of early- and late-stage osteoblast differentiation markers
and a concomitant inhibition of the expression of early and late adipogenic markers. The increase
in osteogenic marker expression was accompanied by enhanced ability to secrete and mineralize
the extracellular matrix. Similar results were obtained by knocking down Usp53 in committed
MC3T3-E1 osteoblastic cells. Thus, the reduction of Usp53 expression affects differentiation and
mineralization in bipotential mesenchymal cells as well as after mesenchymal progenitors have

committed to the osteoblast fate.
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This is the first report characterizing the regulation and function of Usp53 in vitro. In
summary, we show that Usp53 expression is induced by the PTH-activated NACA axis in
osteoblasts. We also offer a mechanism involving the NACA-cJUN-CREB trio regulating Usp53
transcription. Our data strongly indicates that Usp53 regulates the lineage fate of mesenchymal
cells by enhancing osteoblastogenesis and inhibiting adipogenesis. At the pathological level,
increased marrow fat content is observed in bone loss conditions such as age-related
osteoporosis (257-259). It will prove interesting to inactivate Usp53 in mesenchymal precursors
in vivo and uncover the molecular mechanism by which USP53 alters mesenchymal

differentiation.

6.3. Usp53: a master developmental regulator

The broad spectrum of developmental defects observed in multiple patients carrying
USP53 variants is fascinating. Our previous work focusing on PTH signaling identified Usp53 as
a responsive gene potentially involved in the anabolic effect of PTH in osteoblasts. Also,
manipulating Usp53 dosage in bipotential mesenchymal precursors, by knockdown strategies,
favored osteogenesis over adipogenesis (chapter V). The link between USP53-associated
pathologies in skeletal tissues and our findings provided a window to investigate the
developmental function of Usp53 in mice. We here show that the global inactivation of Usp353
causes significant abnormalities in bone and adipose tissues. The constellation of skeletal defects
in Usp53 null mice are due to a direct role for USP53 in commitment and lineage differentiation
of mesenchymal progenitors. Our data also indicates an indirect effect for Usp353 ablation on
osteoclastogenesis and more broadly on the differentiation of other tissues of mesenchymal

origin.

The resultant skeletal alterations due to Usp53 ablation harmonize with those associated
with the duplication of USP53 genomic locus in the human Cantu syndrome study (219) and can
be linked to the role of USP53 in regulating mesenchymal lineage selection. The bone
abnormalities reported in the Cantu syndrome patient include rib synostosis and scoliosis (219),
mimicking the ones reported in our study and supporting a role for Usp53 in inhibiting osteoblast
terminal differentiation and matrix mineralization. Though it would appear counter-intuitive that
carrying 3 genomic DNA copies of USP53 in humans and depleting Usp53 in mice will lead to
the same phenotypic outcome. This can be explained by the differences between the human
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(Q70EKS) and the mouse (P15975) protein sequence (72%), that may lead to different protein
interactions and function in each specie. Besides, it is unknown whether this patient suffered
other unreported defects in bone development that parallel the low bone mass phenotype caused
by increased osteoclastogenesis in Usp53 null mice. Moreover, the low bone mass accompanied
with increased marrow adiposity in Usp53 null mice recapitulated the phenotype observed in
osteoporotic patients (257-259). It is highly likely that increased RANKL production by marrow
adipocytes contributes to the low bone mass phenotype in Usp53 null mice. However, the

molecular cues mediating the increase in marrow adiposity are unknown.

The severe obesity (BMI>40) reported in the Cantu patient appear to be linked to USP53
duplication (219), as the inactivation of Usp353 in mice blocks adipocyte lineage commitment
and differentiation. This does not exclude the possibility that the severe obesity can be also
related to the duplication of F4BP2 within the same locus (219).The distinct impact of Usp53
inactivation on WAT versus BAT development can be linked to the different developmental
origins of the two depots (116, 260, 261) and potentially due to depot-specific functions of
Usp53. To be noted, the adipogenic induction of MEF and BMSC cultures by hormonal cocktails
in vitro is a representation of white adipogenesis in vivo, not brown adipogenesis. Investigating
depot-specific effects of Usp353 depletion will require adipogenic induction of white and brown
adipose cell precursors isolated from distinct adipose depots. In addition, the increased beiging
of iIWAT depots as well as the striking beiging of gWAT that has not been reported before,
suggest a role for Usp53 in mediating Ucp I-dependent beiging mechanisms. Alternatively, it can
be a result of systemic regulation of adipose tissues and energy metabolism by other endocrine
organs (96, 117). The contribution of Usp353 to energy metabolism regulation will be addressed

in future work.

Investigating non-skeletal alterations -the phenotypes not studied in detail- in Usp53 null
mice led to meaningful observations. The expression of Usp53 was not restricted to skeletal
tissues, as we have detected strong X-gal staining in the epidermis of the skin. Congenital
hypertrichosis is a signature of Cantu syndrome and has been linked to USP53 duplication (219).
Kurban et al. have validated the expression of USP53 in hair follicles and immunolocalized
USP353 to the outer root sheath of the hair follicle in the skin (219). Hair follicle stem cells
(HFSCs) are of mesenchymal origins and give rise to mesenchymal compartments of the hair
follicle including the dermal sheath and dermal papilla (262, 263). Consequently, it is plausible
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to hypothesize that Usp53 ablation affects the mesenchymal stem cell niche of hair follicles,

leading to arrested hair follicle cycling and potentially alopecia.

Another observation is the hypocalcemic phenotype of Usp53 female null mice. One
would anticipate that increased bone resorption will liberate more calcium into the circulation,
but this was not the case. Interestingly, USP53 has been identified as a causative gene of normal
or low serum gamma-glutamyltransferase (GGT) cholestatic liver disease (220, 221); a condition
by which the bile flow from the liver is reduced or blocked. In one family carrying a USP53
homozygous truncating mutation, patients were diagnosed with cholestatic liver disease,
unexplained hypocalcemia, and hearing loss (220). More recently, 10 pathogenic USP353 variants
have been reported in 7 patients with low GTT intrahepatic cholestasis (221). In the context of
cholestasis, calcium signaling regulates bile flow from hepatocytes into cholangiocytes in the
bile duct and calcium dysregulation is the main feature of the disease (264, 265). It is yet to be
determined, whether the observed hypocalcemia is a secondary phenotype caused by liver

cholestasis in Usp53 null mice.

The proteomics data revealed a novel interaction of USP53 with the TAK1/TAB1/TAB2
complex. The lack of USP53 proteolysis activity suggests that its role may be mediated through
protein-protein interactions. This is supported by the reported interaction of USP53 with ZO-
1/TJP1 and ZO-2/TJP2 tight junction scaffolding proteins in polarized epithelial cells of the ear
in mice (218). The interaction of USP53 with ZO-2/TJP2 protein has been further validated in
our MS data. Since it is an inactive ubiquitin specific protease (218), USP53 could mediate
TAK1/TAB1/TAB2 complex formation simply as a protein scaffold. However, USP18 has been
shown to modulate TAK1-dependent signaling in a protease-independent manner by masking
ubiquitination sites from further modification (266). This mechanism can be envisaged for
USPS53. Alternatively, USP53 may act as a decoy, protecting the TAK1/TAB1/TAB2 complex
from other deubiquitinases. However, the possibility that USP53 has retained some catalytic
activity as a deubiquitinase has recently been considered as one study showed that USP53
deubiquitinates FKBP1 in lung adenocarcinoma cell lines (267). To be noted that, while the MS
data that we generated revealed interaction of USP53 with other deubiquitinases such as USP15,
USP9X, and OTUDA4, it did not show any interaction with ubiquitin E3 ligases (Supplementary
Table 1). To further assess any involvement of USP53 in deubiquitination pathways, it would be
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interesting to perform MS after enriching for ubiquitin moieties, either by overexpressing

ubiquitin-expression vectors or by blocking the proteasomal degradation machinery.

Mutations in TAK1 has been associated with frontometaphyseal dysplasia (FMD) in
humans (268). Moreover, mice with conditional deletion of TAK1 in cartilage exhibit severe
chondrodysplasia, due to impaired BMP signaling (240, 242). As a component of several multi-
protein complexes, TAK1 acts as an integrator of multiple stimuli, with outcomes depending on
cell type and upstream signal (269). It has been shown to be an important regulator of TGFf and
BMP signaling, affecting both canonical Smad-dependent signaling (Smad1/5/8 and Smad 2/3)
and non-canonical Smad-independent signaling (JNK/p38 mitogen-activated protein kinase
(MAPK)) (240, 242). Osteoblastogenesis and adipogenesis are impacted through each signaling

arm.

Our data shows that reduced expression of USP53 disrupted TAK1/TAB1/TAB2
complex formation. Consequently, we expected changes at the level of the responsiveness of
downstream signaling including Smad or MAPK pathways. The phosphorylation of P38 and
PPARYy stability are substantially reduced in the absence of Usp33, justifying disrupted
adipogenic mesenchymal commitment and differentiation in different culture systems. This
result is in line with studies showing that TAK1 and TABI1 play a critical role in BMP-mediated
differentiation of mesenchymal cells (270). Besides, activation of p38, one of the downstream
TAKI signals, has been shown to be required for maintaining PPARY protein stability (271). We
also assessed changes in the phosphorylation of other signaling effectors including: Smad1/5/8,
Smad?2/3, JNK1/2, and ERK1/2 and all remained unaffected by the absence of Usp53 (data not
shown). Moreover, our data indicates that increased RANKL production by osteoblasts enhances
osteoclastogenesis in Usp53 null mice. Assessing the impact of Usp53 ablation on pathways
regulating Rankl transcription (272) in osteoblasts is crucial and may define a function for
USPS53 in Rankl regulation. Until this date, we have explored changes in phosphorylation of
positive (gp130 cytokines) and negative (Wnts) regulators of Rankl expression and found no
significant changes in the absence of Usp53. Currently, other pathways regulating Rankl

expression are being investigated (90).

We have previously characterized the impact of Usp53 knockdown on mesenchymal

stem cell differentiation. Usp53-knockdown impaired adipogenic differentiation of ST2 cells and
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BMSCs and enhanced osteogenic differentiation of ST2 and MC3T3-E1 cells (chapter 4). The
adipogenic signaling arm was impaired in vitro and in vivo (data presented in chapters I'V and
V), regardless of the culture system used. However, the discrepancy between the in vitro and in
vivo results regarding the regulation of osteoblast differentiation in the absence of Usp33 is
obvious. We assign this contradiction to multiple factors. One element is the difference in the
timeline of depleting Usp53, as the CMV-Cre promoter is expressed during early embryogenesis,
most likely before implantation. However, our in vitro characterization targeted Usp53 in well-
established mesenchymal cell lines or committed osteoblasts. Another factor is the in vivo system
referred to in this comparison. A global deletion of Usp353 may or may not dictate an osteoblast-
specific effect for Usp53 ablation, especially that Usp53 is expressed in multiple tissues.
Establishing an osteoblast-specific (Ocn-Cre) or mesenchyme-specific (Prx/-Cre) deletion of
Usp53 will offer a better model to define the function of Usp353 during osteoblast differentiation

in vivo.

In summary, this is the first report to characterize the expression and function of Usp53
in mice. We have identified Usp53 as a novel regulator of skeletal development and pointed to
critical developmental functions in multiple organs. The global inactivation of Usp53 in mice
leads to low bone mass due to increased osteoclastogenesis and impaired adipogenesis. We show
that Usp53 regulates adipogenic commitment and differentiation of mesenchymal stem cells,
osteoblast terminal differentiation, and Rankl expression. The underlying mechanism defining
USP53 functions, at least in mesenchymal cells, involves the interaction with
TAK1/TAB1/TAB2 complex affecting its assembly and signaling. These findings point to a
complex network of pathways controlled by USP53, whose dysregulation contributes to human
developmental diseases and abnormalities such as Cantu syndrome, cholestatic liver disease, and

hearing loss.

6.4. Nfil3 and Usp53: A masterpiece with broad Implications

The identification of Nfil3 and Usp53 as novel targets of the PTH-NACA axis in
osteoblasts supports the physiological significance of the pathway in the skeleton. Initially, our
laboratory has identified Bglap2 and Lrp6 as targets of the PTH-NACA pathway and this work
adds Nfil3 and Usp53 as key players in the PTH signaling game. Our work can open the door for
pharmacological intervention and help develop anabolic treatments for metabolic bone diseases,

which may help increase bone mass and protect against bone fractures.
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Besides, the functional characterization of Usp53 broadens our basic understanding of
bone and fat biology. Uncovering the biological multi-functions of Usp53 during development is
a scientific achievement. The phenotypic characterization of Usp53 null mice uncovered
different developmental aberrations in skeletal and non-skeletal tissues. The identified murine
aberrations recapitulate the multiple abnormalities reported in patients carrying USP53 variants.
We believe that the remaining work to finalize chapter V is essential to put all the pieces of the
puzzle together, as our data strongly suggest a role for Usp53 in hearing and metabolic disorders,
in addition to the studied skeletal defects. Study limitations and future goals will be discussed in

the next chapter.
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7.1 Nfil3: What is missing and what is next

7.1.1 Expanding the promoter study

Our work (chapter III) has demonstrated findings addressing specific questions about
Nfil3 transcriptional regulation and function in osteoblasts. The analysis of the Nfil3 proximal
promoter identified binding sites for NACA and CREB. Following PTH stimulation, we have
validated the binding of NACA to the promoter by ChIP-PCR.

We are currently confirming the binding of CREB to the promoter, along with NACA,
using ChIP-reChIP PCR assays.

Our study has focused on proximal promoter regions and ignored distal (>1kb upstream
from the promoter) promoter binding of transcription factors. The binding of transcription factors
to gene distal regions including enhancers is cell-type specific (207) and critical for gene
expression regulation during differentiation. Consequently, examining distal regions of Nfi/3
promoter can expand our knowledge of the transcriptional regulation of the gene in osteoblasts
vs. osteocytes. It can also uncover major differences in Nfi/3 regulation that can explain its

distinct function in the two cell populations.

We can examine the DNA methylation profile of Nfi/3 in both cell populations using
ChIP-Seq against active and repressive histone markers. Also, we can investigate the DNA
methylation profile of major differentiation markers in both cell populations including Pthlr and

Sp7; examples of highly distinct epigenetic loci in the two cell populations (206).

7.1.2 Exploring the functions of Nfil3 in vivo
Reviewing the literature, we could not find any study addressing the function of Nfi/3
during bone development in vivo. Future studies in our laboratory will focus on the generation

and characterization of bone-specific knockout mouse models for Nfi/3.

We will cross Nfil3-tfloxed mice to Collal-Cre or Ocn-Cre deleter strains to deplete Nfil3
in osteoblasts and to Dmp-1-Cre deleter strain to delete the gene in osteocytes. The generation of
these strains will serve two main objectives : 1. define the function of Nfil3 in osteoblasts vs
osteocytes during bone development and 2. investigate the impact of Nfi/3 ablation on iPTH

anabolic responses in mice.

157



7.2 Usp53: A developmental regulator with yet more functions to be unraveled

7.2.1 Usp53 and PTH anabolism

The second part of our study (chapters IV and V) highlighted the biological functions of
Usp53 in vitro and in vivo. The phenotypic characterization of Usp53 null mice has answered
multiple questions focusing on Usp33 contribution to skeletal development. We have previously
indicated that Usp53 expression is induced following PTH (1-34) treatment. However, it is

unknown whether Usp53 mediates the anabolic effect of PTH on bone in vivo.

For this aim, we will check the integrity of PTH responses in Usp53 null mice by
injecting PTH (1-34) intermittently. We anticipate that the anabolic effect of PTH on bone mass

will be compromised in Usp353 null mice as compared to wildtypes.

7.2.2 Mesenchyme-specific ablation of Usp53

We have shown that Usp53 is a regulator of mesenchymal differentiation and highlighted
the discrepancy between the in vitro and in vivo data discussed in chapters 4 and 5. To define the
role of Usp353 in regulating mesenchymal stem cell differentiation, we have generated Usp53-
floxed mice and crossed it to the Paired related homeobox 1-Cre (PrxI-Cre) strain, which is

active in the mesenchymal progenitors of the long bones. This work was done in parallel with the

work done to generate and characterize Usp53 null mice. Unfortunately, most of the mice

(>50%) with the deletion (Cre-positive) died between embryonic and early postnatal
developmental stages. We also faced some difficulties breeding those mice and further

expanding the colony.

We have recently obtained a new mice line of the Prx/-Cre strain (B6N.Cg-Tg(Prrx1-
cre)1Cjt/ErenJ) which will be crossed to Usp53-floxed mice and subsequently analyzed for bone

and adipose tissue defects.

7.2.3 Usp53: The “ Off- the record ” phenotypes

The phenotypic characterization of Usp53 null mice has fulfilled the main objectives of
the study focusing on the contribution of UspJ53 to skeletal development. At the same time, it
raised a couple of intriguing questions about its contribution to systemic regulation and

developmental events of non-skeletal tissues.
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7.2.3.1 Usp53 null mice and hearing loss

Multiple studies have reported hearing loss in patients carrying USP53 pathogenic
mutations (220, 221). One study has characterized progressive hearing loss in mice carrying a
missense mutation in the catalytic site of Usp53. The same study has suggested a mechanism of
protein-protein interaction involving USP53 and tight junction proteins TJP1 and TJP2,
underlying the hearing loss phenotype (218). Besides, our MS data have further confirmed the
physical interaction between USP53 and TJP2.

We have assessed the hearing capabilities of Usp53 null mice. We are currently analyzing
the results of the auditory brain response (ABR) test of Usp53 null mice at 6 and 8-weeks of age.
We anticipate that knockout mice will exhibit severe hearing impairments, if not deafness, as
compared to wildtype littermates. Hearing loss has been assessed at the McGill Auditory
Sciences platform at the MUHC.

7.2.3.2 Usp53 ablation and metabolic activity

The browning of white adipose tissues is one of the most intriguing phenotypic
manifestations detected in Usp53 null mice. This observation opens the door widely for a
metabolic investigation assessing metabolic changes in Usp53 null mice and the impact of Usp53

inactivation on the systemic regulation of adipogenesis.

This will require extensive work assessing changes in glucose tolerance, insulin
sensitivity, and circulating levels of osteocalcin hormone. Potentially, those results will either go
into our main manuscript (chapter V) or in a separate study characterizing the contribution of

Usp353 to metabolic functions in mice.

7.2.3.3 Usp53 and liver function

Multiple studies have reported liver cholestasis and hepatobiliary defects in patients
carrying USP53 pathogenic mutations (220, 221). To be noted that TJP2 pathogenic mutations
are the main causative mutations of cholestatic liver disease in human and USP53 mutations

generated a phenocopy of TJP2-associated liver defects (220, 221).

Assessing the impact of Usp353 inactivation on liver function is important to interpret the

hypocalcemic phenotype of Usp53 null mice. This will also uncover the contribution of Usp53 to
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the developmental events of the liver and further explain the redundant effects of USP53 and

TJP2 mutations on liver function.
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Animal Certificate

This is to certify that Dr. Rene St-Arnaud, Department of Medicine, Shriners
Hospital, currently holds an approved Animal Use Protocol # 2001-4491 with McGill
University and its Affiliated Hospitals’ Research Institutes for the following project:

Animal Use Protocol Title: Gene expression in bone cells: the alphaNAC transcriptional
coregulator as a downstream effector of PTH action in bone / The FIAT transcriptional
repressor as a drug target for bone regeneration

Start date: December 1, 2019
Expiration date: December 1, 2020

McGill University and Affiliated Hospitals Research Institutes recognize the importance
of animal research in our efforts to further our knowledge of natural processes, diseases
and conservation. Research, educational and testing projects are conducted with full
commitment to the wellbeing of the animal subjects. In order to limit animal use to
meritorious research or educational projects, the institution relies on stringent peer review
processes, along with assessment of ethical issues by the Animal Care Committee.
McGill University recognizes that the use of animals in research, teaching and testing
carries significant responsibilities. The institution will continue to develop and maintain
guidelines and regulations, following the high standards established by the Canadian
Council on Animal Care. It is committed to conducting the highest-quality research and
to providing animals with the best care.

//;«f‘y‘"
Melanie Tremblay, Ph.D
Animal Ethics and Compliance Admin | Animal Compliance Office
Office of Vice-Principal (Research and Innovation)
Suite 325, James Administration Building, McGill University

845 Sherbrooke Street West, Montreal, Quebec, Canada H3A 0G4
animal.approvals@mcgill.ca
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