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“Sometimes fate is like a small sandstorm that keeps changing directions. You change direction
but the sandstorm chases you. You turn again, but the storm adjusts. Over and over you play
this out, like some ominous dance with death just before dawn. Why? Because this storm isn't
something that blew in from far away, something that has nothing to do with you. This storm
is you. Something inside of you. So all you can do is give in to it, step right inside the storm,
closing your eyes and plugging up your ears so the sand doesn't get in, and walk through it,
step by step. There's no sun there, no moon, no direction, no sense of time. Just fine white
sand swirling up into the sky like pulverized bones. That's the kind of sandstorm you need to

imagine.

And you really will have to make it through that violent, metaphysical, symbolic storm. No
matter how metaphysical or symbolic it might be, make no mistake about it: it will cut through
flesh like a thousand razor blades. People will bleed there, and you will bleed too. Hot, red

blood. You'll catch that blood in your hands, your own blood and the blood of others.

And once the storm is over you won't remember how you made it through, how you
managed to survive. You won't even be sure, in fact, whether the storm is really over. But one
thing is certain. When you come out of the storm you won't be the same person who walked

in. That's what this storm's all about.”

Haruki Murakami, Kafka on the Shore
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Abstract

Affecting millions of people around the world, osteoporosis and bone fragility represent a
serious health concern and one of the major threats for elderly people, since the risk of
fracture tends to increase with ageing. Similarly, metabolic disorders such as diabetes and
obesity stand as major public health problems worldwide. Both bone loss-related diseases
and metabolic disorders impact on mesenchymal stromal cells (MSCs) differentiation fate,
with adipogenesis favoured at the expense of osteogenesis and resulting in increased
adiposity and decreased bone mass. A plethora of factors have been identified as crucial for
MSCs lineage differentiation; scavenger receptor class A member 5 (Scara5) recently emerged
as a regulator of adipogenesis in vitro. Among its many functions, Scara5 is a ferritin receptor

and is reportedly downregulated in human breast cancer (BrCa) cell lines.

Studies conducted on Scara5 -knock out (KO) mice revealed an increased bone mass and a
reduced fat deposition. However, bone/fat-related pathologies (i.e. osteoporosis, diabetes)
were not influenced by the genetic deletion. In line with these results, Scara5-KO bone
marrow MSCs (BMSCs) showed a propensity to become osteoblasts and a reduced ability to
differentiate into adipocytes. Mechanistic studies proved that Scara5 deficiency impinged on
BMSCs mitochondrial activity during adipogenic differentiation, as well as on murine kidney
iron levels. The reduced iron content and adipose tissue deposition also impacted on BrCa
development; indeed, Scara5-KO mice developed smaller tumours upon cancer cell injection
into the mammary fat pad, as a result of an iron homeostasis perturbation and the

consequent reduced fat deposition.

This thesis presents Scarab as a central regulator of iron homeostasis, MSCs adipogenesis,
and breast cancer pathogenesis. Although a reduction in Scara5 has been associated with
health problems (i.e. cancer), these findings propose that targeting Scara5 may be useful for

developing new therapies to counteract obesity and BrCa pathogenesis.
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Chapter 1: Introduction

1.1 Bone

Bone is a mineralised connective tissue consisting of cells, blood vessels, and extracellular
matrix (ECM) made up of type 1 collagen triple helices and crystals of calcium phosphate rich
mineral in form of hydroxyapatite 2. It exerts several mechanical functions, providing rigidity,
shape, protection, and support for body structures, as well as aiding locomotion and
regulating mineral homeostasis by acting as a large reservoir for calcium, phosphate, and
magnesium 1. The bone formation process is called either bone ossification or osteogenesis.
Bone ossification begins during the sixth/seventh week of embryonic development and
terminates around the age of twenty-five years; it can be described as intramembranous and

endochondral, depending on how precursor cells transform into bone 3.

During intramembranous ossification, osteogenic precursors mesenchymal stromal cells
(MSCs) directly differentiate into bone forming osteoblasts, that produce an unmineralised
matrix called osteoid. Once osteoid binds calcium, the mineralisation and subsequent
hardening of the matrix results in some osteoblasts being trapped and differentiating into
osteocytes 3. Osteoblasts continuous secretion of osteoid culminates in the formation of
trabecular/spongy bone, whereas MSCs lying on the trabecular bone surface will form the
periosteum. The differentiation of periosteal MSCs into osteoblasts, and the consequent
production and mineralisation of osteoid, will then form multiple layers that represent the
cortical/compact bone 4. Flat bones of the cranial vault, part of facial bones, and clavicle all

develop intramembranously > °.

On the other hand, most of the appendicular and axial skeleton is formed through
endochondral ossification, the process by which hyaline cartilage is replaced by bone ©. MSCs
differentiate into chondrocytes, which secretion of an extracellular matrix (ECM) form a bony
model called cartilage model. The chondrocytes near the core of the cartilage model become
hypertrophic and secrete collagen X and fibronectin, enabling the mineralisation of the ECM.
The ECM mineralisation diminishes the nutrients availability for the other chondrocytes,
which undergo apoptosis and create a void invaded by chondrocyte-differentiated

osteoblasts and blood vessels % ¢°. Whilst the blood vessels enlarge the space and create the
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medullary cavity, the osteoblasts transform the perichondrium (membrane that surround the
cartilage model) into periosteum, creating a region of cortical bone in its diaphyseal region.
This action culminates with the formation of the primary ossification centre 2. Cartilage
proliferates longitudinally towards both ends of the bone creating growth areas, also known
as epiphyseal plates. After birth, cartilage is replaced by bone in the epiphyseal region, where

the secondary ossification centre developed 2 ©.

Opposite to the widely mistaken belief, bone is a dynamic organ characterised by a
constant remodelling 1. Bone remodelling is the results of the coupled action of bone forming
and bone resorbing cells, osteoblasts and osteoclasts, respectively. In addition, osteoblast-
derived osteocytes serve as mechano-sensors transducing extracellular signals to initiate the
bone remodelling 0. Bone cells’ activity is tightly regulated by hormones, growth factors, and
cytokines 2; derailed bone remodelling can indeed result in the development of skeletal
disorders such as osteoporosis, renal osteodystrophy, osteopetrosis and diabetic bone

disease 21011,
1.1.1 Bone forming osteoblasts

Osteoblasts, from Greek éotéo (osteo) “bone” and BAaoctavw (blastano) “germinate”, state
as the sole mononucleated cells able to generate bone in vertebrates 2. Osteoblasts originate
from MSCs upon specific genes expression. MSCs commit to osteoprogenitor cells following
the expression of Runt-related transcription factor 2 (RUNX2) and Osterix. These pre-
osteoblasts further differentiate into immature and then mature osteoblasts that secrete an
organic matrix primarily composed of type | collagen, which forms dense, parallel, and cross-
linked layers that accommodate calcium phosphate in the form of hydroxyapatite crystals 3.

When unmineralised, the bone matrix is referred to as osteoid 3.

Osteoblasts present with a cuboidal shape, nuclei rich in euchromatin (genetically active
form of chromatin), and abundant rough endoplasmic reticulum and mitochondria; these
morphological characteristics reflect the activity of osteoblasts as protein synthesising cells
12,12 In the bone matrix context, osteoblasts secrete alkaline phosphatase (ALP) to elevate
phosphate concentrations for bone mineralisation *>. ALP is a key indicator of bone formation
and is frequently used as a marker for MSCs osteogenic activity in vitro . In addition to ALP,

osteoblasts secrete other non-collagenous proteins, crucial for the bone matrix organisation,
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e.g. osteonectin, osteocalcin (OCN), and osteopontin (OPN). Osteonectin binds to both
collagen and hydroxyapatite crystals initiating bone mineralisation in skeletal tissues 7 18,
whilst OCN works as an indicator of osteoblast activity and as a signalling molecule, with
minor effects on bone mineralisation 1% 1°. OPN regulates hydroxyapatite crystal growth and

the activity of osteoclasts, stimulating bone resorption 2°,

During a standard bone remodelling cycle, osteoblasts have a limited life cycle of about 3
months. After their formation, osteoblasts can (1) be embedded in the bone matrix becoming
osteocytes, (2) undergo apoptosis, or (3) become inactive on the bone surface as bone lining
cells ** 2! (Figure 1.1). The process by which osteoblasts are entrapped into the osteoid before
mineralisation is known as osteocytogenesis. The osteoid-embedded osteoblasts become
osteocytes and are contained in small chambers of the calcified matrix called lacunae.
Osteocytes act as mechanotransducers following the formation of dendritic processes, which
enable networking with neighbouring osteoblasts and osteoclasts 2!. As discussed later,

osteocytes play an active role in the bone remodelling process.

Apoptosis
) 'd,
7'
Commitment Proliferation Maturation
Immature Mature Bone lining cells
WIBS Preosteoblast Osteoblast Osteoblast I
RS (&)

\ Osteocyte

Bone

Figure 1.1 Cell fate of bone forming-osteoblasts. The process of osteoblast differentiation begins with
the commitment of MSCs towards preosteoblasts, which further proliferate to immature osteoblasts
before becoming mature cells. Mature osteoblasts can subsequently differentiate into bone lining

cells, osteocytes (within the mineralised osteoid), or undergo programmed cell death (apoptosis).
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1.1.2 Regulation of osteoblast differentiation

Throughout the years, a considerable number of morphogens, signalling pathways, and
transcriptional regulators have been identified as involved in osteoblasts differentiation *.
Among other factors, RUNX2 expression emerged as pivotal for MSCs osteogenic
differentiation into osteoblasts. RUNX2 is a transcription factor, member of the Runt
homology domain transcription factor family. In vivo experiments showed that RUNX2
mutations interfere with osteoblast activity ¥ 22, Indeed, RUNX2-null mice models lacked
osteoblasts and consequently bone formation 23 24, RUNX2 is upregulated in differentiating
MSCs, pre-osteoblasts, and immature osteoblasts, but its expression decreases in mature
osteoblasts 22. Moreover, the up-regulation of RUNX2 triggers the expression of the most
important bone matrix protein genes, e.g. type | collagen (Col1al), Osteopontin, OCN 24, Apart
from RUNX2, the RUNX family also consists of RUNX1 and RUNX3, which play a role in the
maturation of chondrocytes, and thus in endochondral ossification . The transcription factor
Osterix is similarly upregulated in MSCs and immature osteoblasts, being equally fundamental
for MSCs osteogenesis (Figure 1.2). In fact, osteoblasts of Osterix-deficient murine embryos
did not differentiate leading to suppression of both intramembranous and endochondral
ossification 24 2>, Furthermore, Osterix homozygous deletion was fatal for new-born mice,

which developed breathing issues 2°.

Immature Mature
MSC Preosteoblast Osteocyte
Osteoblast Osteoblast Y
— | o — »  — | @ \ —
i  RUNX2 " 1 RUNX2 " L RUNX2 " L RUNX2
‘™ Osterix 4 Osterix J, Osterix J, Osterix
\ 4
Collal, OCN,
OPN

Figure 1.2 RUNX2 and Osterix expression during osteoblast differentiation. RUNX2 and Osterix
expression is crucial during the early stages of osteogenic differentiation, from MSCs commitment to
preosteoblasts and further differentiation into immature osteoblasts, stimulating the expression of
bone matrix genes (e.g. Collal, OCN, OPN). By contrast, immature osteoblasts maturation and

terminal differentiation are characterised by RUNX2 and Osterix downregulation.
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Considering the central role of RUNX2 in osteogenesis, its expression is promoted by the
activation of 2 main signalling pathways: Wingless-related integration site (Wnt)/p-catenin
and bone morphogenic protein (BMP)-2 1 26, Wnt/B-catenin signalling pathway, also known
as canonical Wnt signalling, is highly conserved throughout different species and plays a
fundamental role in regulating bone and other tissues development and homeostasis 27 28,
This pathway promotes osteoblast proliferation, maturation, and inhibits osteoblast
apoptosis 2°. Wnt proteins activate their canonical signalling pathway by binding to the
ternary complex of Frizzled transmembrane receptor and lipoprotein receptor-related
protein (LRP) 5/6, inhibiting glycogen synthase kinase-3 beta (GSK3[3) activity and stabilising
the cytoplasmic -catenin. Non-phosphorylated B-catenin translocates to the nucleus to bind
the T-cell factor (TCF)/lymphoid enhancer factor (LEF) transcription factors: this action
culminates with Wnt-responsive genes transcription 2. In the absence of Wnt ligands,
canonical Wnt signalling is inactivated by GSK3[, which phosphorylates [-catenin
determining its ubiquitination by E2 ligases and proteasomal degradation 2® (Figure 1.3).
Activating mutations of LRP5 result in bone mass increase, whilst inactivating mutations lead
to bone loss . Similarly, B-catenin-null transgenic mice developed a severe osteopenia, with
an increased osteoclast activity; on the contrary, a constitutive expression of B-catenin
increased bone deposition and suppressed osteoclast functions 3°. Wnt negative regulators,
such as Dickkopf (DKK)-1/2 and sclerostin, bind to LRP5/6 receptors, mimicking Wnt ligands.
In contrast, secreted frizzled-related proteins (sFRPs) bind to Wnt proteins, thus preventing
their binding to Frizzled and LRP5/6 receptors. Murine models with Secreted frizzled-related
protein 1 (sFRP1) deletion exhibited high bone mass, thus supporting the Wnt signalling role
importance in maintaining the skeleton bone mass ?2. Both in vitro and in vivo studies revealed
that the activation of Wnt pathway in turn activates RUNX2 promoter and induces its gene
expression in osteoprogenitor cells. Gaur et al. characterised RUNX2 promoter, identifying a
functional TCF1 binding site. Hence, once Wnt is activated, B-catenin translocates to the

nucleus to bind TCF1 on the RUNX2 promoter, inducing its expression 22,

27



CHAPTER 1 INTRODUCTION
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Figure 1.3 Wnt/B-catenin signalling pathway. Wnt proteins activate their canonical signalling
pathway by binding the ternary complex of Frizzled transmembrane receptor and LRP5/6; dishevelled
(DVL) phosphorylation inactivates the disruption complex leading to the translocation of f-catenin to
the nucleus to bind the TCF/LEF transcription factors: this action culminates with Wnt-responsive
genes transcription and osteogenic differentiation (right panel). When Wnt signalling is suppressed by
specific inhibitors, such as Sclerostin, DKK-1/2, and sFRP, unphosphorylated DVL recruits the
disruption complex: B-catenin is phosphorylated and ubiquitinated in the cytoplasm and so degraded

(left panel). Abbreviations: adenomatous polyposis coli (APC), casein kinase 1 (CK-1).

As well as Wnt/B-catenin pathway, RUNX2 expression is also induced by BMP-2. BMP-2 is
part of the transforming growth factor beta (TGF-B) superfamily of growth factors, which
accounts for more than 30 bone morphogenic proteins (BMPs) 3. Throughout the years,
BMP-2 has been described as an osteogenesis key factor that exerts its functions by binding
to BMP receptor (BMPR)-2. This bond activates BMPR-1 and transmit the signal to Smad
1/5/8, the receptor substrates. Smad 1/5/8 make a complex with Smad 4 in the cytoplasm

and translocates into the nucleus, where it activates RUNX2 32, The use of BMP2 blocking
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antibodies in vitro inhibited RUNX2-dependent osteoblast differentiation and osteogenic
gene expression, therefore supporting the importance of BMP-2/Smad signalling in RUNX-2

stimulated osteogenesis 3% 33,

In summation, both B-catenin and BMP-2/Smad signalling orchestrate osteoblasts
differentiation by inducing RUNX2 expression, which proved essential for osteoblast

differentiation and bone formation.

1.1.3 Osteoblast-osteoclast coupling

Bone homeostasis is strictly dependent on osteoblast-osteoclast communication. Bone
remodelling is a dynamic and highly regulated process, where bone formation and resorption
alternate in a balanced pattern to maintain normal skeletal structure and function. This
physiological process is performed by a functional and temporary structure called basic
multicellular unit (BMU). The human adult skeleton accounts for 1 to 2 million active and
anatomically separate BMUs, that work asynchronously to guarantee the replacement of old
bone with new bone 3*. In addition to osteoblasts and osteoclasts, a BMU also benefits from
the activity of osteocytes, bone lining cells, and blood vessels *. While osteoblasts and
osteocytes, as well as bone lining cells, derive from MSCs, multinucleated osteoclasts
originate from hematopoietic stem cells (HSCs) differentiation and are responsible for

resorbing organic and inorganic components of bone matrix 3.

A bone remodelling cycle is characterised by three coordinated phases: resorption,
reversal, and formation % 36, Nonetheless, some authors refer to two more phases,
considering osteoclast activation as an independent phase that precedes the resorption
phase, and the formation phase as followed by the termination/mineralisation phase 3”38, Be
that as it may, a remodelling cycle begins with the recruitment and activation of osteoclast
precursors from the circulation, that start resorbing bone. This step is orchestrated by
osteoclastic release of hydrochloric acid, which leads to the dissolution of inorganic matrix
components (mainly hydroxyapatite crystals) 3°. Upon acidification, specialised
metalloproteinases, proteases (e.g. Cathepsin K), and phosphatases, such as tartrate-resistant
acid phosphatase (TRAP), degrade type | collagen-rich organic matrix. Osteoclasts finally
undergo apoptosis and bone resorption switches to bone formation 37-38, Although the nature

of this switch remains poorly understood, it certainly depends upon osteoclast-osteoblast
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coupling. During bone resorption, the acid pH generated by osteoclasts is responsible for the
release and activation of bone matrix growth factors, such as TGFB, BMPs, and insulin-like
growth factor (IGF)-1/2, that in turn stimulate osteoblast differentiation and osteoblastic
bone formation 37 4% 41, hence, osteoblasts form new bone by releasing osteoid and
mineralising it. Finally, as aforementioned, osteoblasts undergo apoptosis, become bone
lining cells, or differentiate into osteocytes after being entrapped into the osteoid (Figure

1.1).

The communication between osteoblasts and osteoclasts is essential to initiate
intracellular signalling. Osteoclast coupling signals regulate osteoblast differentiation and
activity. As above-stated, osteoclasts stimulate osteoblastic bone formation by favouring the
release of bone matrix growth factors. Together with the growth factors like TGF3, BMPs, IGF-
1/2, platelet-derived growth factor composed of two B subunits (PDGF-BB) is thought to
contribute to the coupling mechanism. PDGF-BB stimulates blood vessel formation and is
both released from bone matrix and secreted by osteoblasts and osteoclasts 4% 4%, In
particular, preosteoclast release of PDGF-BB in bone marrow promote MSCs differentiation
into osteoblasts and bone formation #2. Osteoblast activity can also be promoted by direct
cell-cell contact with proteins expressed on the osteoclast cell membrane. For example,
osteoblasts secrete receptor activator of nuclear factor kappa-B ligand (RANKL) that binds to
its receptor (RANK) on osteoclasts precursors, stimulating osteoclastogenesis during the
resorption phase. In the formation phase, osteoblasts produce the decoy receptor
osteoprotegerin (OPG) that inhibits osteoclast maturation by sequestering RANKL 36,
Osteocytes can also influence the bone remodelling process by producing Sclerostin and DKK-
1/2 to negatively regulate Wnt signalling and subsequent bone formation (Figure 1.4). Indeed,
Sclerostin and DKK-1/2 bind to LRP5, preventing Wnt ligands association 3. On the other
hand, the bone formation phase is characterised by low levels of these factors, thus
promoting bone deposition 3¢, Overall, different factors regulate the RANKL/RANK/OPG
pathway; tumour necrosis factor alpha (TNFa), IL-1, and parathyroid hormone (PTH), for
example, induce osteoblast RANKL release, therefore promoting osteoclast activation. By
contrast, oestrogen and BMP2 increase OPG expression, limiting osteoclastogenesis and

stimulating bone formation 3744,
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Figure 1.4 RANKL/RANK/OPG signalling pathway. Bone resorption performed by osteoclasts is
followed by new bone formation in order to fill the lacunae and restore the homeostatic levels of
bone. Osteoblast-produced RANKL signals through RANK-expressing preosteoclasts to induce their
terminal differentiation into osteoclasts; osteoclast activity is also supported by osteocyte-released
Sclerostin and DKK-1/2, which inhibit osteoblast functions (bone resorption phase). Conversely, OPG
secreted by osteoblasts suppresses osteoclast activity by sequestering RANKL, thus inhibiting RANKL-
RANK binding (bone formation phase).

The physiological balance of osteoblast and osteoclast activity culminates in new bone
formation; impairment of this balance leads to skeletal diseases, such as osteoporosis,
osteopetrosis, and Paget’s disease of bone 0. Oestrogen deficiency, the main cause of post-
menopausal osteoporosis, increases IL-1 and TNF expression, which in turn upregulate IL-6
and promote osteoclastogenesis; as a result, osteoclastic bone resorption is not adequately
compensated by osteoblastic bone deposition, increasing bone weakness and the fracture
risk 1% 45, In contrast, osteopetrosis affects bone remodelling as a consequence of osteoclast

hypoactivation and the improper organic matrix digestion, leading to overgrowth of
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abnormally organised bone, thus increasing bone fragility 1°. Paget’s disease of bone is
characterised by an excessive osteoclastogenesis and consequent bone resorption
compensated with overactivation of osteoblasts. As a result, the new bone formed is
unstructured and mechanically unstable 4. Understanding how bone remodelling and
precursor commitment is impaired in disorders that adversely affect bone mass and structure
may lead to new therapeutic targets to reduce patient morbidity via the development of

innovative treatments.

1.1.4 Bone loss-related pathologies: osteoporosis and diabetes

Osteoporosis, or porous bone, is a worldwide disease that affects hundreds of millions of
people, especially postmenopausal women #’. It is a skeletal disorder characterised by
reduced bone strength and a consequent increase in the risk of fractures #¢. Also, the bone
quality of osteoporotic patients is altered because of micro-architectural deterioration #°.
Therefore, both bone density and quality are fundamental factors in determining bone
strength and their loss is crucial in osteoporosis development. Around 28 million people (22
million of whom are women) in 27 countries of the European Union (EU27) were estimated
to have been diagnosed with osteoporosis °°. The cost of fractures was estimated around 32

billion Euro per annum and, due to the ageing population, a 25% increase is expected by 2025

50

Bone mineral density (BMD), as assessed by dual x-ray absorptiometry (DEXA), is the gold
standard for the diagnosis of osteoporosis >!. The DEXA results reflect the differences, in
standard deviations, from the peak bone density achieved in early adulthood and the patients
BMD 4% 2, DEXA results are presented in terms of T-score and the World Health Organisation
(WHO) functionally defines osteoporosis as bone density T-score equal or below -2.5 %8, Due
to difficulties to obtain precise measurements because low BMD values do not always reflect
a high risk of fragility fractures in people, there is a controversy among experts concerning
the use of this diagnostic criterion %% >3, Osteoporosis can be considered as primary or
secondary. Primary osteoporosis affects both males and females at all ages with a greater
prevalence in postmenopausal women and older men. On the other hand, secondary
osteoporosis occurrence is related to medications (e.g. glucocorticoids), or diseases (e.g.

endocrine disorders, diabetes) 8. Furthermore, several studies associate the diagnosis of
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osteoporosis with risk factors including increased age, low levels of endogenous oestrogens,
low body mass index (BMI), family history of osteoporosis and bone fractures, and tobacco

and alcohol use “8.

Diabetes mellitus, known simply as diabetes, is a serious and chronic disease characterised
by hyperglycaemia as a result of impaired insulin secretion, activity, or both 4% > The
destruction of B-cells in pancreatic islets, and the consequent absence of insulin production,
results in the development of type 1 diabetes (T1D). Type 2 diabetes (T2D) is far more
common worldwide, caused by insulin-resistance in those tissues physiologically sensitive to
its action (i.e. liver, skeletal muscles, adipose tissue) >°. The global diabetes prevalence in 2019
was estimated at 463 million people and it is predicted to rise to 700 million by 2045 >4, T1D
is an autoimmune disorder, the exact causes of which are not entirely clear, whereas the
onset of T2D is largely attributable to ageing, obesity, diet, sedentary lifestyle, and genetic

factors %, Indeed, obesity is recognised as the greatest risk factor for T2D °°.

In 1990, Bouillon introduced the term diabetic bone disease to indicate changes in bone
remodelling, growth, mineral density and fragility fracture as a consequence of diabetes
occurrence >’. As opposed to T1D, T2D is related to an increased fracture risk and a paradox
characterises this association %°. Specifically, people with T2D frequently have higher BMD
than those diagnosed with T1D or healthy, age-matched subjects, although they have a
greater risk of fragility fractures 3. For this reason, as above mentioned, BMD cannot be the
only parameter to consider and the elevated risk of fracture may be related to an altered
bone quality °8. It seems that the bone microarchitecture may be negatively affected in
patients diagnosed with T2D; the trabecular bone score, a non-invasive method based on
DEXA image of the lumbar spine, is lower in T2D patients compared with non-diabetic
controls, indicating an impaired bone structure, and thus a higher risk of fragility fracture %
>%_ However, at present there are no validating studies for fracture risk prediction in patients

diagnosed with T2D 2,

The pathogenesis of the bone quality impairment in diabetes patients is hard to
understand because it depends on several factors. As a result of insulin-resistance, chronic
hyperglycaemia could affect the bone integrity and quality by non-enzymatic glycosylation of
several proteins with long half-life, mainly type | collagen ©°. This action leads to the formation

of advanced glycation end products, found in high levels in T2D patients’ serum and bone
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matrix, altering bone cells homeostasis and resulting in delayed fracture healing >> 8. An
impaired micro-vascularisation exists in diabetic patients that may impair bone strength,
although comprehensive evidence supporting this statement is still lacking 8. Metabolic
diseases are often associated with a chronic inflammation and both T1D and T2D are strongly
associated with high levels of pro-inflammatory cytokines (i.e. TNFa, IL-1, IL-6) that affect the

differentiation and viability of osteoclasts > 6%,

Excessive visceral adipose tissue is frequently observed in insulin-resistance states, and it
is thereby associated with T2D. As previously stated, obesity is the most important risk factor
in developing T2D and is also connected with a greater risk of bone fractures >* 8, Bone
homeostasis might be negatively affected due to the secretion of cytokines from adipocytes,
i.e. adipokines such as leptin and adiponectin. Their release increases bone turnover by
activating osteoclasts and thus increasing bone resorption °8. In recent years, bone marrow
adipose tissue (BMAT) started to be considered as fundamental component in bone health.
This type of adipose tissue is increased in people diagnosed with T2D compared with T1D and

non-diabetics °°.

1.2 Adipose tissue

Due to its main function, adipose tissue or body fat is mistakenly thought as an inert depot
for energy storage. In the last few decades, its role has been reconsidered and adipose tissue
emerged as the largest metabolic and endocrine organ of the human body %% 3. Adipose
tissue is a specialised connective tissue mainly composed of adipocytes or fat cells, which
were firstly identified as storing energy in the form of triacylglycerol (TAGs). Adipocytes derive
from the progenitors MSCs, which differentiate into pre-adipocytes first and mature
adipocytes later guaranteeing the replacement of dying adipocytes °8. Adipose progenitors
were firstly identified and localised by Tang and colleagues, who demonstrated that
peroxisome proliferator activated receptor gamma (PPARy), the major regulator of
adipogenesis, was expressed by a population of progenitor cells that committed to adipocytes
since the pre-natal period 4. Furthermore, Tang et al. isolated these cells from the adipose
stroma, proving their ability to proliferate both in vivo and in vitro ®. Similarly, Rodeheffer et
al. characterised the adipose tissue-derived MSCs (AdMSCs) according to the cell markers

they expressed and their spontaneous differentiation into adipocytes in vivo .
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Adipose tissue is not merely composed of adipocytes; indeed, fat cells represent more than
90% of the adipose tissue volume, but they account for about 50% of its cellular content ©®.
The non-adipocytic portion is known as stromal vascular fraction and includes preadipocytes,
immune cells (e.g. macrophages, neutrophils, lymphocytes), endothelial and smooth muscle
cells, and multipotent AAMSCs ®’. The process by which AdMSCs differentiate into adipocyte
progenitors (or preadipocytes) and subsequently into mature adipocytes is called
adipogenesis. In adult life, approximately 10% of adipocytes are renewed every year as part
of the adipocytic turnover . Fat turnover decreases with age as a consequence of the
reduced TAGs breakdown into free fatty acids (FFAs) and glycerol, process known as lipolysis.
A dysregulated fat turnover also contributes to metabolic disorders development; indeed,
adipose lipid turnover diminishes in obese and dyslipidaemia-affected subjects, which will

show older and dysfunctional adipocytes .

In summary, adipose tissue exerts different physiological functions, with a pivotal role in
energy homeostasis. Different types of adipose tissue have been described so far, depending
on their body location and main functions; also, a plethora of factors and signalling pathways
regulate the adipocytic differentiation, therefore determining health adipose tissue

expansion and renewal 7°.
1.2.1 Features and functions of adipocytes

As previously stated, adipose tissue is now considered as a complex organ, with more than
the mere energy storing capability. In mammals, five types of adipocytes, and hence five types
of adipose tissue, can be identified: white, brown, beige, pink, and yellow (Figure 1.5). Each
type of adipose tissue differs from the others, depending on their location, lipid content, and

function 62 71,
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Figure 1.5 Different types and functions of adipocytes. Five types of adipocytes display different
features and functions, according to their intracellular content (number of mitochondria, lipid
droplets, milk secreting alveoli and organelles, i.e. Golgi and rough endoplasmic reticulum) and
location (subcutaneous and scapular areas, within subcutaneous white adipose tissue, bone marrow
cavity). Their functions vary from energy storage (white/beige adipocytes) to thermogenesis
regulation (brown/beige adipocytes), from milk production (pink adipocytes) to osteo-adipogenesis

regulation (yellow adipocytes).

White adipose tissue (WAT) is the most abundant adipose tissue, accounting for 10% of
the total body weight. It is located subcutaneously in thighs, pubic regions and abdomen, as
well as viscerally, thereby surrounding internal organs (e.g. liver, intestines) 71, WAT major
role is to store TAGs and to release FFAs (and glycerol) for adenosine triphosphate (ATP)
synthesis, thereby maintaining the energy homeostasis. White adipocytes originate from
mesodermal myogenic factor 5 (Myf5)-negative MSCs ’?; WAT adipocytes present with a
spheric shape and contain a single large lipid droplet that force the other cellular organelles
(mitochondria and nucleus) to be packed on the side. They are between 25 and 200 um in
size, reflecting the fact that these cells can expand in response to metabolic stimuliand energy
demand. The physiological expansion of WAT depends on the increase of adipocyte size
(hypertrophy) and/or number (hyperplasia or adipogenesis) 67 % 71, Reduced WAT plasticity
has often been pointed at as a crucial determinant of metabolic dysregulations. Indeed,
according to Arner and colleagues’ work, hypertrophy of WAT was linked to insulin resistance
and high levels of circulating insulin, whilst an increased number of small adipocytes
(hyperplasia) resulted in better glycaemic profiles 73. Dysfunctional WAT can also be observed
in obese subjects, in which adipose tissue does not expand sufficiently to store the caloric

excess. This condition leads to ectopic fat deposition (i.e. deposition of TAGs in non-adipose
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tissue cells) and the consequent “lipotoxicity”, which in turn causes insulin resistance and
increases the risk of T2D 7* 7>, This state is sometimes referred to as the “lipid overflow

” 76 and the extreme exemplar state in this respect are the lipodystrophies, where

hypothesis
there is a partial or complete absence of subcutaneous WAT leading to severe metabolic

dysregulation and profound insulin resistance 77 78,

Brown adipose tissue (BAT) is mostly present in fetal and infant life and differs from WAT
for location, precursor cells, and function. It is found in scapular and subscapular areas, as
well as in neck, peri-renal, and para-aortic locations 7!. BAT adipocytes derive from
mesodermal Myf5-positive MSCs; it was recently demonstrated that Myf5-positive MSCs can
terminally differentiate into either brown adipocytes or myocytes, according to the specific
gene expression 72. Brown adipocytes play a pivotal role in a process known as nonshivering
thermogenesis: they metabolise TAGs to generate and dissipate heat. Brown adipocytes
contain numerous small lipid droplets and abundant mitochondria, which contribute to the
brownish colour 7 7°, BAT adipocytes express the uncoupling protein 1 (Ucp1), a key regulator
of thermogenesis localised in the mitochondrial inner membrane. Ucpl is a proton
transporter that increases the protonic conductance of the inner membrane. Upon fatty acid
B-oxidation, heat will be produced at the expenses of ATP via mitochondrial respiration % &,
Moreover, BAT and the related energy expenditure activity seem to exert a protective role

against body weight gain 7.

Beige adipose tissue (BgAT) and pink adipose tissue (PAT) have been recently described.
BgAT exhibits characteristics of both WAT and BAT and develops within subcutaneous WAT,
differentiating from preadipocytes or transdifferentiating from WAT adipocytes 2. BgAT
adipocytes are characterised by numerous and small lipid droplets and many mitochondria,
therefore being able to store energy and generate heat. The WAT “beiging” phenomenon can
be triggered by various processes, including diet and exercise, suggesting that BgAT
adipocytes may protect against metabolic dysfunction through energy expenditure %> 81, On
the other hand, PAT has been first identified as part of the subcutaneous WAT of female mice
at the end of pregnancy and during lactation. These types of fat cells originate from WAT and
display a epithelial-like morphology; in fact, as epithelial cells, they contain various organelles
(i.e. mitochondria, peroxisomes, Golgi, and rough endoplasmic reticulum) in addition to lipid

droplets and milk-secreting alveoli %,
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Another type of adipose tissue located in the bone marrow, known as yellow or bone
marrow adipose tissue (BMAT), was described as involved in the regulation of bone
metabolism and haematopoiesis 8. BMAT is situated in the ribs, sternum, vertebrae and
medullary cavity of long bones (i.e. tibia, femur, and humerus) and it represents more than
10% of the total fat mass in the adult body 8% . At birth, bone marrow is mainly composed
of hematopoietic red blood cells, for this reason called red marrow. During childhood, red
marrow is gradually replaced by fat tissue, known as yellow marrow. The BMAT present in
these two compartments is histologically different; the one that develops first within the
yellow marrow is the constitutive BMAT (cBMAT). On the other hand, the regulated BMAT
(rBMAT) arises later in the red marrow 2" 8. BMAT accumulates centripetally in bones in a
time-dependent manner: it replaces most red bone marrow from the age of 25 onwards &°.
Adipocytes are densely packed in ¢cBMAT, accounting for around 90% of the marrow
compartment, whilst they are less present in red marrow, where bone remodelling and
haematopoiesis is active. While WAT and BAT originate from Myf5-negative/-positive MSCs,
it seems that BMAT does not share the same precursor instead differentiating from bone
marrow MSCs, even though they have broadly similar gene expression and protein secretion
patterns 8. BMAT displays different and peculiar characteristics if compared with the other
types of adipose tissue. Developing within the bone marrow, BMAT impinges on
hematopoietic stem cells (HSCs) differentiation into myeloid and lymphoid lineages; although
several studies showed that yellow adipocytes impact negatively on haematopoiesis, others
highlighted the essential role of BMAT in maintaining haematopoietic homeostasis 3.
Moreover, BMAT contributes to bone homeostasis and energy metabolism by secreting
adipokines, which influences MSCs commitment towards osteoblasts/adipocytes and control

the activation of osteoblasts and osteoclasts 84 87: 88,

As such, adipose tissue is one of the most dynamic and complex endocrine organs, as well
as a source of heterogeneous populations of cells. Through its extraordinary plasticity,
adipose tissue regulates many biological processes including, inter alia, food intake, energy
homeostasis, and body temperature #. Understanding how adipose tissue adaptability
changes may help yielding new insights into the onset and the development of metabolic

diseases.
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1.2.1.1 Adipose tissue as an endocrine organ

Adipose tissue is considered an endocrine organ upon its capacity to secrete active
polypeptides, generally known as adipokines. Adipokines regulate several biological
functions, e.g. body weight, appetite, glucose and insulin levels, inflammation, and are
released by WAT, BAT, and BMAT adipocytes and preadipocytes. To a lesser extent,
adipokines can be released by other types of cells, such as osteoblasts, chondrocytes, and
inflammatory cells °°. Among others, adiponectin and leptin represent the most abundant and

best described adipokines 2.

Adiponectin is involved in insulin-sensitivity regulation and has anti-inflammatory
properties. Serum levels of adiponectin are used as biomarkers for insulin resistance and
cardiovascular diseases, being low in obesity and other metabolic states °2. Circulating
adiponectin targets several tissues, regulating insulin sensitivity and energy metabolism by
binding to its receptors adiponectin receptor 1 and 2. The main target tissue of adiponectin
is the liver, where it activates AMP-activated protein kinase (AMPK) and suppresses
gluconeogenesis, thereby increasing the uptake and storage of glucose . Besides endocrine
functions, adiponectin showed to have autocrine and paracrine activities by enhancing the
physiological expansion of adipose tissue °*. Adiponectin overexpression in preadipocytes, for
example, enhanced lipid storage and increased adipogenesis . Although it is mainly
produced by BMAT adipocytes, its effect on bone metabolism is widely debated: if some
studies correlate low serum levels of adiponectin with high BMD, others do not link these
parameters together #. However, it is known that adiponectin inhibits osteoblasts
proliferation and leads to their apoptosis by activating the phosphoinositide 3-kinase (PI13K)-
Forkhead Box 01 (FoxO1)-dependent pathway, but also increases bone mass by inhibiting
bone resorption due to suppression of the sympathetic nervous system via FoxO1 3 &,
Paradoxically, although serum levels of adiponectin decrease with obesity and other
metabolic conditions, in vitro studies often refer to adiponectin gene (Adipoq) expression as
a marker of adipogenesis. Indeed, preadipocytes differentiation was associated with an

increased Adipog mRNA expression in Kérner and colleagues’ work .

Leptin is responsible for the satiety sense in the brain and for storing energy in peripheral

tissues through leptin receptor binding; WAT and BMAT of both mice and humans secrete
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this adipokine #. Circulating levels of leptin are proportionate to the adipose tissue size,
thereby reflecting the availability of energy storage. Fasting and weight loss are both
associated with low levels of leptin, whilst increased levels correlate with satiety, obesity and
diabetes °7. Moreover, leptin and insulin levels seem to be closely connected, although
contradictory studies have been published so far. Insulin infusions showed to maintain or
increase plasma leptin concentrations °%, whereas experimental mice displayed increased
expression of leptin mRNA after a single insulin injection °°. On the other hand, leptin
suppressed insulin-mediated glucose uptake in rat adipocytes and inhibited insulin gene
expression and secretion of both human pancreatic islets and immortalised pancreatic B-cells
100102 1 yitro, leptin inhibited adipogenesis and promote osteogenesis of human MSCs,
which highly express the leptin receptor (LEPR) 3> 8. Thomas et al. demonstrated that leptin
treatment enhanced osteoblastic differentiation of human MSCs-like cells %3, In contrast,
leptin treatment promoted adipogenesis of LEPR-expressing preadipocytes, whilst studies by
Korner et al. showed that leptin gene expression increased during preadipocytes

differentiation in vitro °°.

To sum up, adipose tissue can no longer be considered as an inert tissue with the sole
purpose of storing energy in form of TAGs. Indeed, as an endocrine organ and via adipokine
secretion, it contributes to maintain other organ functions and metabolic homeostasis by

regulating appetite, as well as glucose, insulin, and lipid metabolism 194,
1.2.2 Regulation of adipocyte differentiation

Adipogenesis is the process by which MSCs commit to preadipocytes before differentiating
into mature adipocytes and requires the activation of a plethora of signalling pathways,
transcriptional factors and genes 1%, The expression of the master transcription factors PPARy
and CCAAT-enhancer-binding proteins (CEBPs) is crucial for adipogenic differentiation,
adipose tissue remodelling, lipid storage regulation, and energy homeostasis 9. In addition,
PPARYy expression promotes adipokine (i.e. adiponectin and leptin) secretion, which play a key
role in regulating insulin sensitivity, inflammatory signalling, cell proliferation, and

adipogenesis 3.

Adipogenesis is fundamental for adipose tissue development and energy homeostasis.

Transcriptional regulation of adipocytes has been well investigated and the master regulators
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of adipogenesis have been identified . PPARy is the most studied member of the nuclear
receptor superfamily and it is found highly expressed in adipose tissue, liver, colon, and
different epithelial cell types. In order to be transcriptionally active, PPARy heterodimerises
with a nuclear hormone receptor (retinoid X receptor — RXR) before binding to the DNA 106,
PPARy expression is required in the early phases of MSCs adipogenesis 1%7. Its overexpression
in fibroblasts was sufficient to induce adipogenic differentiation, whilst its deficiency impaired
adipogenesis in vivo, resulting in lipodystrophy 19 199 PPARy expression was also observed in
fully differentiated adipocytes; in fact, PPARy ablation downregulated the lipid metabolism
gene expression and decreased the size and lipid content of mature 3T3-L1 adipocytes 1°,
Similarly, PPARy deletion caused death of mature white and brown adipocytes in murine

models 111,

PPARy regulates adipogenesis together with members of CCAAT-enhancer-binding protein
(CEBP) family. During early stages of adipogenesis, CEBP beta (CEBPf3) and CEBP delta (CEBPJ)
activate the transcription of CEBP alpha (CEBPa) and PPARY, regulating cell differentiation.
WAT loss and defective BAT development were observed in vivo as a consequence of CEBPa
deficiency, thus suggesting that CEBPa. expression is crucial for adipogenesis *3. In line with
this, CEBPa. proved to be important for the differentiation and the maturation of white
adipocytes in vivo and ex-vivo 112, PPARy and CEBPa induce the expression of each other to
activate the transcription of adipocytic target genes. Madsen et al. demonstrated the
existence of a PPARy-CEBPa crosstalk at the chromatin level. These two factors indeed
facilitate each other’s binding to thousands of genomic binding sites, subsequently recruiting

transcriptional co-activators and increasing the transcription rate of adipogenic genes 12,

The activation of several adipogenic signalling pathway often culminates with the
transcription of PPARy and CEBPa 3. Among them, the activation of IGF-1 signalling pathway
showed to induce preadipocyte differentiation in vitro. Preadipocytes express IGF-1
receptors, which bind both IGF-1 and insulin; the presence of IGF-1 or insulin is in fact
necessary for adipogenic differentiation in vitro '3 114, A double deletion of IGF-1 and insulin
led to a decrease in mice WAT and BAT, thus suggesting that the suppression of IGF-1

signalling has a severe impact on WAT adipogenesis and BAT-related thermogenesis 11°.
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The peptide hormone insulin is released by pancreatic 3-cells in response to blood glucose
level increase. Insulin stimulates the glucose uptake by insulin responsive cells, such as
mature adipocytes, by inducing the translocation of glucose transporter 4 to the plasma
membrane, energy storage through lipid biogenesis (lipogenesis), and diminishing lipolysis 116
17 Upon feeding, these mechanisms exert a protective role for the organism; indeed,
excessive glucose levels and FFAs release would be toxic and potential trigger factors for the
onset of metabolic disorders %6, In preadipocytes, once insulin binds to its receptor (insulin
receptor), the insulin receptor substrate (IRS) and Src homology and collagen protein (SHC)
are phosphorylated, triggering a phosphorylation cascade that activates PI3K/protein kinase
B (PKB or AKT) and rat sarcoma virus (RAS)/mitogen-activated protein kinase (MAPK)
signalling pathways, respectively, which independently induce PPARy and CEBPa expression.
Downstream molecules of PI3K include AKT, mammalian target of rapamycin (mTOR), p70
ribosomal S6 kinase (P70S6K), FoxO1, whilst RAS, rapidly accelerated fibrosarcoma (RAF),
MAPK kinase (MEK), extracellular signal-regulated kinase (ERK)1/2 represent the main
effectors of RAS/MAPK signalling (Figure 1.6) 17119, Activation of these signalling pathways
culminates with the differentiation of preadipocytes. For this reason, insulin is a key element
of the adipogenic cocktail, used to stimulate adipogenesis of precursor cells in vitro 3. Due
to its role in lipid and glucose homeostasis, abnormal PI3K-AKT pathway can lead to
components of the metabolic syndromes. For example, PI3K/AKT inhibitors, clinically used as

anticancer drugs, showed to induce hyperglycaemia and insulin resistance 1%,
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Figure 1.6 PI3K-AKT and RAS/MAPK signalling pathways induce PPARYy/CEBPa expression. Insulin
binds to its tyrosine kinase receptor (IR) activating PI3K-AKT (via IRS phosphorylation) and RAS/MAPK
signalling pathways (via SHC phosphorylation). Both pathways activation culminates with the
expression of PPARy and CEBPa, which in turn stimulates the expression of adipogenic genes.
Abbreviations:  phosphatidylinositol  4,5-bisphosphate  (PIP2), Phosphatidylinositol (3,4,5)-

trisphosphate (PIP3), eukaryotic translation initiation factor 4E (elF4E)-binding protein 1 (4E-BP1).

Glucocorticoids (GCs), a class of steroid hormones, regulate transcription factors
expression. Dexamethasone (Dex), a synthetic glucocorticoid, is a potent inducer of
adipogenesis in vitro, and hence is included in most adipogenic media. Human preadipocytes
express GC receptors and the GC binding promotes PPARy and CEBPo. expression during
adipogenesis '3, Moreover, preadipocyte factor 1 (Pref-1) expression is attenuated by Dex
treatment, indicating a possible mechanism through which GCs induce preadipocyte
differentiation. Indeed, Pref-1 is highly express by preadipocytes, and its downregulation is

necessary for the terminal differentiation into adipocytes 2.
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Overall, as will be discussed in the next sections, a certain number of signalling pathways
regulate adipogenesis on a non-exclusive basis. As common precursors of adipocytes and
osteoblasts, MSCs are highly regulated for their differentiation; their lineage commitment is
indeed balanced and orchestrated by diverse pathways and related factors ?2. Nonetheless,
the expression of PPARy and CEBPs is necessary for the transcription of adipogenic genes,
determining the commitment of MSCs towards preadipocytes and the final differentiation

into mature adipocytes 113,

1.3 Mesenchymal stromal cells as common precursors of osteoblasts and adipocytes

Mammalian adult tissues with regenerative capacity host tissue-specific stem cells that self-
renew, proliferate, and differentiate into mature cells, thus reconstituting the damaged
tissue. Bone, for example, has a remarkable capacity to self-repair after injury 23. The
presence of non-haematopoietic stromal cells within bone marrow was first suggested more
than 130 years ago by Cohneim, a German pathologist who proposed the bone marrow as a
source of fibroblast-like cells with wound healing properties 2. The presence of fibroblast-
like cells in the rodent bone marrow was demonstrated by Friedenstein and colleagues in
1976. These cells displayed clonogenic potential in vitro and self-renewal ability in vivo 123,
Over the years, many researchers confirmed these findings and suggested that these cells
also exist in the human bone marrow, from which they can be isolated, cultivated, and
differentiated in vitro. In 1991, Caplan named them “mesenchymal stem cells”, although their
nomenclature has been widely debated. Due to the heterogeneity and stromal origin of these

cells, the definition “mesenchymal stromal cells” is considered more appropriate 12> 126,

“Mesenchymal stromal cells”, or “MSCs”, is therefore the nomenclature used in this thesis.

MSCs can thus be defined as adult stromal cells with differentiation and self-regenerative
capacity %7, In 2006, the International Society for Cellular Therapy provided three minimal
criteria for their definition: (1) they must adhere to plastic supports, (2) express specific
surface antigens (i.e. CD73, CD90, CD105) and lack the expression of others (e.g. CD34, CD45,
HLA class II), (3) they must differentiate into osteoblasts, adipocytes, chondrocytes under
specific conditions in vitro 1?8, Although MSCs are commonly known to differentiate into
osteoblasts, adipocytes, and chondrocytes, several studies pointed at their role in neural,

wound, heart, liver, kidney regeneration, and wound repair. Hence, MSCs primary
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characteristics (differentiation multipotency, immunomodulatory effect, growth factors

production) make them the optimal candidates for regenerative medicine use 1%°.
1.3.1 Origin and lineage differentiation of MSCs

Adult MSCs are mainly found in the perivascular “niche”, a microenvironment with tissue-
specific functions and locations. Within the niche, the extracellular matrix (ECM), offers
support to other cells (e.g. immune cells), soluble factors, neural inputs, blood vessels and
adhesion molecules (e.g. integrin) 127130131 The niches are important in maintaining MSCs
homeostasis and proliferation activity; niche-MSCs display a typical asymmetric structure:
after cell division, one daughter cell remains anchored to the niche whilst the others leave it

to proliferate and differentiate into mature cells 1?7,

MSCs were initially isolated from the bone marrow, but other sources have been identified
as promising for cell harvesting. Indeed, adult tissues such as adipose tissue, tendons,
peripheral blood, and foetal tissues such as umbilical cord blood and Wharton’s jelly can be
processed in order to isolate MSCs '?’. Bone marrow MSCs (BMSCs) reside in the marrow
endosteal surface and can be considered as multipotent non-hematopoietic cells able to
differentiate into diverse connective tissue cell types. They account for 0.001-0.1% of bone
marrow nucleated cells 22, Due to the fact that BMSCs are collected via bone marrow
aspiration, an invasive procedure, other sources of MSCs have been identified to harvest a
high concentration of these cells 127132, Adipose-derived MSCs (AdMSCs) are an alternative
to BMSCs because adipose tissue is abundant and easy to collect. Although these two
populations of cells share similar properties, they are not identical, displaying a diverse
phenotype ?’. Indeed, AdMSCs exhibit a lower osteogenic differentiation ability compared to
BIMSCs 36, Interestingly, low levels of circulating MSCs have been also discovered in peripheral
blood, even though an efficient technique to separate these cells from the whole blood does
not yet exist 27, Circulating MSCs migrate to the injury sites, thereby increasing MSC number

under pathological conditions, and share most of the characteristics of MSCs aforementioned

133

Throughout the years, BMSCs have been widely characterised, although what will be
discussed broadly applies to MSCs from other sources despite any morphology or molecular

differences. BMSCs commitment is a complex process strictly regulated by different factors
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(e.g. hormones, cytokines, transcription factors) that can be produced locally and/or released
from peripheral tissues such as WAT/BAT, skeletal muscle, liver or central nervous system
(Figure 1.7) 3. Key transcription factors in the commitment of BMSCs to the adipocyte lineage
are PPARy and CEBP family members. Recently, inhibitors of Wnt signalling (Sclerostin, sFRP1,
DKK-1/2) have been identified as adipogenic factors by blocking a pathway that otherwise
stimulates osteoblastogenesis; all these molecules positively regulate BMSCs commitment
towards adipocytes at the expense of osteoblasts, and thus increase adiposity within the bone
marrow 3°. On the other hand, delta-like 1/preadipocyte factor 1 (Dlk1/Pref-1) negatively
regulates BMSCs differentiation in general, suggesting a role in maintaining these cells in their
undifferentiated state. Moreover, IGF-1, the most represented growth factor in the bone
matrix, is involved in maintaining bone homeostasis and thus plays an important role in
osteoblast differentiation. Regarding BMSCs differentiation towards osteoblasts, TGFf
superfamily members, such as TGFp itself or BMPs, are involved in MSC self-regeneration and
commitment. Furthermore, RUNX2 and Osterix are well known as osteoblast-specific

transcription factors 3°.
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Figure 1.7 BMSCs commitment and differentiation into adipocytes and osteoblasts. Bone marrow
consists of a heterogeneous cell population, with BMSCs representing a 0.001-0.1% of the total cells.
BMSCs mainly differentiate into adipocytes and osteoblasts by a process regulated via a plethora of

transcription factors and secreted molecules.
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To sum up, the molecular mechanisms behind MSCs differentiation are intricate. In the
next section, the osteo-adipogenesis balance necessary to maintain bone and fat homeostasis

and to prevent bone loss-associated pathologies will be discussed.
1.3.2 Regulation of MSCs differentiation into osteoblasts and adipocytes

MSCs differentiation process can be considered as a two-step process, in which the
commitment of MSCs to progenitor cells is followed by their complete maturation. During the
past decade, it became more evident that MSCs osteogenesis and adipogenesis influence
each other as competing events. Some signalling pathways, already mentioned in this work,
proved to have a dual role in regulating both osteo- and adipogenesis of MSCs (Figure 1.8)
122 BMPs, for example, exert a role in osteogenesis and adipogenesis depending on the family
member considered. High doses of BMP-2 pushed MSCs-like cells (i.e. CH310T1/2) to
differentiate into osteoblasts, whilst low doses promoted their adipogenic differentiation 34,
By binding to their receptor (BMPR), BMPs can either activate canonical Smad-dependent
pathway (BMP/Smad signalling) or non-canonical Smad-independent pathway (p38/MAPK
signalling). BMP/Smad signalling, as aforementioned, induces RUNX2 expression, while

p38/MAPK signalling activates PPARY, stimulating adipogenic differentiation of MSCs 122,
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Figure 1.8 Osteo-adipogenic differentiation of MSCs and related signalling pathways. MSCs
differentiation fate towards osteoblasts (Ob) and adipocytes (Ad) is critically regulated by several
signalling pathways and related factors. In particular, the activation of BMP, Wnt, Notch, and
Hedgehog pathways proved to determine MSCs fate by regulating the expression of pivotal

transcription factors (RUNX2 and Osterix for osteogenesis, PPARy and CEBPs for adipogenesis).

The activation of Wnt canonical signalling pathway stimulates MSCs osteogenesis whilst
inhibiting adipogenic differentiation. Wnt10b overexpression increased bone mass by
stimulating osteogenesis in vivo 13>, whereas Wnt3a treatment both inhibited and stimulated
MSCs osteogenic differentiation in vitro 3¢ 137, Ross and colleagues showed that Wnt
signalling inhibited the expression of PPARy and CEBPa. during preadipocyte adipogenesis 1%,
It seems that Axin2 directly inhibits CEBP[3 expression, therefore blocking PPARy and CEBPa

transcriptional activity. Consistently, the disruption of Wnt pathway leads to CEBPf3 activation

139
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Notch signalling pathway regulates several biological processes, such as cell proliferation,
differentiation, and cell death %%, Notch ligands and notch receptors are single
transmembrane proteins associated with adipogenesis; in particular, studies carried out on
preadipocytes revealed that Notch signalling both inhibits and stimulates adipogenic
differentiation 122141, Hes-1 (i.e. Notch target gene) overexpression in preadipocytes inhibited
the expression of both CEBPa and PPARY, indicating that the activation of Notch signalling
impinges on adipogenic differentiation #2. Similarly, Song et al. showed that the inhibition of
this pathway promoted MSCs differentiation towards adipocytes by activating PI3K/AKT
signalling *3. Notch activation also inhibited osteogenic differentiation by suppressing Wnt
signalling. On the other hand, the crosstalk between Notch and BMP2 signalling promoted
MSCs-like cells osteogenic differentiation, thereby confirming that Notch pathway plays a role

in both MSCs adipogenesis and osteogenesis 144,

Hedgehog (Hh) signalling pathway has often been associated with MSCs differentiation.
Secreted Hh fragments regulate cell activity by binding to two transmembrane proteins,
Patched (Ptc) and Smoothened (Smo). Hh ligands bind to Ptc releasing Smo, which activates
Cubitus Interuptus transcription factor, known as Gli. Subsequently, Hh target genes are
expressed 1%°. Hh signalling resulted downregulated during MSCs adipogenic differentiation
because of Gli reduced expression. In line with this, Fontaine and colleagues demonstrated
that Hh pathway activation negatively affected preadipocytes and MSCs-like cells adipogenic
differentiation, as supported by PPARy and CEBPa downregulation and diminished lipid
accumulation 2% 146 Conversely, Hh signalling promoted MSCs osteogenesis by activating

BMP/Smad signalling 4.

Overall, MSCs differentiation to osteoblasts and adipocytes is a finely regulated process.
Beside the signalling pathways, MSCs osteo-adipogenic balance can be affected by several
biological and biochemical processes. During aging, for example, the reduced osteogenic
ability of MSCs increases bone marrow adiposity. Moreover, aged cells display increased
levels of reactive oxygen species (ROS) and oxidative stress, which contribute to age-related
bone loss and stimulate the adipogenic differentiation via PPARy expression 122, MSCs osteo-
adipogenesis is also regulated by mitochondrial function and energy metabolism, as will be

expanded upon below.
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1.3.3 Metabolic requirements of differentiating MSCs

Cell survival, proliferation, and differentiation are energy-dependent processes, thus
requiring the oxidation of macromolecules to obtain adequate adenosine triphosphate (ATP)
supply. Glycolysis, tricarboxylic acid (TCA) or Krebs cycle, and oxidative phosphorylation
(OXPHOS) represent the biochemical pathways that orchestrate cellular metabolism (Figure
1.9) 148, Different substrates can be used to produce energy in form of ATP; however, the
amount of ATP molecules produced varies upon the pathway activated %, Glucose
degradation, for example, produces two molecules of ATP and pyruvate per molecule of
glucose, which is later converted into lactate in the cytosol (anaerobic glycolysis). Pyruvate
can also enter the mitochondrial TCA cycle after being decarboxylated to acetyl coenzyme A
(CoA); TCA cycle generates 2 molecules of ATP per molecule of pyruvate and provides NADH
and FADHj; to the electron transport chain for OXPHOS, which finally produces 34 molecules
of ATP per molecule of pyruvate (aerobic glycolysis) 14810, Beside glucose, Acetyl-CoA can be

generated from lipids via B-oxidation and amino acid catabolism 49,

Glucose TAGs Aa
2x @ 4/ Glycolysis Lipolysis Aa catabolism
Pyruvate FFAs Pyruvate
I//I B- o><|dat|on
Lactate
Acetyl - CoA
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Figure 1.9 Glycolysis, TCA cycle, and OXPHOS. Diverse substrates (i.e. glucose, TAGs, amino acids —

Aa) can be degraded to generate Pyruvate and Acetyl-CoA, which enters the mitochondrial TCA cycle
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to provide NADH and FADH; to the ETC for OXPHOS. Via anaerobic glycolysis, pyruvate, lactate, and 2
molecules of ATP are generated; on the other hand, OXPHOS produces 34 molecules of ATP. While
pyruvate is released in the cytosol upon glycolysis and Aa catabolism, TAGs degradation releases FFAs

that need to be oxidised via B-oxidation to generate Acetyl-CoA.

It recently emerged that mitochondrial function and energy metabolism regulate MSCs
self-renewal, osteo-adipogenic differentiation, as well as apoptosis and immunomodulatory
properties 1. Uncommitted MSCs mainly rely on anaerobic glycolysis for ATP generation,
which proved sufficient for their “stemness” maintenance °2. On the other hand,
differentiating progenitor cells are characterised by mitochondrial biogenesis, accompanied
by reduced glycolysis and increased OXPHOS. The number of mitochondria and the expression
of mitochondrial proteins increase to meet the high energy demand of differentiating cells
153, 154 As aforementioned, OXPHOS-related ATP production is much higher than the
anaerobic glycolysis counterpart. Regarding the differentiated cells, BMAT adipocytes and
osteogenic cells showed to have different metabolic needs; whilst osteogenic cells use
glucose metabolism for energy production, BMAT adipocytes mostly rely on fatty acid
metabolism. Adipocytes depend on lipolysis to generate FFAs, which undergo B-oxidation
before entering the TCA cycle and producing ATP via OXPHOS (Figure 1.9). Although FFAs
represent a source of energy, excessive levels exert detrimental effects on osteoblast

functions and lifespan >°.

Be that as it may, MSCs lineage-differentiation demonstrated to depend on specific
metabolic programming. Tencerova and colleagues used murine BMSCs to determine the
metabolic profile and the molecular mechanisms underlying their osteo-adipogenic
differentiation *°°. In line with previous studies 7 8, adipogenic BMSCs mainly relied on
OXPHOS for energy production, whereas osteogenic progenitors employed OXPHOS to a
lesser extent, preferring glycolysis to generate ATP (Figure 1.10). In addition, adipogenic
BMSCs displayed an increased expression of insulin signalling genes, as well as lipid
metabolism genes (fat specific protein 27 — Fsp27, hormone sensitive lipase — HSL), glucose
transporter 4 (Glut4) gene, and bioenergetic genes (uncoupling proteins — Ucp, peroxisome
proliferator-activated receptor alpha - PPARa) if compared with the osteogenic BMSCs %8, It
is hypothesised that the higher glycolytic profile of osteogenic BMSCs reflects the needs of

these cells to rapidly regenerate bone after fractures or bone remodelling. In fact, anaerobic
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glycolysis is a rapid source of energy 1°® 1>°, On the other hand, BMSCs respond to adipogenic
stimuli by increasing mitochondria number and oxygen consumption rate, suggesting that this
lineage differentiation requires high levels of energy to proceed ¢°. Moreover, mitochondria
are the main source of ROS, production of which proved essential for adipogenic
commitment, influencing adipogenic genes expression and suppressing osteogenic pathways

activation 160,
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-
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Figure 1.10 Metabolic shift through MSCs differentiation. MSCs differentiation is orchestrated by
metabolic changes. During osteogenesis, MSCs rely on glycolysis for energy production, shifting to
OXPHOS at the end of the osteogenic differentiation. By contrast, MSCs adipogenesis mostly relies on

OXPHQS, thus requiring higher levels of energy to occur.

Conditions such as hypoxia and iron deficiency impact on the metabolic state of
differentiating MSCs. Hypoxia is an important characteristic of MSCs niche, where MSCs are
maintained in the undifferentiated state, with self-renew capacity and multipotency
preserved. In these conditions, MSCs mitochondrial activity is reduced, which is why
uncommitted MSCs mostly rely on anaerobic glycolysis. However, under hypoxia and
differentiating stimuli, MSCs are more prone to become osteoblasts then adipocytes, as
confirmed by increased expression of Alpl, OCN, Collal and reduced expression of PPARy 162,
Similarly, iron deficiency induced by desferrioxamine (DFO), a hypoxia-mimetic reagent,

impinged on the mitochondrial oxygen consumption of MSCs, forcing them to employ
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glycolysis for ATP generation when iron levels are reduced 2, Accordingly, MSCs-like cellular
differentiation towards osteoblasts increased, supporting the general idea of osteoblasts-
dependency on glycolysis 163, In contrast, adipogenic differentiation of preadipocytes was

suppressed by DFO treatment 164,

1.4 Scavenger receptor class A member 5 (Scara5) as a multifaceted biomolecule

Throughout the years, a plethora of factors involved in the commitment of MSCs has been
identified. Scavenger receptor class A, member 5 (Scara5 or SR-A5) emerged as a novel and
potential mediator of adipocyte commitment 16>, As its name suggests, it belongs to the
scavenger receptor (SR) family of pattern recognition receptors, known as mediators of the
innate immune response via recognition of pathogen-associated molecular patterns (PAMPs).
In addition, SRs detect and internalise modified lipoproteins, such as acetylated and oxidised
low-density lipoproteins (LDL) 6, Scara5 was identified as ferritin receptor, being able to
internalise both H- and L-ferritin 7. It is therefore conceivable that it plays a role in iron
homeostasis. A search on Pubmed.ncbi.nlm.nih.gov made on 18™ August 2023 generated a
list of 104 papers, half of which correlate Scara5 with cancer. Several types of cancer have
been associated with Scara5 downregulation (e.g. colorectal cancer, oral squamous cell
carcinoma, breast cancer — BrCa), thus suggesting that its overexpression was sufficient to
suppress cancer cell proliferation, migration, invasion %8170 Hence, among the other

members of its family, Scara5 is a multifaceted receptor with various roles.
1.4.1 Scavenger receptor class A members

Due to their structural differences and diverse specificity in ligand-binding, SRs have been
divided into 11 classes (A-L) *’1. The class A includes Scara5 and another 4 members, all type
Il trimeric glycoproteins with intracellular N-terminal and extracellular C-terminal domains:
macrophage scavenger receptor 1 (MSR1 or SR-A1), macrophage receptor with collagenous
domain (MARCO or SR-A6), scavenger receptor class A member 3 (Scara3 or SR-A3) and
scavenger receptor class A member 4 (Scara4 or SR-A4) 16171 (Figure 1.11). Proteins with a
scavenger receptor cysteine rich (SRCR) domain were found involved in pathogen recognition,
as well as endocytosis and immune response, although its role in class A SRs is not fully

understood. The cellular expression of class A SRs differs among members: MSR1 and MARCO
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are mainly expressed on macrophages whilst Scara3, Scara4, and Scara5 on the membrane of
epithelial cells of different organs (e.g. testis, trachea, lung, bladder, small intestine) 165 172,
MSR1 and MARCO are found expressed on human and murine immune cells (i.e. monocytes,
macrophages, mast cells, dendritic cells), exerting a role in binding to surface molecules of
Gram-positive and Gram-negative bacteria (e.g. lipopolysaccharide, lipoteichoic acid) "% 173,
Coherently, MSR1- and MARCO-deficient mice present with low levels of circulating
antibodies against bacterial polysaccharides 174, Scara3 exerts a protective role from ROS
being expressed in response to oxidative stress, whilst Scara4 and Scara5 bind to bacteria in

vitro 166,
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Figure 1.11 Scavenger receptor class A members. SR class A members mainly differ for their C-
terminal domain; MSR1, MARCO and Scara5 share a highly conserved terminal SRCR domain, while
Scara3 and Scara4 possess a collagenous domain and a C-type lectin domain, respectively. MARCO is

the only member that presents a long extracellular collagenous domain.
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Different roles have been attributed to Scara5 so far. As with the other proteins of class A
SRs, Scara5 has been found to bind to Gram-positive and Gram-negative bacteria in vitro, even
though this capacity has not been demonstrated in vivo 72. Scara5 recognises polyanionic
motifs in general, and it was thought to be unable to bind and internalise modified LDL as the
other members of SRs class A 2. However, Cheng and colleagues recently discovered that
MSR1, MARCO, and Scara5 can recognise acetylated and oxidised LDL via their SRCR domain
in a calcium-dependent manner >, Some members of SRs family are therefore considered
potential proatherogenic molecules, promoting cellular cholesterol accumulation and the
development of atherosclerotic lesions 176, However, there are not studies that prove a direct
impact of SRs on atherogenesis in vivo. Scara5 has been found abundantly expressed by
epithelial cells and fibroblasts of diverse organs, but not by macrophages 7% 177, 178,
Nonetheless, Scara5 emerged as a singular member of SRs class A because of its roles as

ferritin receptor, cancer suppressor gene, and as a novel adipogenic marker.
1.4.2 Scara5 in human diseases: GWAS catalog

Genome wide association studies (GWAS) aim to screen the entire genome of large numbers
of individuals in order to associate human genomic variants (e.g. single nucleotide
polymorphisms — SNPs, copy number variants, sequence variations) to specific traits and
diseases 72, GWAS results have been incorporated in the NHGRI-EBI GWAS catalog, which
presents genetic variants that exhibit statistically significant associations with the trait/s of

interest.

According to GWAS catalog, Scara5 variants have been associated with 29 different traits,
20 of each have been linked to various blood protein measurements (Table 1.1). Notably, 10
of the Scara5 variants have been reportedly associated with changes of protein measurement
(i.e. Tenascin and Chymotrypsin-like elastase family member 1), and a further 12 variants with
blood-clotting protein measurement (i.e. factor VIIl and von Willebrand factor — vWF). Scara5
variants have also been associated with non-disease traits, such as body height. To date, there
have been no studies investigating the nature and impact of these variants on biological
aspects. In 2019, Swystun and colleagues confirmed that Scara5 is an endocytic receptor for
vWEF, although they concluded that it might only have a modest effect on VWF clearance in

humans 177,
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Table 1.1 Scara5 variants and associated traits in the GWAS catalog
Variant and risk Risk allel
ariant andris P-value sk aliele Trait(s) Study accession Location Author
allele frequency
! Alzheimer disease,
rs17481534-?  4x10° / e GCST90132260  8:27885545 180
polygenic risk score
Behavioural
rs200343341-?  8x107  0.9698 disinhibition GCST007623  8:27933329 18
measurement
(s2727013-A  3xiot0 06698437 Blood protein GCSTO06585  8:27930467 182
5 measurement
(s2727013-A  2x103 06698437 Blood protein GCSTO06585  8:27930467 182
5 measurement
rs2727013-A  1xaote 06698437 Blood protein GCSTO06585  8:27930467 182
5 measurement
rs2727013-A  1xio6 06698437 Blood protein GCSTO06585  8:27930467 182
5 measurement
(s2727013-A  1x10t7 06698437 Blood protein GCSTO06585  8:27930467 182
5 measurement
r$2727013-A  7x10s 06698437 Blood protein GCSTO06585  8:27930467 182
5 measurement
rs2727013-A  1xi02 06698437 Blood protein GCSTO06585  8:27930467 182
5 measurement
Bl i
rs2685422-A  3x10%7  0.3205 ood protein GCST90086257  8:27947867 183
measurement
rs17058204-A  8x102L  0.09477 Blood protein GCST90088611  8:27909549 183
measurement
rs2685417-C  4x10%2  0.2919 Blood protein GCST90088611  8:27949917 183
measurement
rs58646328-A  6x10%°  0.09415 Blood protein GCST90089139  8:27909759 183
measurement
rs2726951-T  1x1032  0.2916 Blood protein GCST90089139  8:27948266 183
measurement
rs28588017-G  2x10"%  0.09494 Blood protein GCST90089183  8:27911850 183
measurement
rs2685417-C  2x10%2  0.2919 Blood protein GCST90089183  8:27949917 183
measurement
rs4276643-C  2x1013 0.352 Blood protein GCST90089266  8:27946082 183
measurement
rs2726948-A  2x10°5  0.2961 Blood protein GCST90089284  8:27951870 183
measurement
rs28588017-G  1x107  0.09494 Blood protein GCST90089326  8:27911850 183

measurement

56



CHAPTER 1 INTRODUCTION
Vari isk Risk allel . . .
ariant and ris P-value sk atiele Trait(s) Study accession Location Author
allele frequency
" )
rs2726951-T  2x103°  0.2916 lood protein GCST90089326  8:27948266 183
measurement
rs28588017-G  3x10°%  0.09494 Blood protein GCST90089616  8:27911850 183
measurement
rs2685417-C  3x102  0.2919 Blood protein GCST90089616  8:27949917 183
measurement
rs184024600-?  4x10°%8 / Body height GCST007841  8:27875920 184
rs2726955-C  1x10%  0.3496 Body height GCST90245848  8:27939857 18
rs898463-C  8x10°  0.0658 Body height GCST90245848  8:27872346 185
Cholesteryl ester
rs28588017-G  3x10°  0.09494 transfer protein  GCST90089679  8:27911850 183
measurement
Cholesteryl ester
rs2726951-T  2x10%  0.2916 transfer protein ~ GCST90089679  8:27948266 183
measurement
rs17058252-C  4x1008 / Chronicobstructive o190y 14098  8:27917421 126
pulmonary disease
rs10088319-A  9x10%  0.986 Color vision GCST90301671  8:28015686  1¢7
disorder
rs1551720-?  3x10°8 / DNA methylation GCSTO06660  8:27840720 188
rs11136012-? 1x10%7 / Erythrocyte count GCST007069 8:27842198 184
rs11136012-C 2x10-%8 / Erythrocyte count GCST90018971  8:27842198 189
rs55829013-?  6x10'10 / Factor VIl GCST007445  8:27920631 190
measurement
rs55829013-?  3x10°10 / Factor VI GCST007445  8:27920631 1%
measurement
rs7816579-A  5x10°%6 0.32 Factor VI GCST007445  8:27948298 1%
measurement
rs11780263-?  3x10'%7 / Factor VIl GCST007445  8:27966315 190
measurement
rs4276643-T  1x10°%9 0.66 Factor VI GCST007445  8:27946082 1%
measurement
rs11780263-?  1x10°%° / Factor VI GCST007445  8:27966315 1%
measurement
! Factor VIII
rs7816579-A  7x102 0.35 GCST007445  8:27948298 1%
measurement
Factor VIII
rs7816579-?  4x102° / measurement, GCST90129543  8:27948298 191
coronary artery
disease
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Vari isk Risk allel . . .
ariant and ris P-value sk atiele Trait(s) Study accession Location Author
allele frequency
Factor VIl
rs7816579-? 2x1022 / measurement, GCST90129550  8:27948298 191
ischemic stroke
Factor VIII
rs73568968-?  1x1024 / measurement, GCST90129536  8:27953196 191
venous
thromboembolism
Factor VIII
rs7816579-? 2x10°3 / measurement, VWF  GCST90129556  8:27948298 191
measurement
GDP-fucose protein
rs4395853-T  2x102 0.723 O- GCST90241251  8:27951253 192
fucosyltransferase
2 measurement
rs4276643-?  5x102° / Ischemic stroke, - crg0190551 827946082 191
VWF measurement
Level of scavenger
rs61737292-A  7x10°% 0.1 receptorclass A o 190232861 8:27922005 192
member 5 in blood
serum
rs4395853-T  3x10°43 0.723 Prolargin GCST90242391  8:27951253 192
measurement
Protein eva-1
rs939715-T  8x10° 0.72 homolog C GCST90242442  8:27953109 192
measurement
rs2685416-A  1x104° 0.263 Protein FAMI63A - <190242451  8:27950072 12
measurement
rs58646328-A  9x10°1 0.1 Protein GCST90247434  8:27909759 194
measurement
rs8180975-T  3x10°%7 0.11 Protein GCST90249798  8:27851410 19
measurement
rs58646328-A  2x104 0.1 Protein GCST90249798  8:27909759 194
measurement
rs28588017-T  1x10°6 0.9 Protein GCST90249798  8:27911850 194
measurement
rs28588017-T  5x10°22 0.9 Protein GCST90249798  8:27911850 194
measurement
rs28588017-T  5x10°23 0.9 Protein GCST90249798  8:27911850 194
measurement
rs2685414-T  5x10% 0.26 Protein GCST90249798  8:27952867 19
measurement
rs2685412-C  3x10°% 0.74 Protein GCST90249798  8:27953086 194
measurement
Protein
rs2685417-C  5x10°158 0.26 GCST90249798  8:27949917 194
measurement
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Vari isk Risk allel . . .
ariant and ris P-value sk atiele Trait(s) Study accession Location Author
allele frequency
rs4395853-T  8x10°172 0.72 Protein GCST90249798  8:27951253 194
measurement
Pulmonary
rs35039172-T  4x10°: 0.721 surfactant- GCST90242557  8:27950414 192

associated protein
C measurement

Response to
cisplatin, response
to antineoplastic
agent

rs11774576-A 3x10 0.581 GCST002007 8:27882900 195

Scavenger receptor
rs566279589-? 2x10-50 0.71 class A member 5 GCST90249438 8:27946933 194
measurement

Scavenger receptor

rs10866867-G 8x104 0.722 class A member 5 GCST90242718 8:27951477 192
measurement

rs11994699-A  2x10°% 0.723 Tenascin GCST90242977 827950722 1%
measurement

rs2685413-G  1x10%  0.150085 Tenascin GCST90161997  8:27953060 1%
measurement

rs2726959-T 8x1006 / Tinnitus GCST90267564 8:27891827 197

rs28810390-A 4x10°06 / Tinnitus GCST90267564 8:27880511 197

rs28810390-A 5x10°7 / Tinnitus GCST011540 8:27880511 198

Venous thrombo

rs2685421-? 7x1031 / embolism, vVWF GCST90129537 8:27947981 191
measurement

rs62496810-? 5x10708 / vWF measurement GCST007446 8:27957964 190

rs62496810-? 4x10°08 / vWF measurement GCST007446 8:27957964 190

rs4276643-T 6x10%7 0.68 vWF measurement GCST007446 8:27946082 190

rs4276643-T 9x10°28 0.67 vWF measurement GCST007446 8:27946082 190

rs4276643-? 3x10°7 / vWF measurement GCST003210 8:27946082 199

VWF measurement,
rs4276643-? 7x10%7 / coronary artery GCST90129544  8:27946082 191
disease

1.4.3 Scarab expression in human and mice

Expression Atlas (European Bioinformatics Institute) is a publicly available resource that gives
insights on gene and protein expression by combining transcriptomic and proteomic studies.
Data are presented as heatmaps, showing gene and protein expression levels over different

species, organs, experiments, and biological conditions 2%,
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As depicted in Figure 1.12, Scara5 transcript is expressed in most organs, exhibiting
elevated expression in testis (in 7 out of 10 studies) and heart (in 5 out of 10 studies). Similarly,
Scara5 mRNA expression is classified as “medium” in colon, stomach, and adipose tissue. On
the other hand, the Wang et al. study indicates that Scara5 protein is expressed in nearly all
organs listed in Figure 1.12 201, Conversely, the Human Proteome Map study reports low

Scara5 protein expression exclusively in testis, with no detection in other organs.
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Figure 1.12 Scara5 expression in humans. Transcriptomic and proteomics analyses highlighted Scara5
expression over different human organs. Most relevant data are shown as heat map. Complete

dataset is available online 292,

The expression of Scara5 in mice contrasts with that observed in humans. Indeed, the
overall Scara5 mRNA expression is low in most organs, as shown in Figure 1.13. However,
similarly to Scara5 mRNA expression in humans, Scara5 transcript has been found moderately
abundant in murine testis (in 10 studies out of 25) and heart (in 6 studies out of 25).
Proteomics analyses by Huttlin and colleagues reveal abundant expression of Scara5 protein

uniquely in testis 203,
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Figure 1.13 Scara5 expression in mice. Transcriptomic and proteomics analyses highlighted Scara5
expression over different murine organs. Most relevant data are shown as heat map. Complete

dataset are available online 204,

In summary, based on Expression Atlas data, both human and murine Scara5 is abundantly
expressed in testis and heart as mRNA, while Scara5 protein is expressed in various organs in

humans 2°! and solely in testis in mice 2%,

1.4.4 Scarab as a ferritin receptor

Iron is a crucial element for nearly all living organisms, representing the core of oxygen-
carrying proteins (i.e. haemoglobin, myoglobin) electron transporting chain proteins (i.e.

cytochromes), as well as several enzymes required for ATP production. Iron homeostasis must
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be tightly preserved; in fact, both iron deficiency-related anaemia and iron overload-ROS
production showed has been shown to have detrimental effects on tissues and organs 2%°. The
major regulator of iron homeostasis is a peptide hormone mainly secreted by hepatocytes,
known as hepcidin. Hepcidin uniquely targets ferroportin, the iron exporter; the binding of
hepcidin-ferroportin on the cell membrane results in the endocytosis and proteolysis of

ferroportin, thus reducing the levels of iron exported to plasma 2%,

Almost all plasma iron is bound by transferrin (Tf) and ferritin; Tf represents the main
source of iron and binds to its ubiquitously expressed receptor, Tf receptor 1 (TfR1). Once
delivered within the cytoplasm, free iron is used according to the cellular needs. It can, for
example, be used by mitochondria for heme (haemoglobin core) synthesis or be captured by
ferritin for storage. Empty Tf is subsequently released in plasma to bind new iron 2%, Beside
Tf, iron can be bound by circulating ferritin. Ferritin is the iron storage molecule, and its
structure combines 24 subunits of light (L) and heavy (H) chains, forming a nano-cage able to
contain up to 4500 iron atoms. The ratio H:L subunits depends on the type of tissue
considered; for example, H subunit-rich ferritin (simplified as H-ferritin) can be found in the
heart, whereas liver ferritin is rich in L subunit (L-ferritin) 2. Intracellular ferritin holds iron
intracellularly and release it upon deficiency conditions or increased demand 2%. Circulating
ferritin levels reflect the intracellular iron storage, which is why ferritin is used clinically as a
serum marker of total body iron 2%, Serum ferritin is mainly composed by L subunits, and it
usually carries much less than 4500 iron atoms. Nevertheless, it plays a significant role in iron
delivery, also considering that Tf binds maximum two iron atoms 2%, Ferritin can be secreted
by different cell types (e.g. hepatocytes, Kupffer cells, macrophages) and it is internalised via
different receptors (i.e. TfR1, Scara5, T cell immunoglobulin-domain and mucin-domain 2 —
TIM-2) based on its subunit structure (Figure 1.14). Chen et al. demonstrated that TIM-2 binds

H-ferritin but not L-ferritin 211, Similarly, Li et al. described TfR1 as a H-ferritin receptor 22,
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TfR1 Scara5 TIM-2

H-ferritin L-ferritin

Figure 1.14 H- and L-ferritin receptors. H subunit-rich ferritin can bind to both TfR1 and TIM-2, whilst

Scara5 has been shown to bind and internalise both H and L subunit-rich ferritin.

In 2009, Li and colleagues showed that Scara5 plays a role in iron delivery being a renal
receptor of ferritin; during kidney development, the renal capsule internalised ferritin via
Scarab. Ferritin possesses repeating polyanionic monomers and for this reason can be bound
by Scara5 23, Scara5 demonstrated to bind both L- and H-ferritin, although it preferentially
binds L-ferritin 167-213. 214 (Figyre 1.14). Yu et al. revealed that Scara5 binds to ferritin via the
SRCR domain in a calcium-dependent manner. Furthermore, MRC1 and MARCO proved to
bind ferritin via SRCR domain in vitro, whereas Scara3 and Scara4 did not bind ferritin as they
lack the SRCR domain %, Although it was originally identified as a renal receptor of ferritin,
Scara5 was found expressed in the eye throughout the retinal cells, where it bound to L-
ferritin 214, It can be therefore speculated that Scara5 works as ferritin receptor in the tissues
in which it is expressed, even though it remains unknown whether Scara5 internalises ferritin
independently of the cell type/tissue considered. As a ferritin receptor, Scara5 could regulate
iron homeostasis. Liu et al. recently demonstrated that Scara5 overexpression increased iron
levels in oesophageal squamous cell carcinoma (ESCC) cells, thus determining cell death by
ferroptosis, a form of programmed cell death driven by elevated iron levels and ROS

accumulation 215,

To sum up, Scara5 binds ferritin via its SRCR domain, thus delivering iron to the cells in a
Tf-independent way. It remains unknown whether any Scara5-expressing cell internalises
ferritin or this function is limited to specific tissues. Be that as it may, Scara5 role in iron

homeostasis deserves to be explored, as it could result critical for cellular metabolism.
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1.4.5 Scarab, adipogenesis, and breast cancer

SRs were originally observed as expressed on macrophages’ surface; however, some of class
A members proved to have unexpected roles. MSR1, for example, plays a role in bone biology.
Deletion of MSR1 negatively affected osteoclast differentiation in vivo, resulting in increased

bone deposition and overall growth of mice models 216

. Itis not surprising that MSR1 is largely
expressed on macrophages and contributes to bone development. Indeed, macrophages and
osteoclasts derive from the same myeloid progenitors, which become osteoclasts upon
macrophage colony-stimulating factor (M-CSF) and RANKL stimulation 2%’. Similarly, Scara3
overexpression increased BMSCs osteogenesis at the expense of adipogenesis in vitro, also

reducing bone loss and BMAT accumulation in OVX and aged murine models 2%,

Scara5 is highly expressed in WAT with potentially entirely different roles to those
previously recognised in other tissues. Lee et al. highlighted the expression of Scara5 in the
WAT suggesting its involvement in adipogenesis. A33 and C3H10T1/2 cell lines were utilised,
in order to study the expression of Scara5 in preadipocytes and MSCs-like cells, respectively.
Scara5 expression was non-significantly expressed in uncommitted cells, whilst was greater
in preadipocytes and in the heterogeneous stromal vascular fraction of adipose tissue than in

165 In particular, Scara5 gene knockdown in A33 cells considerably impaired

adipocytes
adipogenic differentiation, as demonstrated by lower levels of adipogenic factors (e.g. CEBPs
and PPARYy); whereas, the overexpression of Scara5 within the multipotent cell line showed
that adipogenic factors’ expression increase, implying Scara5’s potential to promote
adipogenesis. Hence, Scara5 can induce the commitment of MSCs towards adipocyte at the
expense of osteoblasts, and the differentiation of preadipocytes into mature cells 6>, As
adipogenesis is the counterpart of osteogenesis, Lee and colleagues also considered the effect
of Scara5 overexpression on C3H10T1/2 cells. According to the published data, osteogenic

gene expression (i.e. Alpl, OCN) decreased in response to osteogenic stimuli. Nonetheless,

Scarab effect on osteogenesis is yet unknown.

Lee et al. demonstrated that a knockdown of Scara5 increased focal adhesion kinase (FAK)
phosphorylation levels, along with extracellular signal-regulated kinase (ERK)
phosphorylation. On the other hand, Scara5 overexpression was linked to decreased levels of

these signalling molecules, suggesting that Scara5, by suppressing FAK pathway, may be
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needed for MSCs differentiation towards adipocytes instead of osteoblasts. FAK, a
cytoplasmic tyrosine kinase, plays a crucial role in regulating focal adhesion dynamics and was
observed overactivated in several tumour cell lines. Activated FAK forms a complex with the
associated proteins proto-oncogene tyrosine-protein kinase Src and BrCa anti-oestrogen
resistance 1 (p130Cas), and tyrosine phosphorylation is required for focal adhesion formation,
leading to tumour growth and metastasis by promoting cell migration 2'°. Overexpression of
Scara5 seems to inhibit tyrosine phosphorylation and pathway activation, also suppressing
tumour proliferation and invasion 2'°. Moreover, FAK-ERK signalling promotes the osteogenic
differentiation of MSCs throughout matrix production and osteogenesis. It has been
demonstrated that the contact between MSCs and ECM proteins stimulates the activation of
ERK, with FAK acting as a bridge 2?°. Subsequently, ERK phosphorylates osteogenic
transcription factors such as RUNX2 and Osterix. Osteoblasts in osteoporosis patients are
reported to have reduced FAK activity and this supports FAK-ERK signalling pathway
involvement in osteoblastic MSC differentiation 2%2°. In summary, through FAK inactivation
Scara5 influences MSCs differentiation to the adipogenic lineage, thus unbalancing their fate.
Further investigations are necessary to clarify how Scara5 expression is regulated and which

factors are involved.

Interestingly, Scara5 expression is downregulated in diverse tumour cell lines/samples. Yan
et al. showed that the therapeutic upregulation of Scara5 suppressed tumour growth and
metastasis of human glioma cells via inactivation of signal transducer and activation of
transcription 3 (STAT3), a key modulator of the inflammatory response through the regulation
of cytokine production 2%, In addition, phosphorylated FAK levels decreased upon Scara5
overexpression, together with p-AKT, Cyclin B1 and D1, indicating that Scara5 impacts on
adhesion and survival of human glioma cells 223, oral squamous cell carcinoma 1%, and BrCa
cells 179, Similarly, Scara5 overexpression was linked to the suppression of retinoblastoma

cells proliferation and migration via PI3K-AKT pathway inhibition 222

Scara5 has been associated with both adipogenesis and BrCa. Fat and BrCa cells
intercommunicate to support cancer cells growth. BrCa is the most common cancer in
women; in 2020, over 2.3 million new cases were registered worldwide, and this number is
predicted to increase to over 3 million by 2040 223, BrCa is a heterogenous tumour and

different subtypes are described based on the expression of hormone receptors, i.e.
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oestrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor
receptor positive (HER), and so-called “triple negative” 224, Luminal A BrCa is characterised by
the immunohistochemical expression of ER, PR, and the absence of HER. Ki-67, a proliferation
marker, is poorly expressed by this subtype of BrCa. Luminal B BrCa subtype shows a worse
prognosis that Luminal A BrCa. Luminal B tumours are ER-positive, PR-positive or -negative,
and HER-negative; Ki-67 expression is elevated, which is why these tumours grow rapidly,
representing a more aggressive subtype. HER-positive subtype is HER-positive and ER/PR-
negative, being more aggressive and fast-growing than the Luminal subtypes. ER-, PR-, and
HER-negative tumours, known as triple negative tumours, represent 80% of BrCa tumours
with an elevated expression of Ki-67 and an aggressive behaviour 224, In You et al., Scara5 was
reported as down-regulated in human breast cancer tissues, while normally expressed in the
para-cancerous ones. Also, Scara5 down-regulation was associated with bigger tumour size,

higher histological grade, and ability to metastasise to lymph nodes 17°.

Adipose tissue represents the main tumour microenvironment (TME) of BrCa; breast is
indeed mainly composed of adipose tissue and fibroglandular tissues 22°. The adipose
component of breast contributes to BrCa development and progression due to the role it
exerts as energy storage depot. BrCa cells obtain energy from the induction of lipolysis in
adipocytes, using the released FFAs to generate Acetyl-CoA via -oxidation and ATP via
OXPHOS (Figure 1.15) 225, Adipocyte lipolysis leads to the release of immunomodulatory
factors (e.g. cytokines, adipokines), hormones, and proteases, thereby supporting BrCa
growth. Consistently, high body mass index (BMI) has been positively associated with an
increased risk of developing BrCa 2%’. Dysfunctional obese adipocytes release higher levels of
pro-inflammatory cytokines (e.g. IL-6, IL-8, TNFa), adipokines (e.g. adiponectin and leptin),
chemokines (e.g. chemokine C—C motif ligand 5 — CCL5), promoting cancer cells migration,
invasion and metastasis 22% 228, Furthermore, macrophages play a role in the fat-BrCa
crosstalk. Macrophages are the most abundant immune cells of adipose tissue, described as
M1 and M2 macrophages according to their phenotype; M1 macrophages release pro-
inflammatory cytokines, whilst M2 macrophages release anti-inflammatory cytokines 2%°.
Tumour-associated macrophages (TAMs) are mostly M2 macrophages. They exhibit increased
expression of anti-inflammatory cytokines (e.g. IL-4, IL-10, TGF-B), in order to suppress the

anti-tumoral effect, therefore supporting breast cancer cells growth, proliferation and
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migration. It is possible that the crosstalk between adipose tissue and breast cancer cells
induces a change in macrophages polarisation, favouring M2 phenotype or that M1 and M2

phenotypes coexist by exerting both anti and pro-inflammatory roles 23,
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Figure 1.15 BrCa-adipose tissue crosstalk. Adipose tissue and BrCa cells crosstalk revealed
fundamental to fuel cancer growth. BrCa cells induce lipolysis of adipocytes in order to release
adipokines, cytokines, hormones (e.g. oestrogens), proteases, and metabolites as FFAs. FFAs can then

be used by cancer cells as substrates to produce energy to survive, proliferate, and migrate.

In conclusion, in the past few decades Scara5 emerged as a class A scavenger receptor able
to internalise both H- and L-ferritin and is often downregulated by cancer cell lines and human
breast cancer tissues. Additionally, Scara5 was recently identified as a key adipogenic factor.
To date, it remains elusive whether and how Scara5 multiple roles are interconnected, thus

paving the way for new investigations that provide insights into Scara5 mechanisms of action.
1.5 Hypothesis, aims and objectives

Scara5 has been recently associated with adipogenesis, placing itself as a potential novel
regulator of MSCs fate towards adipocytes 1¢°. Moreover, Scara5 has been associated with a

variety of tumours, including BrCa 7°. It is well known that increased adiposity negatively
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correlates with BrCa development 23, It was therefore hypothesised that Scara5 plays a
central role in MSCs adipogenesis at the expense of osteogenesis, thereby contributing to

BrCa pathogenesis.
To validate the hypothesis, this study aims:

e To determine whether Scara5 deficiency affects murine BMSCs differentiation
towards adipocytes and osteoblasts in vitro.

e To assess whether Scara5-deficient mice display a bone and/or fat phenotype in vivo.

e To investigate the molecular mechanism by which Scara5 determines BMSCs fate.

e To explore BrCa-adipose tissue crosstalk in the absence of Scara5.
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Chapter 2: Materials and methods

2.1 Materials, reagents, and chemicals

Cell culture plates, culture media (a Minimum Essential Medium — aMEM, Dulbecco’s
Modified Eagle Medium — DMEM, DMEM/F12 1:1, OptiMEM reduced serum), media
supplements (Fetal Bovine Serum — FBS, Penicillin-Streptomycin 10,000 U/ml —P/S, GlutaMAX
| 200 mM) and 0.05% (w/v) Trypsin-EDTA 1X were purchased from Gibco (ThermoFisher
Scientific UK Ltd, Loughborough, UK).

All chemicals, buffers, reagents, as well as SYBR Green | based reverse transcription-
guantitative polymerase chain reaction (RT-qPCR) primers and Streptozotocin were

purchased from Merck Life Science UK Limited (Gillingham, UK), unless differently specified.

Routinely  used  chemicals such as methanol,  ethanol, isopropanol,
Ethylenediaminetetraacetic acid (EDTA), Tris-Base, sodium chloride (NaCl), sodium hydroxide
(NaOH), hydrochloric acid (HCl), glycerol, glacial acetic acid, Tween 20®, xylene substitute, and
nitric acid were obtained from Fisher Scientific (ThermoFisher Scientific UK Ltd,

Loughborough, UK).

2.2 Experimental mice

C57BL/6J mice were purchased by Charles River UK Ltd (Margate, UK) and the Scara5-KO mice
(on agouti 129/Sv and C57BL/6J background, generation 5) were a kind gift from Dr Nick Platt,

Department of Pharmacology, University of Oxford (Oxford, UK).

Mice were bred and housed under 12 hours light/12 hours dark cycle and fed ad libitum
with standard chow diet in the Disease Modelling Unit (DMU), School of Biological Sciences,
University of East Anglia (Norwich, UK). Their care and experimental procedures were
approved by the Home Office and the University of East Anglia Local Ethical Review
Committee, and conducted under Home Office Project Licences PBFB4BA22, PP5500397 and
PP8873233, in accordance with the UK Home Office Animals Act of 1986. Mice with and

without a constitutive Scara5 gene deletion were euthanised by CO; inhalation followed by
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cervical dislocation after weaning (3 to 4 weeks old) or when adults (11, 13, 15, or 20 weeks

old), depending on the experiment’s objectives.

2.3 Backcrossing programme and genotyping

Scara5 deficient mice were originated by GenOway in 2007 (Lyon, France); the process of
gene deletion involved the substitution of exons 7-9, which produce a crucial 228 bp section
of the collagen domain, with an IRES-NLS-lacZ cassette using homologous recombination in
embryonic stem cells derived from 129Sv/Pas mice. The modified stem cells were
subsequently injected into blastocysts. By backcrossing the Scara5-heterozygous (+/- or HET)
offspring for 9 generation to the C57BL/6J strain, the mice exhibited 99.99% of C57BL/6)
genetic background (Figure 2.1). Scara5-WT and Scara5-KO mice were obtained by breeding
Scara5-HET mice together followed by selective mating of mice identified to be Scara5-WT
and Scara5-KO by rigorous genotyping (Figure 2.2). Finally, Scara5-KO mice were bred in order
to obtain pure and KO animals. Similar genotyping and selective mating program was applied
also in the case of Scara5-WT animals in the Scara5 colony. The deletion of exons 7-9
produced a shorter form of the collagenous domain, thus preventing Scara5 ligand binding.
However, it remains unclear whether Scara5-KO mice still express a truncated form of Scara5,

which might have signalling and/or dominant negative functions.
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Figure 2.1 Backcrossing scheme (designed and adapted from Sul et al. 232). Scara5 gene deletion was

performed on 129/Sv cells, which were then transferred into C57BL/6J blastocyst. Subsequent

backcrosses increased the percentage of C57BL/6J background in the offspring.
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Figure 2.2 Generation of Scara5-WT (+/+) and -KO (-/-) mice. Litters of Scara5-WT (+/+), -HET (+/-),
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and -KO (-/-) were obtained from generation 9 (G9) HET breeding pairs. From WT and KO mice

breeding, pure WT and Scara5-KO mice were obtained.

Genotyping was performed on 2 to 3 weeks old Scara5 mice ear notches. The ear clips were
digested in 50 mM NaOH for 45 minutes at 95 °C, after which a brief centrifugation allowed
to obtain DNA in the supernatant. Endpoint polymerase chain reaction (PCR) was carried out
utilising New England Biolabs (Hitchin, UK) reagents (10X ThermoPol Buffer, 10 mM dNTPs,
Taq DNA Polymerase) and Scara5 primers (Invitrogen, ThermoFisher Scientific UK Ltd,
Loughborough, UK). Amplicons were separated on a 2% (w/v) agarose gel (Invitrogen,
ThermoFisher Scientific UK Ltd, Loughborough, UK) in Tris-acetate-EDTA (TAE) buffer, stained
with SYBR Safe-DNA Gel Stain (10,000 X, Invitrogen, ThermoFisher Scientific UK Ltd,
Loughborough, UK), and visualised under UV light with either the M-20V Benchtop Variable
Transilluminator (Ultra-Violet Products Ltd, Cambridge, UK) or the G:BOX Chemi XRQ
transilluminator (Syngene, Cambridge, UK). Detailed list of primers and PCR cycles are

reported in Table 2.1 and Table 2.2, respectively.

Table 2.1 Endpoint PCR primers for genotyping

] Product
Primers sequences (5" —3')
length

F: CACCCCCGCCTTTCTGTTGTC
Scara5 WT 534 bp
R: CTCCTCTCTCTCCTTTCTCTCCTTTTGGO

F: AGCCCCTGATGCTCTTCGTCCAG
Scara5 KO 400 bp
R: TCTGATGCCGCCGTGTTCCG

Table 2.2 Endpoint PCR thermocycler program

Step Temperature Time Number of cycles
Initial denaturation 95 °C 30 seconds 1 cycle
Denaturation 95°C 30 seconds
Annealing 60 °C 1 minute 30 cycles
Extension 68 °C 1 minute
Final extension 68 °C 5 minutes 1 cycle
Hold 4°C infinite
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2.4 Primary cells and cell line culture

2.4.1 Murine bone marrow mesenchymal stem cells (BMSCs)

The current procedure was adapted from Huang et al. work 233, Mice aged 3 to 4 weeks
were euthanised and processed in order to isolate legs’ bones. In a class Il Biological Safety
Cabinet, femurs and tibiae were collected and cleaned from the surrounded soft tissues.
Subsequently, bones were washed twice in PBS containing 1% (v/v) P/S and transferred in a
100 mm sterile culture dish with aMEM supplemented with 15% (v/v) FBS and 1% (v/v) P/S.
6 long bones (3 tibiae and 3 femurs) collected from two mice represented a single biological
sample. Bones extremities were cut and 5 ml of medium were drawn into a 5 ml syringe with
a 25 g needle attached. The bone marrow was slowly flushed and the bone cavity was washed
twice. Also, the cavity surface was repeatedly scaped in order to dissociate the BMSCs from
the endosteum. The resulting bone shards were removed from the plate and the cells were
incubated at 37 °C in 5% (v/v) CO, atmosphere for 5 days (Figure 2.3 A). At the end of this
time, 80% confluent cells were washed twice with PBS and Trypsinised using 0.05% (w/v)
Trypsin-EDTA at 37 °C, 5% (v/v) CO; for 2 minutes for detaching the BMSCs. Once Trypsin was
neutralised with complete maintenance medium (CM — DMEM, 10% (v/v) FBS, 1% (v/v) P/S,
1% (v/v) GlutaMAX), the cells were centrifuged at 800 x g for 5 minutes. The cell pellet was
resuspended in CM and the cells were filtered through a nylon strainer (mesh 70 um); cells
were counted using a counting chamber (Neubauer-improved bright light, Marienfeld
superior, Paul Marienfeld GmbH & Co., Germany) and Trypan Blue Solution 0.4% (w/v) (Gibco,
ThermoFisher Scientific UK Ltd, Loughborough, UK), which penetrated the damaged
membrane of dead cells that were consequently excluded from the count. Cells were finally
used for experiments as passage 1. During the optimisation of the protocol, the cells were
subcultured until passage 3 and all the adherent cells that remained attached to the plate
were collected by a scraper (Fisher Scientific, ThermoFisher Scientific UK Ltd, Loughborough,
UK) and used for the experiment. The medium was renewed every 3 to 4 days. For every

procedure here described, BMSCs were maintained at 37°C, 5% (v/v) CO..
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Discard

Figure 2.3 BMSCs extraction methods. Both bone flushing (A) and bone chips (B) -derived BMSCs can

be cultivated and expanded in vitro.

During the optimisation steps, cells were also extracted by cultivating bone chips from long
bones for 10 days in aMEM supplemented with 15% (v/v) FBS and 1% (v/v) P/S (Figure 2.3 B).
Cell medium was changed after 5 days of culture and cells were trypsinised after 10 days

following the procedure described above.

2.4.2 Murine breast cancer cells

Murine breast cancer (BrCa) primary cells (i.e. BRPKp110, PyMT-BQO5, EO771, and 4T1) were
kindly provided as cell pellets (EO771, 4T1) or frozen (BRPKp110, PyMT-BO5) by Dr Stephen
Robinson (Quadram Institute, Norwich, UK). Murine osteoblast-like ‘BMP-2 T-Ag-3’ (2T3) cell
line was used as control to assess gene expression in the BrCa cell lines, as will be described
later. 2T3 cells were used as pellet for RNA extraction (Section 2.8) and were purchased from

American Type Culture Collection, ATCC (Manassas, Virginia, USA).

BRPKp110 and PyMT-BO5 cell lines were cultured in CM, incubated at 37 °C, 5 % (v/v) CO,,
and used for 5 to 7 passages. Once 80% confluent, cells were washed twice with PBS and
detached by using 0.05% (w/v) Trypsin-EDTA at 37 °C, 5% (v/v) CO2for 5 minutes; the solution
was centrifuged at 250 x g for 5 minutes. The cell pellet was resuspended and cells were
counted. The cells were used immediately or frozen in freezing medium, consisting of CM

supplemented with 20% (v/v) FBS and 10% (v/v) Dimethyl sulfoxide (DMSO).
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2.4.3 Human fetal osteoblasts (hFOB) 1.19

hFOB 1.19 (or simply hFOB) were purchased from Caltag-Medsystems Ltd (Buckingham, UK).
This immortalised cell line was created by incorporating a temperature-sensitive mutant of
SV40 large T antigen and the neomycin resistant expression vector pSV2-neo into primary
fetal bone cells 234, hFOB were cultivated in hFOB maintenance complete medium (hFOB
medium or hCM), consisting of DMEM/F12 1:1, 10% (v/v) FBS, 0.3 mg/ml G418 disulfate salt
solution and maintained at 34 °C, 5% (v/v) CO,. Cells were trypsinised as previously described
(Section 2.4.2) and Trypsin was neutralised with hCM. Cells were either used immediately or
frozen in their freezing medium, which consisted of hCM supplemented with 20% (v/v) FBS
and 10% (v/v) DMSO. hFOB were used until passage 15 and hCM was renewed every 3 to 4
days. Before being treated with osteogenic and adipogenic media, hFOB were moved to a 37

°C, 5% (v/v) CO; incubator.

2.5 Osteogenic and adipogenic differentiation

BMSCs were seeded at 5 x 103- 1.5 x 10* cells/well in a 96 well plate for alkaline phosphatase
(ALP) assay at passages 1 to 3. For Alizarin Red S staining, RNA extraction, and Western Blot,
passage 1 BMSCs were seeded at densities of 3 x 10% cells/cm?. Once cells were 80% confluent,
osteogenic medium (OM) was added in order to induce BMSCs to differentiate into pre-
osteoblasts or mature osteoblasts. OM was made by supplementing CM with 100 nM
dexamethasone (Dex), 50 ug/ml ascorbic acid 2-phosphate, and 10 mM B-glycerophosphate.
The osteogenic medium was changed every 3 to 4 days, depending on the length of the

treatment (3, 14, 21 or 25 days).

For adipogenic differentiation, BMSCs were seeded as 3 x 10* cells/cm?. Once the cells
were 80% confluent, two different media were used alternatively. Adipogenic induction
medium (AIM) was prepared by mixing CM, 1 uM Dex, 0.2 mM indomethacin, 1.7 uM insulin,
and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX); AIM was added to BMSCs for 3 days, after
which was replaced by the adipogenic maintenance medium (AMM, CM supplemented with
1.7 uM insulin) for 3 day and the cycle was repeated two times. Last cycle (the third) consisted
of 3 days in AIM, 1 day in AMM and the cells were left in AMM before being stained with Oil
Red O.
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As well as BMSCs, also hFOB were treated with osteogenic and adipogenic media for
different time points (1, 3, 6, 12, and 16 days). Once 80% confluent, hFOB were moved from
34 to 37 °C. While optimising hFOB cultivation, osteogenic supplements were also added to
hCM and cells were treated for 3 days before being assessed for ALP enzymatic activity, both

at 37 and 34 °C, 5% (v/v) CO..

2.6 Alkaline phosphatase (ALP) assay

To assess ALP activity of BMSCs or hFOB, cells were treated with OM for 3 days. For Wnt
signalling investigation, the following murine recombinant proteins were added to CM at
different concentrations: Wnt3a (Peprotech Ltd, London, UK), Wnt5a (Stratech, Cambridge,
UK), and Wnt10b (Insight Biotechnology Ltd, Wembley, UK). As well as OM treatment, also
recombinant proteins were added to CM and to BMSCs for 3 days of treatment. After 3 days,
media were removed and cells were washed twice with PBS. Distilled water (dH,0) and ALP
liquid substrate p-Nitrophenylphosphate (pNPP) were added to the cells, which were
incubated at 37 °C, 5% (v/v) CO,, for 15 minutes. Finally, the reaction was stopped by adding
0.2 M NaOH. This assay is designed to measure the osteoblasts’ ALP hydrolysis activity of the
colourless substrate pNPP into the yellow-coloured product p-Nitrophenol (pNP) and
Phosphoric Acid (HsPOs) (Figure 2.4); pNP optical density (OD) was measured at 405 nm
through the FLUOstar Omega plate reader (BMG Labtech Ltd, Bucks, UK). Serial dilutions of
standard solution (0.5 mmol/L pNP solution, LabAssay™ ALP, Fujifilm Wako, Osaka, Japan)

were used to plot a standard curve, from which data were interpolated.

NO, NO,
ALP
+ dH,0 + H;PO,
PNPP pNP
o OH
POsH,

Figure 2.4 pNPP hydrolysis reaction in the presence of ALP. pNPP is hydrolysed in the presence of
ALP in the sample. The resulting p-Nitrophenol product shows yellow colour, which is optically

measured at 405 nm wavelength.
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2.7 Alizarin Red S and Oil Red O staining

After 28 days of treatment with OM, BMSCs were stained with Alizarin Red S (ARS) staining
for calcium containing bone nodules. Briefly, BMSCs were fixed in 95% (v/v) cold methanol
for 10 minutes, washed twice with dH,0 and stained with 2% (w/v) ARS solution, pH 4.2, for
5 minutes. Cells were subsequently washed with dH,0 until the plate was clear. For ARS
elution, BMSCs were treated with 10% (w/v) cetylpyridinium chloride buffer, and the eluted

product’s OD (562 nm) was measured with the FLUOstar Omega plate reader.

Adipogenic differentiation was assessed by Oil Red O (ORO) staining after 16 or 25 days of
treatment with AM (for hFOB and BMSCs, respectively). Cells were washed twice with PBS
and fixed in 10% (v/v) buffered formalin for 20 minutes; 0.3% (w/v) ORO stock solution was
prepared by using 99% (v/v) Isopropanol (ThermoFisher Scientific UK Ltd, Loughborough, UK),
while working ORO solution was prepared by mixing 3 parts of ORO stock solution and 2 parts
of dH,0. ORO working solution was prepared immediately before use and added to the cells

for 5 minutes. Finally, cells were washed with dH,0 until the plate was clear.

2.8 RNA extraction, Reverse Transcription, and Reverse Transcription-quantitative

Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from cultured or pelleted cells via GenElute™ Mammalian Total RNA
Miniprep Kit (Merck Life Science UK Limited, Gillingham, UK), according to the manufacturer’s
instructions. RNA was quantified by using the Nanodrop 2000 (ThermoFisher Scientific UK Ltd,
Loughborough, UK) and 0.25-0.5 ug of it were used to synthetise cDNA by employing the High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Fisher Scientific UK Ltd,
Loughborough, UK) and the T100™ Thermal Cycler (Bio-Rad Laboratories Inc, Watford, UK),
following the steps listed in Table 2.3. Roughly 8 ug of cDNA were used for RT-qPCR, both
with gPCR SyGreen Mix Lo-ROX (PCR Biosystems Ltd, London, UK) and Tagman™ Fast
Advance Master Mix (Applied Biosystem, ThermoFisher Scientific UK Ltd, Loughborough, UK)
master mixes. SYBR Green |-based RT-qPCR employed customised primers (Table 2.4), while
Tagman™ RT-qPCR used Tagman™ primers (ThermoFisher Scientific UK Ltd, Loughborough,
UK) (Table 2.5). Tagman™ primers efficiency was validated by the company (ThermoFisher

Scientific UK Ltd, Loughborough, UK), whereas primers’ efficiency was not tested for SYBR
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Green primers. Manually designed SYBR Green primers (i.e. mouse Alpl, mouse Adipoq,
mouse Axin2, mouse DvI3, human Scara5, Table 2.4) were selected across exons. Melting
curve analyses were run after SYBR Green I-based RT-gqPCRs, to ascertain whether the
fluorescence detected originated from a single or multiple amplicons. Details of RT-gPCR
programs are reported in Table 2.6. RT-gPCR reactions were run in QuantStudio™ 5 384-Well
Block (ThermoFisher Scientific UK Ltd, Loughborough, UK) and Roche LightCycler® 480 II
(Roche Products Limited, Welwyn, UK) PCR systems. RT-qPCR data were analysed using the 2
AACT method, normalising gene expression to glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) expression.

Table 2.3 Reverse transcription thermocycler program

Step Temperature Time
Primer annealing 25°C 10 minutes
DNA polymerisation 37°C 120 minutes
Enzyme deactivation 85°C 5 minutes
Hold 4°C infinite

Table 2.4 SYBR Green I-based primers

Product

Gene Primers sequences (5" —3’) length

Specie Source

F: TGACCACAGTCCATGCCATC
GAPDH 203 bp Mouse 235
R: GACGGACACATTGGGGGTAG

F: GCACCTGCCTTACCAACTCTTTTG .
Alpl 178 bp Mouse Manually designed
R: GCAGCGGTTACTGTGGAGACG

F: CTTGAAGACCGCCTACAAAC
OCN 154 bp Mouse 236
R: GCTGCTGTGACATCCATAC

) F: GTTCCCAATGTACCCATTCGC .
Adipoq 187 bp Mouse Manually designed
R: CGTAGGTGAAGAGAACGGC

F: ATGACTCCACAATGCTTGA ; ot TM
LEP 154 bp Mouse Oligoarchitect
R: GCTCTTATCTCTACTTGCTGA Merck

F: GTCTTTGCACCAGCCACCAGCG
Axin2 192 bp Mouse Manually designed
R: CGGAAAATGAGGTAGAGACA

F: TTCTGCAGCGGCCCAGCTATAAG
DvI3 184 bp Mouse Manually designed
R: GACGGGTTGTCAGCACAGAAAGG
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Gene Primers sequences (5 —3’) Product Specie Source
length
F: ATCACCTACAGCGACGAGCAC
Lef1 250 bp Mouse 237
R: TGGACATGGAAGTGTCGCCTG
F: CCCTGTGAAGATGTTGCCCACT .
HK2 133 bp Mouse Origene
R: CCTTCGCTTGCCATTACGCACG
F: TGACACCTTCCTGGAACACA
PKM 117 bp Mouse 238
R: TTCAGCATCTCCACAGATCG
F: ATCAGAACAGCGCAAGAAGA
Fsp27 97 bp Mouse 156
R: CAGCTTGTACAGGTCGAAGG
F: GAGCCCCATCTGTCCTCTC
PPARa 152 bp Mouse 156
R: ACTGGTAGTCTGCAAAACC
F: CTGCACCGCCAGATGAGTTT
Ucp3 191 bp Mouse 156
R: ATCATGGCTTGAAATCGGACC
F: AAAAGTGCCTGAAACCAGAG
Glut4 86 bp Mouse 9
R: TCACCTCCTGCTCTAAAAGG
F: CAGAAGGCACTAGGCGTGATG
Hsl 118 bp Mouse 240
R: GCTTGCGTCCACTTAGTTCCA
F: GACACCATCCAGAAGGACTACC
MGL 145 bp Mouse Origene
R: GATTGGCAAGGACCAGAGGTGA
F: ACAGTTGCCATGTAGACC
GAPDH 88 bp Human KiCgStart™ Merck
R: TTGAGCACAGGGTACTTTA
F: TCTTCATCTTAGCAGTGTCCAGGC .
Scara5 182 bp Human Manually designed
R: TGACTGGTTCTGCAGCGCGTC
F: GGCTATGCTCTTCACCTAT l itect™
Adipoq 131 bp Human Oligoarchitect

R: GTCCATTACGCTCTCCTTC

Merck

79



CHAPTER 2

MATERIALS AND METHODS

Table 2.5 Tagman™-based RT-qPCR primers

Gene Catalogue number Specie
GAPDH Mm99999915 Mouse
Scara5 MmO00512269 Mouse
TNFo MmO00443258 Mouse
CXCL12 MmO00445553 Mouse
IFNy MmO01168134 Mouse
IL-1b Mm01336189 Mouse
IL-2 MmO00434256 Mouse
IL-6 Mm60446190 Mouse
IL-10 Mm00439614 Mouse
GAPDH Hs02758991 Human
Alpl Hs01029144 Human
BGLAP/OCN Hs01587814 Human
Table 2.6 RT-qPCR programs
Step Temperature Time Number of cycles RT-gqPCR
50°C 2 minutes
Hold 1 cycle
95°C 10 minutes
PCR (denaturation, 95°C 15 seconds 40 cveles
annealing/extension) 60 °C 1 minute ¥ SYBR Green |
based
95°C 15 seconds
Melt Curve 60 °C 1 minute 1 cycle
95°C 15 seconds
50°C 2 minutes
Hold 1 cycle
95°C 10 minutes Tagman™
PCR (denaturation, 95°C 15 seconds based
. . 40 cycles
annealing/extension) 60 °C 1 minute

2.9 Scara5 Plasmid amplification and purification

Scara5 pEGFP-N2 (597) plasmid was purchased from Addgene (Addgene plasmid #61989;

Addgene INC, Watertown, Massachusetts, USA); Scara5 plasmid was sent in bacteria as agar

stab (Figure 2.5). By using a sterile inoculating loop, the bacteria were gathered from the stab
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and spread onto a 32 g/L LB agar plate with 50 pug/ml Kanamycin A sulfate (Cayman Chemical
Company, Michigan, USA). LB agar was purchased from Invitrogen (ThermoFisher Scientific
UK Ltd, Loughborough, UK). After incubating the plate overnight (o/n) at 37 °C, a sterile
pipette tip was used to select single colonies: the tips were dropped into the 50 ml tubes
containing LB broth (Invitrogen, ThermoFisher Scientific UK Ltd, Loughborough, UK) and
incubated o/n at 37 °C in a shacking incubator. Subsequently, the content of the 50 ml tubes
was split into bigger volumes of LB broth and incubated o/n at 37 °C in a shacking incubator.
Finally, 50 ml of LB broth and bacteria were put into 50 ml tubes and centrifuges at 2900 x g
for 20 minutes at 4°C. Pellets were frozen at -20 °C and processed for plasmid purification

within 2 weeks.

Scara5 EGFp

Scara5 pEGFP-N2 (597)

Figure 2.5 Scara5 pEGFP-N2 plasmid structure. The vector backbone used to insert Scara5 gene is the

pPEGFP-N2 vector, consisting of an engineered GFP (EGFP) fluorescent tag.

In order to purify Scara5 plasmid, bacterial pellets were resuspended in Buffer P1, part of
EndoFree® Plasmid Maxi Kit (QIAGEN, Manchester, UK), and the purification process was
completed according to the manufacturer’s directions. To determine the DNA yield, DNA

concentration was measured utilising the Nanodrop.
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2.10 GapmeRs

To evaluate the impact of Scara5 silencing on hFOB cells, antisense GapmeRs (QIAGEN,
Manchester, UK) were employed. These single-stranded oligonucleotides are 16 nucleotides
long and able to trigger RNase H-mediated degradation of RNA targets that are

complementary to them (Figure 2.6).

LNA DNA LNA
A [TTTTTTTTTTT]T]

Nuclease Nuclease
resistance, resistance,
High affinity High affinity

B [TTTTTTTITTTT]

RNAse H
activating

RNase H

C AERRENENAREREN

mRNA target

Figure 2.6 GapmeRs’ mechanism of action. The GapmeRs feature a DNA fragment surrounded by
locked nucleic acids (LNA) (A). LNA belong to a group of high affinity RNA analogues, as the ribose ring
is “locked” into the optimal conformation for binding. Consequently, LNA molecules demonstrate high
affinity for complementary RNA sequence, being also resistant to RNase H activity (B). DNA:RNA
duplexes catalyse RNase H-dependent degradation of the RNA strand in the nucleus, therefore

degrading the target mRNA (C).

2 Scara5-targeting antisense locked nucleic acids (LNA) GapmeRs (sequences reported in
Table 2.7) and the negative control were used for hFOB transfection. All GapmeRs were

resuspended in Tris-EDTA (TE) buffer at a concentration of 50 uM.
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Table 2.7 Antisense Scara5 LNA GapmeRs sequences

GapmeR sequence (3’ —5') Target sequence (5" — 3’)
Scara5-1 CGCATCAGGATTGAAT ATTCAATCCTGATGCG
Scara5 -2 CTGATTAACGGTGGAG CTCCACCGTTAATCAG

2.11 Cell transfection

hFOB transfection was carried out at 34 °C, 5% (v/v) CO; for either 1 or 4 days. Scara5 plasmid,
pmaxGFP plasmid (Amaxa™, Lonza, Slough, UK), and GapmeRs were used to transfect hFOB
by employing OptiMEM with or without 10% (v/v) FBS and Lipofectamine 2000° (Invitrogen,
ThermoFisher Scientific UK Ltd, Loughborough, UK), according to the manufacturer’s
instructions. Throughout transfection optimisation, also Viafect™ (Promega, Southampton,
UK) was used to transfect hFOB with pmaxGFP at a ratio Transfection Reagent:DNA 4:1.

Viafect™ transfection was carried out utilising OptiMEM with or without 10% (v/v) FBS.

For RNA extraction, hFOB were seeded as 1 x 10* cells/cm? and transfected once 80%
confluent. 750 ng/ml of Scara5 plasmid/pmaxGFP or 50 nM of GapmeRs, together with 2.5
ul/ml of Lipofectamine 2000°®, were incubated for 5 minutes before being added to the cells.
5 hours post-transfection, plasmid/GapmeRs containing OptiMEM was replaced with 10%
(v/v) FBS OptiMEM. RNA was extracted 1 or 4 days after transfection, in order to synthetise

cDNA and perform a RT-qPCR to assess Scara5 expression.

For ALP assay, 5 x 10° cells/well were seeded in a 96-well plate. For Scara5
plasmid/pmaxGFP transfection, 1 ng/ml of plasmid was mixed to 2 ul/ml of Lipofectamine
2000°® in OptiMEM. hFOB were grown at 34 °C, 5% (v/v) CO,, transfected once 80% confluent,
and moved in a 37 °C, 5% (v/v) COzincubator to be treated with antibiotic-free OM for 3 days.
Regarding GapmeRs transfection, the only difference relies on the cell confluence before
transfection: the antisense oligonucleotides (50 nM) were indeed used to transfect hFOB

once cells were 50/60% confluent.

All transfection’s pictures were obtained by using the EVOS M5000 Imaging System
(ThermoFisher Scientific UK Ltd, Loughborough, UK) (470/525 nm light filter).
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2.12 Cell proliferation assay (MTT assay)

For cell proliferation measurement, 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay was used. This assay relies on the fact that MTT, a yellow
tetrazolium salt substrate, can be reduced to purple formazan only by metabolically active
cells. hFOB and PyMT-BO5 cells were seeded as 5 x 10° and 8 x 103 cells/well, respectively,
within a 96-well plate. Cells were treated once 70% confluent; after specific time points (24
and 72 hours), 100 pl of 10% (v/v) MTT (ThermoFisher Scientific UK Ltd, Loughborough, UK)
in CM with or without serum were added to each well and incubated at 34 or 37 °C, 5% (v/v)
CO; for 2 hours. The MTT solution was removed and the formazan crystals formed were
dissolved in 50 pl of DMSO/well. The OD of the resulting purple colour was determined at 550
and 630 nm using the FLUOstar Omega plate reader. For the final OD results, the 630 nm
reading represented the background and it was therefore subtracted to the 550 nm one (test).

The percentage of cell proliferation was calculated as follows:

Test y
% Cell proliferation = 0D 550:6300m _ 100

ontrol op 550-630 nm

2.13 Cell adhesion assay

To determine PyMT-BO5 cells adhesion to the plastic support, a cell adhesion assay was used.
96-well plates were coated by using 50 pl/well of 2% (v/v) Matrigel® (10 mg/ml, Corning Life
Sciences, Corning, New York, USA) in FBS-free CM for 30 minutes at 37 °C, 5% (v/v) CO..
Subsequently, the solution was removed and wells were washed once with PBS. 2 x 10* BO5
cells/well were resuspended in inguinal fat supernatant (Sn) and inguinal fat and BO5 Sn
before being seeded (Section 2.14.2). After 45 minutes, the Sn was removed and the cells
were washed three times with PBS before being fixed with 10% (v/v) buffered formalin for 15
minutes. Wells were then washed once with PBS and 0.1% (v/v) crystal violet solution was
added for 20 minutes. Finally, purple-stained cells were washed three times with dH,0 and
the wells were left to air dry o/n. Images of single wells were acquired using Leica DMI3000 B
microscope; 3 random fields of view (10x magnification) were analysed by Imagel, thus

determining the percentage of adhesion area occupied by BO5 cells.
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2.14 Murine samples harvest and processing

Mice were humanly euthanised by CO; inhalation followed by cervical dislocation at different
ages as previously mentioned. Total body weight was measured within two hours after

euthanasia, whilst inguinal fat (iFAT) pads weight was assessed immediately after removal.
2.14.1 Murine tissue harvest

Within two hours from young (3 to 4 weeks old) or adult (> 11 weeks old) mice sacrifice,
murine organs were collected under clean but not sterile conditions. iFAT pads, kidneys,
testis, and tumours were snap-frozen in liquid Nitrogen and stored at -80 °C for subsequent
experiments. For histology processing, murine organs (i.e. iFAT pads, long bones) and tumours
were fixed in 10% (v/v) buffered formalin for 1 to 3 days at 4 °C, at the end of which they

were washed in PBS and stored in 70% (v/v) Ethanol at 4 °C.
2.14.2 Inguinal fat supernatant production

Under sterile conditions, inguinal fat pads from 15 weeks old mice (females) were collected,
washed in 1% (v/v) P/S PBS, cut into small fragments by scalpels, and added to FBS-free CM
within Petri dishes (100 mm). After 24 hours, the adipose tissue fragments were removed and
the supernatant (Sn) was collected and centrifuged at 250 x g for 5 minutes; the Sn was
filtered through a 0.45 um filter and aliquoted in 1.5 ml tubes, which were stored at -80 °C.
Adipose tissue fragments were also added to PyMT-BO5 BrCa cells once 80% confluent. The

Sn from co-cultured inguinal fat and PyMT-BO5 cells was obtained as above-described.

iFAT Sn and iFAT and PyMT-BO5 cells Sn were used as treatments for PyMT-BO5 cells,
which proliferation (Section 2.12) and adhesion (Section 2.13) were assessed after 1/3 days
and 45 minutes, respectively. Moreover, different concentrations of the iron chelator
Desferrioxamine (DFO) were added to iFAT Sn and iFAT and PyMT-BO5 cells Sn before being
used as a treatment for BO5 cells. After 3 days, Sn and DFO effect on BO5 proliferation was

assessed via MTT assay (Section 2.12).
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2.15 Microcomputed tomography (uCT)
2.15.1 Bone microarchitecture analysis

Mouse tibiae were fixed and stored as described in Section 2.14.1; tibiae kept in 70% (v/v)
ethanol were washed in PBS and wrapped in plastic foil before scanning with SkyScan 1174 X-
ray Microtomograph (Bruker Ltd, Coventry, UK). The X-ray source was set to a current of 800
mA and a voltage of 50 kV, with a pixel resolution of 6 um. To analyse the trabecular bone, a
set of consistent criteria was used to select either 160 (for 11 weeks old mice) or 201 (for
ovariectomised/diabetic mice) serial cross sections from the bone's growth plate to the
diaphysis. The SkyScan NRecon package (version 1.7.1.0) was then used to reconstruct cross-
sectional images from the tomography X-ray projections, and volumes and regions of interest
were selected and analysed using SkyScan software products, including CT-analyser (version

1.17.7.2) and CT-volume (version 2.2.3.0), which employ volume modelling.
2.15.2 Bone marrow adipose tissue evaluation by Osmium tetroxide (0sO4) staining

Osmium staining of bone marrow adipose tissue was performed as described before 24,
Shortly, the tibiae were fixed in 10% (v/v) buffered formalin for 1-3 days and the bone was
cleaned thoroughly by all the surrounding tissue and the distal end was cut than tibiae were
placed in Osteosoft®, an EDTA-based solution, in order to be decalcified at room temperature
(RT). After about 11 days, the decalcifying state was verified by uCT and bones were moved
into histology cassettes (Histosette®, Merck Life Science UK Limited, Gillingham, UK) and
washed for several hours in running water. Subsequently, tibiae were stained individually
with 4% OsOg4 (v/v) in 0.5 ml tubes at RT for 3 days and afterwards washed in running H,O for
several hours. Decalcified and osmium-stained bones were then stored in dH,0 at 4 °C for

LCT scanning at a later date.

For imaging and adipose tissue evaluation of the OsO4 stained bone marrow adipocytes,
tibiae were scanned according to the previous section’s method, with the only difference
being that the pixel resolution was set to 21 um instead of 6 um. The volume of marrow
adipose tissue was calculated using SkyScan software products, including CT-analyser (version

1.17.7.2) and CT-volume (version 2.2.3.0).
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2.16 Murine samples histology

Murine tissues (i.e. inguinal fat, BrCa tumours) were fixed and stored as described in Section
2.14.1. For paraffin embedding, the fixed samples were transferred into histology cassettes
and dehydrated using increasing concentrations of ethanol as follows: 80% (v/v) ethanol for
1 hour, 90% (v/v) ethanol for 1 hour, absolute ethanol for 1 hour (repeated once for a total
of 2 hours), xylene substitute for 30 minutes (repeated once for a total of 1 hour). Next, the
cassettes were placed in 60 °C paraffin o/n before being moved to clean paraffin for 2 hours.
Finally, the samples were included in paraffin blocks and allowed to solidify for 30 minutes at

RT.

Paraffin blocks were sectioned using the Leica RM225 Microtome (Leica Biosystems,
Wetzlar, Germany) equipped with MX35 Ultra Disposable Microtome Blades (Epredia,
ThermoFisher Scientific UK Ltd, Loughborough, UK). Glass slides (VWR International,
Lutterworth, UK) were used to place sections of either 4 um or 6 um (tumours only) and were
then moved to a 37 °C oven o/n. Following this, the tissue slides were either stored at RT for

future processing or stained immediately.
2.16.1 Hematoxylin and Eosin (H&E) staining

Tissue sections were stained using Harris Hematoxylin and Eosin Y-solution 0.5% (w/v)
aqueous, which mainly colour the nuclei in purple and the cytoplasm in pink. The slides were
de-waxed in xylene substitute (5 minutes, repeated once for a total of 10 min), re-hydrated
in decreasing concentrations of ethanol (absolute ethanol for 2 minutes, 90% (v/v) ethanol
for 2 minutes, 75% (v/v) ethanol for 2 minutes, dH,0 for 2 minutes) and finally stained
(Hematoxylin for 30 seconds, running water for 5 minutes, Eosin for 5 minutes, running water
for 5 minutes). At the end of the procedure, slides were immersed in two different
concentrations of ethanol (70% (v/v), 100% (v/v)) to remove the excess of colour, and in
xylene substitute to clear them. Slides were mounted with a glass cover slip (VWR
International, Lutterworth, UK) using DPX mountant and visualised with the Leica DMI3000 B

microscope (Leica Biosystems, Wetzlar, Germany) after 24 hours.
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2.16.2 Iron staining (Potassium Ferrocyanide)

In order to stain murine tumour slides for ferric iron (Fe3*), the Epredia™ Richard-Allan
Scientific™ Iron Stain was obtained from Epredia (ThermoFisher Scientific UK Ltd,
Loughborough, UK). A working iron solution was prepared by combining HCIl and potassium
ferrocyanide solutions in a 1:1 ratio. Tissue sections were de-waxed as above described
(Section 2.16.1), then stained in the freshly prepared working solution for 30 minutes. The
slides were washed in dH20 for 1 minute and counterstained in Nuclear Red Thiazin stain
solution for 1 minute. Finally, the sections were washed in dH,O and immersed in two
different concentrations of ethanol (70% (v/v), 100% (v/v)), followed by xylene substitute,

before being mounted and visualised as outlined in Section 2.16.1.

The stained slides displayed a pink background and a blue colour on the iron detected. This
was due to the reaction of Fe3* with an acidic solution and potassium ferrocyanide, which

resulted in the formation of an insoluble blue pigment (Prussian Blue).
2.16.3 Inguinal fat histology analysis

Using the Leica DMI3000 B microscope, H&E-stained slides of inguinal fat were examined by
imaging 3 randomly selected fields at a magnification of 20x. As both embedding and staining
process of fat pads involved ethanol and clearing agent (xylene substitute) that solubilised
the lipid molecules, the canonical lipid ester core staining reagents (e.g. ORO) could not be
used to stain lipid-containing adipocytes. Consequently, membranes and nuclei are the only
elements that can be observed by H&E-stained adipose fat, and therefore adipocytes are

referred to as "ghosts."

Parameters as adipose tissue ghosts’ number and diameter were measured by employing
Imagel 1.53k software (National Institutes of Health, Maryland, USA) and the Adiposoft macro
(Figure 2.7) 24,
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Figure 2.7 Adiposoft macro for adipocyte size and number analysis. H&E-stained adipocyte ghosts
were processed and analysed in terms of size and number by ImageJ) macro Adiposoft (image on the

right) (20x bright field, 50 um scale bar).
2.17 Calcein injection assay (in vivo bone formation assay)

Calcein injection assay is a useful experiment to study bone formation in mice models, as
Calcein is a calcium chelator used to label new mineral bone deposition 243, The aim of this
experiment was to assess the effect of low dose lipopolysaccharide (LPS) on calvarial bone

formation in Scara5-WT and KO mice.
2.17.1 PBS, LPS and Calcein injection protocol (experimental design)

Males of 5-7 weeks of age were subcutaneously injected on the parietal bones of the calvaria
once with 50 ul of PBS or 0-25 pg/mouse of LPS Serotype R515 TLRGRADE® (Enzo Life Sciences
(UK) Ltd., Exeter, UK) under general Isoflurane (Independent Vetcare Ltd, Bristol, UK)
anaesthesia. 20 mg/kg Calcein (in about 200 pl/mouse) were injected intraperitoneally 7 and

14 days after PBS/LPS calvarial injection.
2.17.2 Calvaria plastic embedding, sectioning, and analysis

2 days after the last Calcein injection, mice were sacrificed and the calvaria were collected,
fixed in 10% (v/v) buffered formalin for 1 day, washed in PBS, and stored at 4 °C in 70% (v/v)
ethanol until ready to be processed. Bones were dehydrated in graded acetone (70% (v/v),

90% (v/v)) for 1 hour each, at RT. The last incubation in 100% (v/v) acetone was carried out
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o/n. Once bones were dehydrated, they were plastic-infiltrated in the infiltrate mix, consisting
of 90% (v/v) destabilised methylmethacrylate (dAMMA), 10% (v/v) dibutylphtalate (DBP) and
0.05% (w/v) benzoyl peroxide (BPO) for 3 days at 4°C. Subsequently, calvaria bones were
embedded in the embedding mix (85% (v/v) dMMA, 15% (v/v) DBP, 1.5% (w/v) BPO) at 37 °C
for at least 1 week. Plastic blocks were placed at -20 °C for 1 h, after which they were removed

from the glass vials by breaking the glass.

The blocks were then cut in half by using the IsoMet® Low Speed Saw machine (Buehler,
[llinois, USA) and grinded through the Beta Grinder-Polisher (Buehler, lllinois, USA). 5 um
plastic sections were obtained by employing the the Leica RM225 Microtome. Calvaria
sections were placed onto glass slides together with one drop of 95% (v/v) ethanol, covered

with plastic squares, and baked o/n at 37 °C.

New bone formation was assessed by measuring the distance between the two Calcein-
labelled bone’s layers under the Leica DMI3000 B microscope and using the Imagel 1.53k

software.

2.18 Oestrogen deficiency-induced osteoporosis animal model (ovariectomy-

induced osteoporosis)

Ovariectomy (OVX) or sham-ovariectomy (SHAM) was performed on 8 weeks old female mice
under general anaesthesia (Isoflurane) and 0.3 mg/ml analgesic (Vetergesic®, Ceva Animal
Health Ltd, High Wycombe, UK) administration. Body weight, as well as mice behaviour, were
monitored frequently to exclude animal’s suffering; mice were culled once 20 weeks old, 12
weeks after surgery, and long bones were harvested. Bones were processed and pCT-

analysed as described in Section 2.14.1 and Section 2.15.
2.19 Streptozotocin-induced diabetes animal model

7 weeks old male mice received a single high-dose intraperitoneal injection of Streptozotocin
(Stz) (170 mg/kg) after a 6 h fasting. The high dose was likely to cause pancreatic -cells
disruption and mimic the onset of type 1 diabetes (T1D) 2**. Mice were then fed regularly and
sucrose pellets were added for 3 days after the Stz injection. Blood glucose was measured

weekly by using the GlucoRx Nexus blood glucometer (GlucoRx Limited, Guildford, UK), while
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mice body weight was measured twice a week. Blood glucose levels above 16.7 mmol/L
indicated a diabetic status in mice; in most cases, blood glucose readings were above 33.4
mmol/L, therefore above the glucometer limits. 2 weeks after the Stz injection, Linbit® pellets
(LinShin Canada Inc, Toronto, Canada) were surgically implanted into mice fat pads. Linbit®
pellets consist of insulin, which is sustainedly released from micro-crystallised palmitic acid
(0.1U/day); 2 Linbit® pellets were implanted per 20 g of mouse body weight. Mice were
sacrificed 6 weeks after the Stz injection, once 13 weeks old. Inguinal fat pads and bones were

processed and analysed as described in Section 2.14.1 and Section 2.15.1.
2.20 Breast cancer animal models

BRPKp110 cells (5 x 10°) or PyMT-BO5 cells (1 x 10°) were orthotopically injected into the left
abdominal mammary fat pad of 15 weeks old female mice within 50 pl per animal of a 1:1
mixture of PBS and Matrigel®. The surgical procedure was carried out under general
anaesthesia (Isoflurane), in sterile conditions, and the analgesic Vetergesic® was administered
prior surgery and for 3 days after. The Grimace scale was used to determine mice suffering,
as well as body weight measurements, for 10 days after surgery. Tumour growth was
monitored every 2-3 days from day 10 to day 21 (BRPK-p110 model), or twice from day 10 to
day 15 (PyMT-BO5 model). After 15 or 21 days, mice were sacrificed and tumours were
harvested and kept in RPMI medium (Gibco, ThermoFisher Scientific UK Ltd, Loughborough,

UK) for maximum 2 hours before being processed.

For both BRPK-p110 and PyMT-BO5 orthotopic models, Fisherbrand™ Traceable™ Digital
Carbon Fiber Calipers (ThermoFisher Scientific UK Ltd, Loughborough, UK) were used to

determine tumour volumes by employing the following formula:
Volume (mm?) = Length x Width x 0.52

Tumour volumes were measured for both live and sacrificed animals, from which tumours
were ultimately harvested. Tumours were halved and either fixed in 10% (v/v) buffered
formalin for 1-3 days and stored in 70% (v/v) ethanol at 4 °C (for histology analysis), or snap-

frozen in liquid Nitrogen and stored at -80 °C (for RT-qPCR or iron quantification).
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2.21 Western Blot (WB)

2.21.1 Protein extraction and quantification

Total protein content was extracted from treated cells by means of a lysis solution, consisting
of Tris-HCI (pH 8), 150 mM NaCl, 2 mM EDTA, 10% (v/v) glycerol, and 1% (v/v) Nonidet P40;
for a complete lysis solution, proteinase inhibitor cocktail (Cell Signaling Technology, London,
UK) and Pierce phosphatase inhibitor (ThermoFisher Scientific UK Ltd, Loughborough, UK)
were added. At the end of the treatment (AM or Wnt3a), BMSCs were washed twice in ice-
cold PBS, incubated with lysis solution for 30 minutes at 4 °C on a rocker, and finally harvested
and centrifuged at 13,600 x g, 4 °C, for 15 minutes. The supernatant was collected and stored

at -80 °C for later protein quantification analysis through Western Blot (WB).

Protein quantification was carried out by using Bradford reagent (Brilliant Blue G dye-
based reagent) and bovine serum albumin as a standard. Protein concentration was

ultimately assessed with the FLUOstar Omega plate reader at 595 nm.
2.21.2 Protein separation: sodium dodecyl-sulfate (SDS)-page electrophoresis

The protein samples were denatured at 95 °C for 5 minutes within a mixture consisting of 4x
NuPage LDS sample buffer (Invitrogen, ThermoFisher Scientific UK Ltd, Loughborough, UK)
and 1M dithiothreitol. 10 pg of denatured proteins were resolved on 8-10% (v/v) SDS
polyacrylamide gels, within a Mini Protean Tetra Cell (Bio-Rad Laboratories Inc, Watford, UK)
filled with running buffer (dH,O, tris-base, glycine, SDS), in a 60-100 V run. The molecular
weight was assessed by Precision Plus ProteinT Dual Color Standards (Bio-Rad Laboratories

Inc, Watford, UK).
2.21.3 Protein transfer and immunoblotting

Once the electrophoresis was completed, the separated proteins were transferred to a PVDF
membrane (Immobilon FL, Merck Life Science UK Limited, Gillingham, UK), using a Trans-Blot®
Turbo™ Transfer System (Bio-Rad Laboratories Inc, Watford, UK). The membrane was then
blocked with Intercept TBS blocking buffer (LI-COR Biosciences UK Ltd, Cambridge, UK) for 1
hour, followed by an o/n incubation with the primary antibody solution at a low rocker speed

and appropriate dilution (Table 2.8). After 4 washes with Tris-buffered saline with 0.1% (v/v)

92



CHAPTER 2 MATERIALS AND METHODS

Tween® 20 detergent (TBST), the membrane was incubated with a secondary antibody IRDye®
solution for 1 hour at RT (Table 2.8), followed by 4 additional washes with TBST. The
membrane was rinsed with TBS and scanned immediately with the Odyssey CLx Imaging
System (LI-COR Biosciences UK Ltd, Cambridge, UK). The densitometric software (Image
Studio, LI-COR Biosciences UK Ltd, Cambridge, UK) was used to quantify the protein band

density, which was then normalised to the signal of the housekeeping protein (B-actin).

Table 2.8 Antibodies used for Western Blot

. Molecular I Catalogue .
A Dil |
ntibody weight ilution  Source number Supplier
Santa Cruz
Biotechnology,
B-actin 43 kDa 1:2000 Mouse sc-47778 Inc
(Heidelberg,
Germany)
. . Cell Signaling
- 43 kD 1 R #497 i
B-actin 3 kDa 5000 abbit 970 Technology Prllmar.y
antibodies
B-catenin 90 kDa 1:2000  Rabbit AHP2418 Bio-Rad
Phospho-RPS6 . Bio-Techne Ltd
=32 kD 1:4 R AF391
(Ser380) 32 kba 00 Rabbit 3918 (Abingdon, UK)
Phospho-RSK1 . Bio-Techne
=94 kDa 1:5000 Rabbit MAB79671
(Ser235/Ser236) Ltd
Goat
IRDye® 680LT / 1:10,000 anti- 926-32213 LI-COR
Mouse Secondary
Donkey antibodies
IRDye® 800CW / 1:10,000 anti- 926-68020 LI-COR
Rabbit

2.22 AKT phosphorylation array

To assess Scara5-related changes within the AKT-related pathways, the RayBio® C-Series AKT
Pathway Phosphorylation Array C1 was purchased from RayBiotech (RayBiotech Life, Inc.,
Georgia, USA). Proteins were obtained from cell lysates of Scara5-WT and -KO BMSCs treated
with CM, OM, and AM for 20 minutes. According to the manufacturer instructions, 200 ug of
proteins were diluted in blocking buffer (1 ml as final volume), also used to block the provided

membranes at RT for 1 h. The membranes were incubated with proteins in blocking buffer
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o/n at 4 °C, under gentle rotation. Afterwards, all steps were performed at RT and under
gentle rotation; membranes were washed 5 times, for 5 minutes each time, and incubated
for 2 hours with the detection antibody cocktail. 5 new washes followed the last step before
membranes were incubated with HRP-Anti-Rabbit IgG for 2 hours. Again, membranes were
washed 5 times and the detection buffer mixture was pipetted onto the membranes for 2
minutes, after which they were visualised under the G:BOX Chemi XRQ transilluminator. 1
minute-exposure was used for each membrane and the dots density was quantified using

Imagel) 1.53k software.

Once dots density was quantified, the background was subtracted and the data were
normalised to the positive controls signals. OM and AM membranes were finally compared

to the CM membrane (the control one).

2.23 Seahorse cell metabolic analysis (mitochondrial function analysis)

Seahorse metabolic analysis was partially performed at the Quadram Institute (Norwich, UK).
Seahorse plates, cartridges, medium and supplement reagents, calibrant solution, and Mito
Stress Test Kit were purchased from Agilent (Agilent Technologies, Santa Clara, USA). BMSCs
P1 were seeded at a density of 7000 cells/well for CM and OM treatment and 10,000 cells/well
for AM treatment within an Agilent Seahorse XFe96 cell culture microplates. After 3 days,
cells were treated with OM and AM for 7 days. One day prior the cell analysis, XFe96 Flux
cartridges were hydrated with XF Calibrant o/n at 37 °C. Treatment media were removed
after 7 days and replaced with Seahorse DMEM medium, pH 7.4 added with XF 1 M Glucose
solution, XF 100 mM Pyruvate solution, XF 200 mM Glutamine solution. Cells were then
equilibrated at 37 °Cin a non-CO; incubator for 1 hour. OM/AM-treated BMSCs mitochondrial
respiration was assessed using the Seahorse XF Cell Mito Stress Test Kit, which measured the
cellular oxygen consumption rate (OCR) upon the injection of Oligomycin (1.5 uM), carbonyl
cyanide-4- (trifluoromethoxy) phenylhydrazone (FCCP) (1 uM), and Rotenone and Antimycin
A (0.5 uM), according to the manufacturer’s instructions (Figure 2.8). Finally, cells were ready
for being analysed using the Seahorse XFe96 Analyser (Agilent Technologies, Santa Clara,

USA).
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Figure 2.8 Agilent Seahorse XF Cell Mito Stress Test profile. After treatment, BMSCs were injected
with Oligomycin, which determined ATP production by inhibiting ATP synthase function. FCCP
injection allowed the assessment of cell maximal respiration by collapsing the proton gradient and
disrupting the mitochondrial membrane potential, thus determining an uncontrolled electron flow
through the electron transport chain (ETC). As a consequence, OCR reaches the maximum. Finally,
non-mitochondrial oxygen consumption was measured upon the injection of Rotenone and Antimycin
A, which inhibited ETC Complex | and Complex Ill shutting down the mitochondrial respiration. Basal
and maximal respiration were subsequently measured by subtracting the non-mitochondrial oxygen

consumption reading from basal and maximal respiration readings.

After the assay completion, the medium was removed and cells were fixed with 10% (v/v)
buffered formalin for 15 minutes. Cells were then washed once with PBS before adding a
solution of 1 mg/ml 4',6-diamidino-2-phenylindole (DAPI) (Thermo Scientific™, ThermoFisher
Scientific UK Ltd, Loughborough, UK) in PBS (dilution 1:1000) for 15 minutes. Subsequently,
cells were washed once with PBS and visualised using the EVOS M5000 Imaging System
(420/495 nm light filter). 3 random fields of view (10x magnification) were analysed by
Imagel, thus determining the number of cells per single well. Hence, Seahorse data were

normalised to the final number of cells and presented as OCR (pmol/min per 1000 cells).
2.24 Iron quantification (ferene-based iron assay)

The iron quantification was partially performed at the School of Chemistry, University of East

Anglia (Norwich, UK) by Dr Justin Bradley. To determine total iron content in solid samples
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(tissues, i.e. inguinal fat, testis, kidneys, tumours), a ferene-based assay was used. Briefly, =20
mg of tissue were digested within 68% (v/v) nitric acid and ultrapure H,O 1:1 for 24 hours at
37 °C. Once cooled down, 80 pl of sample were mixed with 200 pl of a saturated solution of
ammonium acetate (in order to neutralise the nitric acid). 40 ul of a 5% (w/v) sodium
ascorbate solution were added to the sample, followed by 40 ul of 10 mM ferene solution.
The samples were left to stand at RT for 30 minutes to allow the complex ferrous iron (Fe?*)-
ferene to form. To prepare the calibration plot, iron solutions at different concentration were
prepared (from zero to 50 uM). The complex optical density was measured through the VWR®
Hitachi U-2900 spectrophotometer (VWR International Ltd, Lutterworth, UK); spectra were
measured in a 1 cm pathlength quartz cuvette at 593 nm. This assay measured the sample
total iron; although the ferene solution used is a high affinity to Fe?* chelator, the addition of

sodium ascorbate reduces the Fe3* to Fe?*, thus determining the detection of total iron.
2.25 Data analysis and statistics

Data were analysed by using the Prism 9.1.1 software (GraphPad, California, USA) and are
presented as mean * SEM (standard error of mean) or mean + SD (standard deviation). Before
analysis, data sets were submitted to the Saphiro-Wilk test, to assess if the distribution was
normal. For a normal distribution and a 2 groups comparison, unpaired two-tailed Student’s-
t test was used, whereas for a 3 or more-group comparison, one-way ANOVA with Tukey’s
post hoc test was preferred. If the data distribution was not normal, Mann-Whitney U test or
non-parametric Kruskal-Wallis test with Dunn’s multiple comparison were used for a 2-group
or a 3- or more-group comparison. When two variables were considered, a two-way ANOVA
with Tukey’s or Sidak's post-hoc test was performed. Due to the variability of the in vivo work,
murine organs’ and tumours’ data were analysed assuming a non-normal distribution. Simple
linear regression analysis was used to determine the statistical difference of in vivo tumour
volumes by comparing the elevation of the regression lines. Each experiment was performed
in replicates (2 to 6) and repeated at least 3 times, by employing 3 different
biological/independent samples; sample size is indicated as “n”. Statistical significance
degrees are indicated as * p <0.05, ** p< 0.01, *** p<0.001, **** p <0.0001. No significance
is not showed or reported as “ns”. No statistical methods were employed to predetermine

sample size.
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Schematic figures were originally produced, unless differently stated, employing Adobe
Photoshop (version 21.1.2), Adobe lllustrator (version 24.1), Microsoft® PowerPoint (version

16.76.1), and ChemDraw® (version 16.0.1.4) software.
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Chapter 3: Scara5 controls osteogenesis and adipogenesis

3.1 Introduction

Mesenchymal stromal cells (MSCs) can be defined as multipotent stromal cells present in all
mesenchyme-derived tissues and easily isolatable from sources such as bone marrow and
adipose tissue 2%, Throughout the years, MSCs proved to have the multipotent ability to
differentiate into diverse cell types, most notably osteoblasts and adipocytes 33. Under
determinate chemical stimuli, in vitro MSCs commit to bone and adipose tissue precursors
before being terminally differentiated into mature cells. As a confirmation of the new
differentiated status, techniques such as reverse transcription-quantitative polymerase chain
reaction (RT-gPCR) can be exploited to evaluate osteogenic and adipogenic markers
expression (e.g. alkaline phosphatase, osteocalcin, adiponectin, leptin). Also, the compounds
Alizarin Red S and Oil Red O have been widely used over the years to stain calcium and lipid

droplets of MSCs-derived osteoblasts and adipocytes, respectively.

The family of Scavenger Receptor Class A consists of 5 members that are mostly expressed
on macrophages, to endow them with the ability to recognise and internalise microbial
pathogens 1. MSR1, MARCO, Scara3, Scara4, and Scara5 share a similar collagenous domain,
which seems crucial to confer the binding property to these receptors. Although Class A
members are predominantly expressed on macrophages, in the last decades they also have
been found expressed in a multitude of other tissues and cell types as, inter alia, heart, testis,
placenta and epithelial cells 1%, Unlike the other members of this family, Scara5 has some
unique characteristics. In 2017, Lee et al. firstly described Scara5 in association with adipose
tissue and adipogenesis in vitro 1®°. When Scara5 was knocked down in murine preadipocytes
cells A33, adipogenic differentiation was earnestly impaired; this study pointed to Scara5 as

a novel adipogenic marker 16°,

MSCs commitment is controlled by a plethora of signalling pathways, many of which
remains unknown. Scara5 emerged as a potential mediator of adipocyte commitment, but it
has never been associated with osteogenesis. This chapter will investigate Scara5

involvement in both osteogenesis and adipogenesis using Scara5-wild type (WT) and -
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knockout (KO) murine bone marrow derived MSCs (BMSCs) and human MSCs-like cells

(human fetal osteoblast 1.19).

3.2 Scara5-WT and -KO BMSCs respond differently to osteogenic stimuli

3.2.1 Passage 1 bone flushed BMSCs show the utmost potential as a primary cell model

BMSCs can be isolated in different ways from bone marrow; the most common technique
involves flushing long bones with medium to remove the bone marrow. In optimising the cell

culture of BMSCs, also bone chips have been used to obtain the desired cells 2%,

Alkaline phosphatase (ALP) assay is a gold standard technique often exploited to evaluate
osteogenic potential of MSCs-like cells. The assay employs p-Nitrophenylphosphate (pNPP)
substrate, which is hydrolysed into the yellow-coloured product p-Nitrophenol (pNP) by the
ALP produced by differentiating BMSCs. Hence, ALP activity is represented as pNP
concentration (mmol/L). In the following sections, an ALP assay was employed to select the

ideal cell passage of BMSCs to be used in the majority of experiments.

3.2.1.1 Bone washed cells vs bone chips: different ways to isolate and grow BMSCs

Murine BMSCs were harvested from long bones (i.e. tibiae and femurs) of C57BL/6J mice both
by flushing the bone marrow out from the cavity and by cutting up the bones to produce bone
chips. While bone flushed-BMSCs were 70 to 80% confluent after 5 days of culture in complete
maintenance medium (CM), it took 10 days to the bone chips derived-BMSCs to become
similarly confluent (Figure 3.1 A). As shown in Figure 3.1 B, bone flushed-BMSCs displayed an
elevated ALP activity in response to osteogenic medium (OM). The highest cell seeding
number used (15,000) also produced the highest pNP concentration, both for CM and OM-
treated cells (0.577 and 1.536 mmol/L, respectively). Regarding the bone chips derived-
BMSCs, as demonstrated in Figure 3.1 B, pNP concentrations detected were lower than the
flushed-BMSCs; the highest pNP concentration for bone chips BMSCs was, indeed, the one
produced by OM-treated 15,000 cells, equal to 0.534 mmol/L. On the other hand, 5000 cells
from flushed bones OM treated for 3 days produced 0.530 mmol/L of pNP. Hence, less BMSCs
are required to produce a discrete amount of pNP, and this is achievable in just 5 days of

bone-flushed cell culture.
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Figure 3.1 Bone flushed-BMSCs and bone chips derived-BMSCs show distinct ALP activity patterns.
BMSCs bone-flushed were cultured for 5 days, whereas BMSCs from bone chips were cultured for 10
days (A); pictures were acquired after 5 or 10 days of culture at 10x bright field magnification (50 um
scale bar). BMSCs were then trypsinised and seeded as passage 1 at different seeding densities (from
5000 to 15,000 cells/well in a 96-well plate). Their ALP activity was assessed via ALP assay after 3 days

of OM treatment (B). Bars represent the mean * SD of > 3 technical replicates of a single experiment.

Comparing the two different methods used to collect and cultivate BMSCs, bone flushed-
BMSCs were selected as the optimal cells to be used in this work, both in terms of time of

collection and ALP activity detected.

3.2.1.2 Passage 1 BMSCs display the highest ALP activity when OM-treated

Bone flushed-BMSCs were cultivated from passage (P) 1 to P3 and for each passage an ALP
assay was performed. Cells were treated for 3 days with OM and the pNP concentration was
determined, as depicted in Figure 3.2 A. P1 cells responded to osteogenic stimuli efficiently,
at all three different seeding density, with 15,000 cells producing the highest concentration

of pNP once treated with OM (1.526 mmol/L). P2 cells generated much higher pNP
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concentrations in CM; however, OM treated cells did not respond as efficiently as P1 cells,
with a fold change lower than 1.8 per seeding number used. In P3 cells, the fold changes

between OM/CM were overall lower than 1.5; thus, the best fold induction in OM was in P1

cells.
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Figure 3.2 Passage 1 (P1) BMSCs exhibit the highest ALP activity. Different numbers of BMSCs
passages 1-3 were seeded in a 96-well plate and treated with OM; ALP activity was assessed via ALP
assay (A). ALP activity was also determined from scraped (S) cells, passage 1-3, after 3 days of OM

treatment (B). Bars represent 2 3 technical replicates of a single experiment, shown as mean + SD.

Due to the heterogeneous cell populations present in the bone marrow, once BMSCs are
seeded some cell types (e.g. monocytes) will adhere to the plastic surface more strongly than

others 233

. In order to detach the remaining cells from the Petri dishes, cell scrapers were
used; the scraped cells were then subcultivated until P3 and, for each passage, treated with
OM. As shown in Figure 3.2 B, ALP assay proved that those cells did not respond to OM,

therefore lacking osteogenic potential.

Be that as it may, these results indicate that P1 cells have the greatest osteogenic potential

once OM treated. Due to the scarce number of cells obtainable from bone flushing, 5000
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cells/well can be experimentally used: their OM/CM fold change was 4.5, higher than the fold
changes of the others seeding densities (3.6 for 10,000 cells, 3.9 for 15,000 cells) (Figure 3.2
A, P1).

3.2.2 Scara5 gene expression is not triggered by OM treatment

Over the last decade, Scara5 expression has been associated with several tissues, but its
relation to bone is less well explored. To test whether Scara5 expression was triggered by
osteogenic stimuli, BMSCs were treated with OM for 3 different time points: 7, 14, and 21
days. RNA was subsequently extracted from confluent cells and cDNA was synthesised. RT-
gPCR was carried out, showing that OM did not induce Scara5 expression at any considered

experimental time (Figure 3.3).
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Figure 3.3 OM treatment does not trigger Scara5 gene expression. WT and Scara5-KO BMSCs were
seeded as 2.88 x 10° cells/well in a 6 well-plate and treated with OM for 7, 14, and 21 days; qRT-PCR
was performed to assess Scara5 expression. 224" method was applied and Scara5 expression was
normalised to GAPDH. Data are depicted as mean + SEM and the experiment was repeated using 3
different biological samples (n=3). Two-way ANOVA with Siddk's post-hoc test was used to determine

the degree of significance (" p > 0.05).

3.2.3 Scara5-KO BMSCs are more prone to differentiate to osteoblast than WT cells

A constitutive KO of Scara5 was performed in C57BL/6J mice models to extensively study the
biological role of this gene in MSCs differentiation, as well as bone and fat homeostasis. To
determine whether Scara5 genetic deletion influences cells’ osteogenic potential, BMSCs
were obtained from WT and Scara5-KO mice and treated with OM for 28 days, the time

required to differentiate to osteoblasts. ARS was used to stain calcium-containing bone
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nodules, as shown in Figure 3.4 A. ARS was also eluted using 10% (w/v) cetylpyridinium
chloride buffer (Figure 3.4 B). The osteogenic differentiation process proved to be quite
difficult to carry out for murine BMSCs; for this reason, the above-described results refer to a

single experiment.
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Figure 3.4 Scara5 deficient BMSCs have a higher osteogenic potential than WT BMSCs. BMSCs were
seeded in a 24-well plate and treated for 28 days and the osteogenic differentiation of WT and Scara5
KO BMSCs was assessed by Alizarin Red S staining (A). Alizarin Red was quantified, and its
guantification is presented both in terms of OD (left) and fold change (right) (B); graphs represent a
single experiment carried out in triplicates and depicted as mean * SD. ALP activity was evaluated by

ALP assay after 3 days of treatment with OM (n=5, >3 technical replicates/n), presented both in terms
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of pNP concentration (left) and fold change (right) (C). Data are shown as mean * SEM, Mann-Whitney

U test was used to determine the degree of significance (**** p < 0.0001).

To assess ALP activity, BMSCs WT and Scara5-KO were seeded in a 96-well plate and
treated with OM for 3 days. In response to OM, Scara5-KO cells displayed a significantly higher
activity of ALP than WT BMSCs (Figure 3.4 C). In terms of fold change, Scara5-KO OM was 1.4
higher than WT OM (mean + SEM, 3.192 + 0.189 vs 4.453 + 0.173), demonstrating that the

absence of Scara5 increases BMSCs osteogenesis.

3.2.4 Osteogenic marker expression does not differ between Scara5-WT and -KO BMSCs

In addition to bone nodules’ staining and ALP assay, osteogenic gene expression was
investigated. Alkaline phosphatase (Alpl) and osteocalcin (OCN) gene expression was assessed
through RT-qPCR after BMSCs WT and Scara5-KO treatment with OM. As depicted in Figure
3.5 A, 7 days of treatment induced both Alpl and OCN expression, but there was no
statistically significant difference between BMSCs WT and Scara5-KO. After 14 (Figure 3.5 B)
and 21 (Figure 3.5 C) days of OM treatment, Alpl and OCN expression slightly decreased, but

there was no statistically significant expression difference between WT and KO cells.
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Figure 3.5 Alpl and OCN expression does not differ between Scara5-WT and -KO BMSCs. BMSCs were
seeded as 2.88 x 10° cells/well in a 6 well-plate before being treated with OM for 7 (D7, A), 14 (D14,
B), and 21 (D21, C) days. 224" method was applied and gene expression was normalised to GAPDH;
graphs of Alpl expression are shown on the right, whereas the OCN’s ones on the left (n=3), and
depicted as mean + SEM. Unpaired two-tailed Student’s t-test was used to determine the degree of

significance (™ p > 0.05).
3.3 Scara5-WT and -KO BMSCs respond differently to adipogenic stimuli

BMSCs differentiate towards a committed and mature cell type if appropriately stimulated;

therefore, adipogenic stimuli push MSCs to differentiate to preadipocytes first, then to
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adipocyte-like cells (hereafter referred to as “mature adipocytes”) if an adipogenic cocktail is

used in vitro.
3.3.1 Scara5 gene expression is triggered by AM treatment

As Scara5 has already been associated with adipogenesis 1>, murine BMSCs were treated with
adipogenic medium (AM) to determine whether Scara5 expression changes after 7, 14, and
21 days of treatment. The fold change AM/CM after 7 days was equal to 13.8 + 4.4 (mean *
SEM), and to 4 + 2 after 21 days. Neither 14 nor 21 days of treatment stimulate Scara5
expression in BMSCs (Figure 3.6 A). Figure 3.6 B illustrates Scara5 expression in all phases of
BMSCs differentiation, as follows: MSCs commitment to preadipocytes (days 0-7), MSCs

differentiation into mature adipocytes (days 7-25).
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Figure 3.6 AM treatment triggers Scara5 gene expression. Scara5 expression of BMSCs WT was
assessed by RT-qPCR after 7, 14, and 21 days AM treatment (n=3). 2T method was applied and
Scara5 expression was normalised to GAPDH; data are presented in terms of fold change and shown
as mean + SEM (A). Schematic representation of Scara5 expression during adipogenic differentiation
of BMSCs (B). Two-way ANOVA with Sidak's post-hoc test was used to determine the degree of
significance (" p > 0.05, ** p > 0.01).
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3.3.2 Scara5 deficient BMSCs differentiate less to adipocytes than WT cells

In the presence of AM, both WT and Scara5-KO BMSCs differentiated towards adipocytes, as
depicted in Figure 3.7. Oil Red O dye confirmed the differentiated state of BMSCs by staining
cytoplasmic lipids within adipocytes. As appreciable by Figure 3.7, WT and Scara5-KO BMSCs
did not differentiate to adipocytes equally: KO cells indeed showed less lipid-containing

adipocytes after 25 days of AM treatment.
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Figure 3.7 Oil Red O-stained lipids are less abundant in Scara5-KO BMSCs. BMSCs were seeded in 48-
well plates and the adipogenic differentiation was assessed by Qil red O staining after 25 days of
treatment with AM. Pictures are representative of a single experiment carried out in triplicates. 20x

bright field magnification (50 um scale bar).

As stated in Section 3.2.3, the osteogenic differentiation process was difficult to complete
for primary BMSCs. The same applies to the adipogenic differentiation course: this is the

reason why the results described refers to a single experiment performed in triplicates.
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3.3.3 Adipogenic gene expression is impaired in Scara5-null BMSCs

Scara5 expression was strongly associated with BMSCs adipogenesis once BMSCs were
treated with AM (Section 3.3.1). It was therefore consequential to look at adipogenic gene
expression in WT and Scara5-KO BMSCs, i.e. adiponectin (Adipoq) and leptin (LEP). As shown
in Figure 3.8 A, 7 days of AM treatment induced both Adipoq and LEP expression, although
Scara5-KO BMSCs expressed both genes at lower levels; in terms of AM/CM fold change, WT
BMSCs Adipog and LEP expression were equal to 113.5 + 21.4 (mean + SEM) and 8.6 + 1.6,
respectively. On the other hand, Scara5-KO cells Adipoq expression was 19.5 £ 5.5, while LEP’s
one to 4.1 £ 0.7. WT and KO adipogenic gene expression was significantly different after 7

days of AM treatment.
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Figure 3.8 Adipoq and LEP expression differs between WT and Scara5-KO BMSCs. Adipogenic
potential of BMSCs WT and Scara5-KO was assessed by RT-qPCR after 7 (A), 14 (B), and 21 (C) days of
AM treatment (n>3). 24T method was applied and gene expression was normalised to GAPDH; data
are presented as mean = SEM and unpaired two-tailed Student’s t-test was used to determine the

degree of significance (" p > 0.05, * p <0.05, ** p<0.01).
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Figure 3.8 B shows both Adipoqg and LEP expression after 14 days of AM treatment. Despite
a difference can be detected between Scara5-WT and -KO BMSCs in the genes’ expression,
this was not statistically significant (p = 0.082 for Adipoq, p = 0.089 for LEP). Furthermore,
after 21 days of culture with AM (Figure 3.8 C), Adipog expression remained high in WT cells
(6.5 £ 1.4), but not statistically different from Scara5-KO’s one (3.1 + 0.8, p = 0.097). On the
other hand, LEP expression did not differ between WT and KO BMSCs after 21 days of AM

treatment.

3.4 Osteoblast cell line hFOB 1.19 can be used to study MSCs commitment to

osteoblasts and adipocytes

Due to the difficulty in collecting and cultivating high number of cells from mouse bone
marrow, an MSCs-like cell line was selected to genetically manipulate Scara5 expression and

further investigate its effect on MSCs fate.

Human fetal osteoblasts (hFOB 1.19) represent an immortalised osteoprogenitor cell line,
able to differentiate into mesodermal lineage cell types ?#’. This section will introduce the use
and the genetic manipulation of Scara5 of hFOB 1.19, as a valid but not exhaustive model to

study Scara5 involvement during osteogenesis and adipogenesis.
3.4.1 hFOB culture differs from the canonical osteoblast cell lines

hFOB has a temperature-sensitive mutant of SV40 large T antigen incorporated, together with
the neomycin resistant expression vector pSV2-neo 23*, These features give hFOB the ability
to grow at 34 °C in the presence of neomycin (G418), which positively selects for them. To
determine the culture conditions necessary to achieve the optimal osteogenic differentiation,
hFOB were both cultivated at 34 and 37 °C, 5% (v/v) CO, with hFOB media (hFOB complete
maintenance medium — hCM, and hCM supplemented with osteogenic reagents — hOM) and
standard media (CM and OM) for 3 days. Specifically, hFOB were grown at 34 °C and hOM/OM
treated once 80% confluent; cells then remained at 34 °C or were moved in a 37 °C incubator.
Figure 3.9 A shows that hFOB cultivated at 34 °C did not respond greatly to hOM (hOM/hCM
fold change, mean 1.6) nor to OM (OM/CM fold change, 2.1), where pNP concentration was

very low and equal to 0.260 mmol/L.
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Figure 3.9 hFOB cultured at 37 °C and OM-treated display the highest ALP activity. ALP assay was
performed on hFOB cultured at 34 °C both using hFOB media (hCM and hOM) and standard media
(CM and OM) (A). At the same time, hFOB were also cultured at 37 °C with the same media conditions

as above (B). The experiment was carried out once in triplicates, with bars represented as mean * SD.

On the contrary, as depicted in Figure 3.9 B, pNP concentrations were high for hFOB
treated with hFOB media at 37 °C (1.363 mmol/L for hCM, 1.456 mmol/L for hOM), but hOM
treatment did not enhance ALP activity if compared to hCM. Finally, OM treatment at 37 °C
increased the activity of ALP that produced 1.101 mmol/L of pNP, with an OM/CM fold change
equal to 3.1. Hence, standard media and the 37 °C incubator were used to stimulate hFOB

osteogenic differentiation.

3.4.2 hFOB can differentiate both towards osteoblasts and adipocytes

247 "1t was

hFOB proved to be a useful cell line with multipotent capacity of differentiation
therefore investigated whether the differentiation conditions above-discussed (Section 3.4.1)

were effectively able to induce hFOB differentiation. hFOB were cultivated at 34 °C with hCM
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until 80% confluent; OM was added to the cells that were moved at 37 °C for 3 days, at the
end of which an ALP assay was performed (Figure 3.10 A). OM treatment significantly
stimulated hFOB ALP activity, with a fold change OM/CM of 3.7 £ 0.1 (mean * SEM).
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Figure 3.10 hFOB differentiate to osteoblasts and adipocytes under specific stimuli. hFOB treated
with OM for 3 days produced a considerable amount of pNP, measured by ALP assay (A). Data are
presented both in terms of pNP concentration (on the left) and fold change (on the right), as mean *
SEM (n=5, 3 technical replicates/n); unpaired two-tailed Student’s t-test was used to determine the
degree of significance (**** p < 0.0001). AM stimulated hFOB to differentiate towards adipocytes in
15 days, after which lipid droplets were stained by Oil Red O (Hematoxylin counterstaining, n=3) (B).

Pictures acquired at a 20x magnification (50 um scale bar).

Adipogenic potential was evaluated as well, by treating hFOB with AM for 15 days; hFOB
were grown at 34 °C and were treated once 80% confluent, thereby moved at 37 °C. Oil Red
O staining was carried out at the end of the treatment, showing small cytoplasmic lipid

droplets within the newly differentiated cells (Figure 3.10 B).
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3.4.3 Osteogenic and adipogenic marker expression increases in response to OM and AM

As previously shown, hFOB produced a considerable amount of pNP after 3 days of OM
treatment, whilst AM promoted hFOB differentiation into adipocytes. Therefore, osteogenic

and adipogenic marker expression was assessed after OM/AM treatment.

As depicted in Figure 3.11 A, Alpl gene expression exponentially increased from day 1 to
day 6 of OM treatment, lowering again after 12 days of OM treatment. OCN expression
increased after 1 day of treatment, but remained constant from day 3 until day 6, diminishing
at day 12. Adipog gene expression, on the other hand, decidedly increased from day 1 (fold
change AM/CM, mean + SEM, 2.5 + 0.8) until day 6 (121.7 + 30.7), and remained elevated
even at day 12 of AM treatment (120.7 + 63.9) (Figure 3.11 B).

A 8 Com 4.
= om s s *

o

Alpl/GAPDH
=Y [e)}
1 1
]
]
OCN/GAPDH
[ N w
1 1 1
[o oo
|0 oo —_|
(e}

T
Day 1 Day 3 Day 6 Day 12 Day 1 Day 3 Day 6 Day 12

B * *
] ] 1 [ cm
250 °
200 [ AM
o
z 1504
a 100 P—{"
3 o
%_ 50
g ® o
° 154
<
10
5| Iy
0
Day 1 Day 3 Day 6 Day 12

Figure 3.11 Osteogenic and adipogenic marker expression increases after OM or AM treatment.
After OM treatment for different time points (1, 3, 6, 12 days), Alpl and OCN gene expression was
assessed through RT-qPCR (A). Adipog expression was tested in response to AM treatment at the same
time points (B). Graphs represent 3 independent experiments, from 3 different biological samples
(n=3). 224" method was applied and gene expression was normalised to GAPDH; data are shown as
mean + SEM and in terms of fold change of CM. Two-way ANOVA with Sidak's post-hoc test was used

to determine the degree of significance (" p > 0.05, * p < 0.05, *** p < 0.001).
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3.4.4 Scara5 expression is sparked by AM, but not by OM, at different time points

To assess whether Scara5 expression was triggered by AM, but not by OM, as previously
asserted for murine BMSCs (Section 3.2.2 and Section 3.3.1), hFOB were treated with both
differentiation cocktails for 1, 3, 6, and 12 days. As shown in Figure 3.12 A, Scara5 expression
did not markedly increase upon OM treatment. On the other hand, Figure 3.12 B depicts
Scara5 expression in response to AM treatment. After 1 day of culture in AM, there was an
increased trend in Scara5 gene expression (fold change AM/CM, mean + SEM, 4.7 + 1.8) that
remained stable for 3 days (4.9 + 0.7). After 6 days of treatment, AM considerably induced
Scara5 expression (78.5 + 12.6) that continued to be elevated (but not significantly) at day 12
(26.8 £ 13.6).

A 6o ns ns ns ] cm
I om
o
y
g 4
<
(]
S~
un
g
3 24 °
(%] o
(o]
o
A Al Em e
0 T T T = T
N % © o
N/
& & & &
B _
150 ns ns KKk ns DCM
m AM
_ 100 °
: 4
ftg 50 o °
w20
g
¢ ) |
(%]
10— ° .
ol B . :
0-looa {‘;QOI nool l:TIﬂI
N % © o
N
N N N NG

Figure 3.12 AM, but not OM, triggers Scara5 gene expression. hFOB were treated for different days
(1, 3, 6, 12), with both OM (A) and AM (B), to determine Scara5 expression via RT-qPCR (n=3). 244¢T
method was applied and Scara5 expression was normalised to GAPDH; graphs are depicted as mean
+ SEM and presented in terms of fold change. Two-way ANOVA with Siddk's post-hoc test was used to

determine the degree of significance ("™ p > 0.05, *** p < 0.001).
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3.4.5 pmaxGFP and Scara5 plasmids can be easily lipo-transfected within hFOB
3.4.5.1 Both Lipofectamine 2000°® and Viafect™ can be exploited to perform hFOB lipofection

To transiently manipulate Scara5 expression within hFOB to study its effect on osteogenesis,
hFOB transfection was optimised by using pmaxGFP. The transfections performed employed
two liposome-based reagents (Lipofectamine 2000°® and Viafect™) and were thereby defined
as lipofections. Lipofections were carried out in the presence or absence of 10% (v/v) FBS for
4 days; as shown in Figure 3.13, both Lipofectamine 2000® and Viafect™ performed well, with
almost overlapping results in the presence of serum. On the other hand, from 2 days post-
transfection, lipofection was severely compromised by the absence of 10% (v/v) FBS using

Lipofectamine 2000®, and to a lesser extent using Viafect™.

Lipofectamine 2000® Viafect™

Day

+ SERUM + SERUM
- SERUM - SERUM
(10% (v/v) FBS) (10% v/v FBS)

Figure 3.13 hFOB are GFP transfectable both using Lipofectamine 2000® and Viafect™. 750 ng/ml of

pmaxGFP were transfected within hFOB by means of Lipofectamine 2000°® (2.5 ul/ml) and Viafect™
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(1:4), with or without serum. Pictures were captured every day for four days at a 4x field magnification

(100 um scale bar).

Both Lipofectamine 2000® and Viafect™ can be therefore used in transfecting hFOB, as
long as 10% (v/v) FBS is added 5 hours post-transfection. Lipofectamine 2000® was selected

to perform the subsequent experiments.
3.4.5.2 Scara5 plasmid transfection does not have detrimental effect on hFOB proliferation

To determine whether Scara5 overexpression has an effect on cell differentiation, hFOB were
transfected with Scara5 plasmid by using Lipofectamine 2000®. The lipofection was carried
out and the pmaxGFP positive cells were visualised after 1 and 4 days (Figure 3.14 A). Scara5-
transfected hFOB did not fluoresce as brightly as pmaxGFP-transfected ones since GFP
contained in Scara5 plasmid is different from pmaxGFP. However, the transfection still

showed a good signal at both experimental time points.
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Figure 3.14 Scara5 plasmid is transfectable via Lipofectamine 2000°®. Cells were transfected for 1 and
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4 days with 750 ng/ml of pmaxGFP (control) or Scara5 plasmid within a 96-well plate (A). 4x field
maghnification (100 pum scale bar). MTT assay was performed at day 1 and 4 from transfection to assess
lipofection effect on cell proliferation using 1 ng/ml of plasmids, according to the manufacturer
instructions (B). Data result from a single experiment performed in triplicates and are presented as

mean + SD.

hFOB were transfected with pmaxGFP plasmid (T-GFP), as well as with Scara5 plasmid (T-
Scara5), to determine the effect of the transfection on cell proliferation. As depicted in Figure
3.14 B, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
showed a slight decrease in terms of cell proliferation, for both plasmids’ transfection, after
1 day. However, 4 days post-transfection, T-GFP and T-Scara5 hFOB proliferated at the same

rate of the untransfected cells.

3.4.6 Scara5 overexpression, but not silencing, is achievable in hFOB cell line

As hFOB cells easily transfected with Scara5 plasmid, the magnitude of overexpression was
investigated. RT-qPCR was performed on T-GFP and T-Scara5 hFOB both 1- and 4-days post-
transfection. As shown in Figure 3.15 A, 1-day post-transfection Scara5 expression was equal
to 23.7 £+ 15.3 (mean + SEM, fold change T-GFP/Untransfected cells) for T-GFP and to
428,831.3 + 858146.6 for T-Scara5 (fold change T-Scara5/Untransfected cells); thus, Scara5
expression was significantly higher in Scara5-transfected cells. 4-days post transfection,
despite a decrease in its expression, T-Scara5 hFOB continued to express high levels of Scara5

(fold change T-Scara5/Untransfected cells, 44,062.2 + 9753.5).
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Figure 3.15 Scara5 is overexpressed, but not knocked down, in hFOB cell line. hFOB cell line was
lipofected with Scara5 and its expression was assessed by RT-gqPCR 1- and 4-days post-transfection
(n=3) (A). Scara5 silencing was performed by employing 2 different sequences of Scara5 GapmeRs and
gene silencing was evaluated through RT-qPCR 1- and 4-days post-transfection. 50nM of GapmerRs
were used to transfect the cells for these experiments (n=3) (B). 2" method was applied and Scara5
expression was normalised to GAPDH; graphs are depicted as mean + SEM, with untransfected cells
used as control for pmaxGFP-transfected (T-GFP) and Scara5-transfected cells (T-Scara5). Two
unpaired two-tailed Student’s t-tests were used to determine the degree of significance, one for each

time point (* p <0.05, ** p < 0.01).

Antisense GapmeRs are specifically created to bind with a specific segment of RNA,
silencing the gene by triggering the cleavage of RNA by RNase H 2%, Scara5 GapmeRs were
employed to genetically manipulate hFOB Scara5 expression; in particular, GapmeRs were
designed to knockdown Scara5. However, as depicted in Figure 3.15 B, Scara5 expression was

constant either by transfecting hFOB with Negative control (Ctrl), GapmeRs 1, or GapmeRs 2.

It was consequently concluded that the GapmeRs used were not capable of inducing any

change in terms of Scara5 expression within hFOB, oppositely to Scara5 plasmid.
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3.4.7 Scara5 plasmid over-expression influences ALP activity of OM-treated hFOB

Section 3.4.6 highlighted the possibility to increase Scara5 expression in hFOB by using Scara5
plasmid. Hence, it was worthwhile to look at ALP activity once T-Scara5 hFOB were treated
with OM for 3 days. Figure 3.16 A shows that ALP activity of T-Scara5 OM-treated was
statistically lower than the T-GFP’s one (fold change OM/AM, mean + SEM, 3.4+ 0.2 vs 4.1 +
0.2). These results are consistent with Scara5 “negative” effect on osteogenesis, as shown in

Section 3.2, where Scara5-null murine BMSCs displayed a higher osteogenic potential.
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Figure 3.16 Both Scara5 overexpression and the use of GapmeRs influence ALP activity. ALP assay
was performed to assess ALP activity in Scara5 transfected hFOB, after 3 days of OM treatment (n=4,
>2 technical replicates/n). Data are presented both in terms of pNP concentration (on the left) and
fold change (on the right), as mean + SEM; Mann-Whitney U test was used for comparisons (* p <
0.05) (A). After GapmeRs were transfected, hFOB were treated for 3 days with OM and ALP assay was
performed (n=3, >2 technical replicates/n). Data are presented both in terms of pNP concentration
(on the left) and fold change (on the right), as mean £ SEM; one-way ANOVA test with Tukey’s post

hoc analysis was used to determine the degree of significance (* p < 0.05) (B).

50 nM GapmeRs (1 and 2) did not produce Scara5 knockdown in transfected hFOB.
Nevertheless, GapmeRs-transfected hFOB underwent an ALP assay to test whether ALP

activity changed in response to OM treatment. Surprisingly, OM treated hFOB responded
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differently depending on the GapmeRs transfected (Figure 3.16 B). OM/CM fold change
increase from 3.5 £ 0.2 (mean + SEM) in Negative (Ctrl)-transfected cells to 4.4 £ 0.2 in
GapmeRs 2-transfected hFOB. These data indicate that GapmeRs 2-transfection increased
somehow ALP activity, although their use did not induce any change in Scara5 expression

(Figure 3.15 B).

3.5 Discussion

MSCs can be defined, according to the International Society for Cellular Therapy, as cells able
to adhere to the plastic surface, to express specific cell-surface antigens, and to exhibit a
multipotent differentiation potential 122, In line with the latter criterium, MSCs hold trilineage
mesenchymal differentiation capacity, being therefore able to become osteoblasts,
adipocytes, and chondroblasts 1?2, It was then determined, throughout the years, that MSCs
are capable of differentiating into other cell types, i.e. cardiac and smooth muscle cells,
endothelial cells, hepatic cells, neural cells, and endocrine pancreatic cells 2420, Amongst all
cell types MSCs identified, MSCs differentiation into osteoblasts and adipocytes represent the
most widely studied; in fact, the tug of war between these cells have been proved crucial both
physiologically (related to the ageing process) and pathologically. During osteoporosis, for
example, a shift of MSCs differentiation to adipocytes was pointed out as part of the cause of
the reduced bone mineral density in both human and mice 2°. Also, MSCs extracted from
aged mice showed a decreased ability to commit to the osteogenic lineage, thus preferring

the adipogenic one 2°2,

Since their discovery, MSCs have been widely described and a plethora of factors involved
in their differentiation have been identified. MSCs were initially isolated from the bone
marrow, but over the years other sources have been identified as promising for cell
harvesting. Indeed, adult tissues such as adipose tissue, tendons, peripheral blood and foetal
ones can be processed to isolate MSCs 1?7, The current chapter pointed out Scara5 as a new
regulator of the MSCs differentiation towards adipocytes and osteoblasts. Scara5 has already
been associated with adipogenesis in vitro. Lee at al indeed demonstrated that Scara5 is
expressed by both white adipose tissue and adipose-derived stromal vascular fraction, being
at the opposite lowly expressed by uncommitted mouse C3H10T1/2 cells (MSCs-like cell line)

165 Nonetheless, the work above described focussed on adipogenesis, with a brief mention
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to osteogenesis; when Scara5 was overexpressed in C3H10T1/2 cells, Alpl and OCN expression
decreased in response to OM. It was therefore concluded that Scara5 definitely plays a role

during adipogenesis and might be consequently involved in osteogenesis 16°.

This work exploits murine BMSCs to investigate Scara5 role in the commitment and
differentiation of these cells. As will be elucidated in the next chapter, a constitutive KO was
produced in C57BL/6J mice through homologous recombination. Cells extracted from Scara5-
KO mice long bones were used as Scara5-KO BMSCs, while BMSCs derived from WT C57BL/6)
mice were used simultaneously to make all comparisons. BMSCs were extracted by flushing
the bone marrow out from the bones and cells were used for experiments at passage 1; this
method proved to be the most reliable, repeatable, time-efficient, and to produce an
adequate number of cells able to respond to OM treatment successfully (Figure 3.2 A, P1).
Furthermore, the fact that BMSCs consist of a mixed population of cells (mesenchymal stem
and progenitor cells, a proportion of monocytes/macrophages, myeloid and endothelial cells
252) is the reason why a higher ALP activity can be observed in P1 BMSCs OM treated. As stated
in the literature, in fact, monocytes/macrophages are considered potent inducers of human
MSCs osteogenic differentiation through oncostatin M production and STAT3 signalling

activation 23 24,

Under osteogenic stimuli, MSCs develop into osteo-precursors first and further proliferate
and mature into bone forming osteoblasts 2°°. Although MSCs can differentiate into
osteoblasts when extracted from all identified sources, BMSCs still hold epigenetic memory
for osteo-lineage, therefore possessing a superior differentiation ability 2°6. Scara5 gene
expression did not change/decreased in response to OM treatment, suggesting that it is not
required during osteogenic differentiation of BMSCs (Figure 3.3). Also, Scara5 is barely
expressed when BMSCs are maintained in CM. This fact supports Lee and colleagues’ findings
in relation to the uncommitted C3H10T1/2 cell line >, Although Scara5 expression was not
triggered in OM-treated BMSCs, once Scara5-null BMSCs were cultivated in OM for 28 days,
their ability to differentiate to osteoblasts visibly increased, thereby pointing to Scara5 as a
negative regulator of osteogenesis. Scara5-KO BMSCs also produced higher levels of pNP,
meaning that the absence of Scara5 increases the cells’ osteogenic potential (Figure 3.4).

Thus, Scara5 reduces BMSCs propensity to become osteoblasts.
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ALP is the most studied biochemical marker for osteoblast activity. It has been shown that
the osteogenic cocktail (B-glycerophosphate, ascorbic acid, and dexamethasone) makes
BMSCs gradually produce ALP, which increases in parallel with the incubation time (3 to 21
days) 2°’. In the present work, ALP activity was determined after 3 days of treatment as pNP
concentrations were significantly higher in OM treated cells (fold changes to controls equal
or above 3). Together with ALP enzymatic activity, gene expression can be examined to
determine MSCs osteogenic differentiation potential. In this chapter both Alpl and OCN gene
expression was investigated (Figure 3.5). Whilst the first gene was increasingly expressed
from mature osteoprogenitors to differentiated osteoblasts, OCN was only expressed by
differentiated osteoblasts 2°%. Despite the results above described, Alpl and OCN expression
was not significantly different between Scara5-WT and -KO BMSCs, although WT BMSCs
expressed higher levels of both genes. Surprisingly, Alpl gene expression marginally decreased
after 7 days of OM culture, contrary to the reported literature. On the other hand, OCN
expression remained constant over all three time points instead of increasing at the latter (21
days). It can be assumed that the heterogeneous cell types that represent BMSCs express Alpl

and OCN at different levels, making RT-qPCR data unclear or difficult to interpret.

Throughout the years, more evidence has accumulated towards the competition between
osteoblasts and adipocytes upon MSCs commitment and differentiation 22, Adipogenesis can
therefore be defined as the osteogenesis counterpart. Being Scara5 already been found
expressed in fat and pre-adipocyte cell line %, this work also aimed to test Scara5 expression
in mouse BMSCs AM-treated (Figure 3.6). BMSCs cultivated in AM highly expressed Scara5
after 7 and 21 days, although 14 days of treatment did not increase Scara5 expression.
Thereupon, Scara5 demonstrated to play a part during adipogenic differentiation, being its
expression triggered by adipogenic stimuli. The adipogenesis process foresees MSCs
commitment to preadipocytes (0-7 days), the mitotic clonal expansion (7-14 days), and the
terminal differentiation (14-21/25 days) 2°°. Considering the time point used experimentally
in this chapter, it can be concluded that BMSCs treated with AM express Scara5 during their
commitment step and the terminal differentiation, while is not triggered during the cell clonal
expansion (Figure 3.6 C). These results fit with the literature, whereby Scara5 is expressed in

both murine white fat (mostly consisting of mature adipocytes) and preadipocytes .
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In absence of Scara5, BMSCs treated with AM were no longer able to differentiate into
adipocytes, as confirmed by both ORO staining and adipogenic markers expression (Figure
3.7, Figure 3.8). Adiponectin has been identified as a marker to determine in vitro
differentiation of human MSCs; in particular, adiponectin was secreted proportionally to
MSCs adipogenic differentiation 2°°. Also, both Adipoq and LEP genes expression have been
found increased by adipogenic stimuli in human preadipocytes, representing the most
described and debated adipokines °¢. Consistently with the literature, both Adipoq and LEP
were significantly less expressed by Scara5-KO BMSCs, corroborating the fundamental role of
Scara5 in adipogenesis. RT-qPCR results for AM-treated BMSCs referred to the response of
stomal cells; the medium used, indeed, caused the detachment and death of the majority of
cells different from the MSCs, which were the only cells able to respond to AM and

differentiate.

Primary BMSCs proved to be difficult to collect from mice and to cultivate, principally due
to BMSCs heterogeneity, low numbers harvestable, and time required to grow them.
Consequently, hFOB 1.19 cell line was employed to explore both osteogenic and adipogenic
differentiation in relation to Scara5. This conditionally immortalised cell line was pointed out
as an in vitro model of human mesenchymal progenitors by Yen and colleagues 3% 247; it
contains both a temperature-sensitive SV40 large T antigen and the neomycin resistance. At
the temperature of 33.5/34 °C the SV40 large T antigen is active and the hFOB able proliferate,
whereas they spontaneously differentiate into mature osteoblasts at 39/39.5 °C, at which the
antigen is inactive. In this work, the hFOB easily grew both at 34 and 37 °C, but the osteogenic
differentiation was optimal at 37 °C using the standard osteogenic cocktail (OM) (Figure 3.9,
Figure 3.10 A). Since OM does not contain neomycin hFOB are no longer antibiotically
selected, being therefore able to differentiate. Furthermore, Alpl and OCN expression
increased in response to OM, confirming a differentiating status (Figure 3.11 A). Under the
same temperature conditions, hFOB were also treated with AM, proving able to differentiate
into adipocytes and to express significantly high levels of adiponectin (Figure 3.10 B, Figure
3.11 B). All data obtained were consistent with the literature, although the differentiation
temperature used was 37 °C instead of 39 °C. Nonetheless, 37 °C showed to successfully

induce both osteogenic and adipogenic differentiation.
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Scara5 expression in hFOB was very similar to that described for BMSCs: it was indeed low
in uncommitted hFOB and OM-treated cells and triggered by AM treatment (Figure 3.12),
demonstrating that Scara5 is crucial during adipogenesis regardless of the cell model used or
the species. It was hence investigated whether Scara5 and pmaxGFP plasmids transfection
impaired hFOB ALP activity. Transfection through Lipofectamine 2000® proved successful,
although fluorescent signal was lower in hFOB Scara5-transfected compared to hFOB
pmaxGFP-transfected (Figure 3.14). The reason lies in the plasmids used for transfection:
pmaxGFP originates from the Copepod Pontellina sp., whereas EGFP is an engineered form of
GFP. As pmaxGFP manufacturer Amaxa™ (Lonza, Slough, UK) states, pmaxGFP transfected
cells fluoresce more than EGFP transfected ones 26. Both pmaxGFP and Scara5 -transfected
cells treated with OM underwent ALP assay (Figure 3.15 A); Scara5 transfection diminished
the ALP activity of hFOB, thus proving that even in a human model of MSCs-like cell Scara5
has a negative impact on osteogenesis (Figure 3.16 A). Although GapmeRs were used to
silence Scara5, RT-qPCR showed that the knockdown was not successful. However, ALP
activity was increased in those cells that receive the GapmeRs 2 (Figure 3.15 B, Figure 3.16
B). It can be hypothesised that the transfection of GapmeRs itself had an effect on ALP activity,
as the pNP concentrations did not increase for OM treated cells but decreased for CM cells,

thereby increasing the OM/CM fold change.

Be that as it may, despite hFOB cells being revealed as a valid model to study Scara5
overexpression-related differentiation, the time points required to achieve a complete
osteogenic and adipogenic differentiation are too long to be sustained by a transient
overexpression. Thus, murine BMSCs were used to investigate the molecular mechanism

behind Scara5 activity for the remainder of the thesis (see Chapter 5).

In conclusion, this chapter outlined the role of Scara5 during BMSCs differentiation
towards osteoblasts and adipocytes; when properly stimulated, Scara5-deficiency cells
proved to be more prone to differentiate to osteoblasts at the expenses of adipocytes. Scara5
can be therefore considered as a crucial factor in determining BMSCs’ fate (Figure 3.17).
Following the examination of the role of Scara5 in osteoblasts and adipocytes in vitro, the
next chapter will discuss the phenotypic effect of Scara5 absence in vivo in relation to

bone/fat-related diseases, i.e. osteoporosis and diabetes.
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Figure 3.17 Scara5 is a key factor in BMSCs fate. It was hypothesised that Scara5 plays a role in BMSCs
differentiation; it was therefore assessed that osteogenic stimuli induced BMSCs differentiation to
osteoblasts more in the Scara5 null cells than in the WT ones. Oppositely, the absence of Scara5

severely impaired adipogenic differentiation of BMSCs AM-treated.
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Chapter 4: Scara5 controls bone and fat deposition in vivo

4.1 Introduction

Experiments from the previous chapter showed Scara5’s involvement in both osteogenesis
and adipogenesis of murine BMSCs and MSCs-like hFOB 1.19. It remains unknown whether
the differentiation ability of MSCs observed in vitro reflects in vivo differential bone and

adipose tissue deposition between WT and Scara5 deficient mice.

Scara5 has been associated to adipogenesis in vitro 1, but no Scara5 deficient murine
models have been generated to deepen understanding of this aspect. The only Scara5-
deficient mice produced so far have been employed by Ojala et al. to study Scara5’s role in
autoimmune diseases that affect the interstitial connective tissue 178, Since Scara5 was found
highly expressed by fibroblasts, Scara5 null fibroblasts presented a reduced endocytic
potential; their malfunction was pointed out as an underlying cause of some autoimmune
diseases characterised by organs’ lymphocytic infiltrations. This study described Scara5-KO
mice as phenotypically normal mice, with no significant differences in terms of body and

organs’ weight except for the testis, where a defect in mouse fertility was observed 78,

Under physiological conditions, MSCs differentiate towards osteoblasts and adipocytes in
response to defined stimuli. The onset of bone loss-related pathologies, such as osteoporosis
and diabetes, is linked with MSCs reduced ability to become osteoblasts, favouring adipogenic
differentiation. Consequently, the bone remodelling process (bone resorption/bone
formation) is unbalanced, leading to more bone resorbed and less bone formed 26 263, At the

same time, age-related osteoporosis has been linked to increased bone marrow adiposity 2°%

263

In this chapter, the phenotypic characterisation of C57BL/6J Scara5-KO mice will be
outlined, thus determining how bone mass and fat deposition are affected by Scara5
deficiency in vivo. Furthermore, calvarial assay will be used to assess whether bone formation
is altered in Scara5-null mice; ovariectomy-induced osteoporosis and Streptozotocin-induced

diabetes will provide an insight on Scara5 involvement in bone/metabolic diseases.
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4.2 Scarab deficiency increases bone mass and decreases fat deposition in vivo

As presented in the previous chapter, Scara5 deficiency impaired BMSCs ability to
differentiate towards adipocytes but not to osteoblasts in vitro. It was therefore investigated
whether Scara5-KO mice presented with more bone and less fat than WT mice; micro-
computed tomography (uCT) was used to determine bone structure, and mice total body and

inguinal fat (iFAT) weights were evaluated to assess in vivo fat deposition.
4.2.1 C57BL/6J mice backcrossing to generate Scara5-WT and -KO colonies

Scara5 was knocked out by replacing a 228 base pairs (bp) region with a Scara5 targeting
vector, as depicted in Figure 4.1 A. By removing Exons 7-9, the extracellular collagenous
domain could no longer be codified and Scara5 thus lost its ligand-binding ability. Scara5-KO
129/Sv (agouti) embryonic cells were selected and electroporated into C57BL/6J blastocysts.
The deriving male chimeras were mated with C57BL/6J females as the first step of the
backcrossing process. Coat colour markers were used to determine whether the Scara5-KO
embryonic cells contributed to the germ layer of the pups. In black coloured mice, the germ
layer derived from the C57BL/6J cells, while in agouti mice the germ layer derived from the
embryonic cells. Agouti mice were therefore heterozygous (HET) for the mutation. Scara5-
HET mice were mated with C57BL/6J WT mice for 9 generations. Ear clips genotyping was
performed throughout and allowed to select for HET mice. 9t generation HET mice were
finally bred to generate WT, HET, and Scara5-KO mice (Figure 4.1 B). WT and Scara5-KO mice

were subsequently used to set up homozygous WT and Scara5-KO colonies.
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Figure 4.1 Mice backcrossing and genotyping allows to generate Scara5-WT and -KO offspring.
Scara5 knockout was generated by homologous recombination, replacing Exons 7-9 with the reporter
cassette IRES-lacZ and the neomycin gene for positive selection comprised between two loxP sites
(red triangles). Scara5 targeting vector (= 11 kilobase) was subsequently electroporated into 129/Sv
embryonic cells and neomycin-resistant cells were selected and injected in a C57BL/6J blastocyst (A).
9th generation heterozygous (HET) mice were bred to generate WT and Scara5-KO homozygous mice,
which were genotyped 2 to 3 weeks after birth; WT primers (blue) amplified a region of 534 bp
between exons 7-9, whereas KO primers (green) amplified a region of 400 bp within Scara5 targeting
vector in a 2% (w/v) agarose gel. Product’s amplification size determined by employing an 80-10,000

bp ladder (L) (B).
4.2.2 uCT analysis displays increased bone mass in female but not in male mice

11 weeks old WT and Scara5-KO mice tibiae were scanned for trabecular bone using uCT. As
shown by reconstructed 3D images, the difference between WT and Scara5 deficient mice is
appreciable for females’ tibiae only (Figure 4.2 A). As confirmed by bone parameters analysis
(Figure 4.2 B), females WT and KO tibiae significantly differed in terms of percentage of bone
volume/total volume (% BV/TV). % BV/TV accounted for 9.040 + 1.065% (mean % SD) for WT

females, while was equal to 10.686 + 1.577% for Scara5-KO females. Trabecular thickness
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(Th/Th) was 0.043 + 0.003 mm (mean + SD) in WT tibiae and 0.045 + 0.002 in Scara5-KO ones;
however, the difference revealed not statistically significant (p = 0.0531). Trabecular
separation and number (Tb/Sp, Tb/N) were not different between Scara5-WT and -KO murine
tibiae. By contrast, no significant difference between WT and Scara5-null mice was found for

any of the bone parameters in males.
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Figure 4.2 Scarab deficient females, but not males, show increased tibiae bone mass. Representative
UCT images of 11 weeks old WT and Scara5-KO mice tibiae (cross section view of trabecular bone) (A).
Quantification of bone parameters, i.e. bone volume/total volume (BV/TV), trabecular thickness

(Th.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp) of WT and Scara5 deficient mice
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(females n=9, males n=9) (B). Data are depicted as box plots and Mann-Whitney U test was used to

determine the degree of significance ("™ p > 0.05, * p < 0.05).

Secondary bone parameters, i.e. bone surface/bone volume (BS/BV) and bone
surface/total volume (BS/TV), are reported in Table 4.1. However, no statistically significant
differences were observed between WT and Scara5-deficient tibiae, neither for females nor

for males.

Table 4.1 Bone parameters of WT and Scara5-KO 11-weeks old mice. Additional bone parameters,
i.e. bone surface/bone volume (BS/BV) and bone surface/total volume (BS/TV) of WT and Scara5-KO

mice. Data are presented as mean * SD (females n=10, males n=9).

Females Males
Bone parameters
WT Scara5-KO WT Scara5-KO
113.971 + 108.625 + 118.633 + 119.111 +
1
BS/BV (mm) 5.507 6.909 9.793 9.832
10.078 + 11.181 + 15.640 + 15.681 +
1
BS/TV (mm) 1.097 1.257 2.824 1.983

4.2.3 Inguinal fat measurements show a difference between WT and Scara5-KO mice

11 weeks old mice were sacrificed and their total body weight was measured. Subcutaneous
inguinal fat pads were removed and weighed in order to determine any difference in terms
of fat deposition. As shown in Figure 4.3, mice total body weight statistically differed between
WT and Scara5-KO males (mean + SD, 29.938 + 1.693 g vs 27.470 + 1.444 g), but not females
(top left graph). However, iFAT weight was different between WT and Scara5-KO mice in both
males and females (top right graph). iFAT weight was significantly higher in WT mice (mean +
SD, females 0.249 + 0.050 g, males 0.264 + 0.053 g) than in Scara5-KO ones (females 0.203 +
0.031 g, males 0.184 + 0.039 g). Furthermore, iFAT weight was expressed as a percentage of
total body weight for each mouse. As depicted in the bottom left graph of Figure 4.3, WT
female and male mice showed higher iFAT deposition than Scara5-KO mice. In particular, iFAT
accounted for 1.144 + 0.204% (mean £ SD) of total body weight of WT females and 0.940 +
0.139% for Scara5-null females. A similar finding was observed in the male mice; the
percentage of iFAT weight/total body weight was equal to 0.866 + 0.152% (mean * SD) for
WT males and 0.669 * 0.136% for Scara5-KO males.
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Figure 4.3 Inguinal fat pad weight is higher in WT than in Scara5-KO mice. 11 weeks old mice were
weighted (top left) and their inguinal fat (iFAT) pads were collected; iFAT weight (top right) was
subsequently related to the mice total body weight (bottom left) (females WT n=18, Scara5-KO n=17,;
males WT n=20, Scara5-KO n=19). Data are depicted as box plots and Mann-Whitney U test was used

to determine the degree of significance (™ p > 0.05, ** p < 0.01, **** p < 0.0001).

iFAT pads were also processed for histology to assess whether Scara5 deficiency impacted
on adipocyte size and/or numbers. iFAT pads were embedded in paraffin and 4 um sections
were stained with Hematoxylin and Eosin (H&E) solution. The various histology processes
used strip the sections of their lipid content therefore adipocytes were determined by their
‘adipocyte ghost’. As depicted in Figure 4.4 A, adipocyte ghosts showed similar characteristics
between WT and Scara5-KO mice fat pads. However, it is noticeable that females’ adipocyte
ghosts were bigger than males’ ghosts. These aspects were confirmed by adipocytic
parameters (i.e. WT adipocyte diameter, adipocyte number) analysis (Figure 4.4 B). Indeed,
despite a non-significant difference between WT and Scara5-KO, WT females’ adipocyte
ghosts were bigger than WT males’ ones (mean + SD, 109.027 + 31.793 um vs 82.851 + 9.790
pm). Consistently, due to the big size of females’ adipocyte ghosts, the total number of
adipocytes was lower in females’ fat pads than in males’ fat pads (mean + SD, 270.810 +

42.399 um vs 351.476 + 36.707 um). Scara5-KO iFAT histology showed analogous results:
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adipocyte ghosts’ diameter was bigger in females’ fat pads, while ghosts’ number was higher

in males’ fat pads.
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Figure 4.4 Inguinal fat pad histology shows no difference between Scara5-WT and -KO mice

adipocyte size and number. Representative pictures of 4 um Scara5-WT/-KO iFAT stained with H&E

(20x bright field, 50 um scale bar) (A). Image) Adiposoft macro was used to measure the diameter and

the number of WT and Scara5 null adipocyte ghosts (B). Data are shown as box plots (n=7/group).

Mann-Whitney U test was used to determine the degree of significance (™ p > 0.05).
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4.3 In vivo bone formation differs between WT and Scara5-KO mice

As above shown, Scara5-WT and -KO mice phenotype was characterised in terms of bone and
fat deposition. Low dose lipopolysaccharide (LPS) injected over the calvaria has been used in
the laboratory as a way to induce bone formation in response to low level inflammation. Next,
the ability of LPS to induce bone formation in WT and Scara5-deficient mice was assessed

using 5-7 weeks old male mice.

4.3.1 LPS at 0.25 mg/kg represents the optimal dose to generate a bone formation model

To determine whether bone formation occurred differently between WT and Scara5-KO mice,
LPS or PBS were subcutaneously injected over the mice calvaria; at 7 and 14 days after the
injection, bone-labelling Calcein was administered intraperitoneally, and the experiment was
concluded after 16 days (Figure 4.5 A). Initially, two different concentrations of LPS were used
(0.25 and 1.25 mg/kg) to determine the appropriate concentration to inject. As shown in
Figure 4.5 B, two days after LPS injections mice lost some weight; however, 1.25 mg/kg
proved to be damaging for the mice both in terms of weight (=1.25 g were lost by each mouse
in 2 days) and calvarial injury (skin broken around the injection site, Figure 4.5 C).
Consequently, 1.25 mg/kg LPS-injected mice were sacrificed 3 days post-injection and 0.25
mg/kg was selected as the concentration to be used to perform the calvarial injection assay.
Body weight increased over the dose-optimisation experiment (Figure 4.5 B), for both 0.25
mg/kg LPS- and PBS-injected mice. Following the dose optimisation, the experiment was
performed on WT and Scara5-KO mice to determine if there was any difference in bone
formation. Increasing body weight indicated a good health state of PBS/LPS-injected WT and

Scara5-KO mice, despite the calvarial and intraperitoneal injections (Figure 4.5 C, D).

133



CHAPTER 4 SCARAS5 CONTROLS BONE AND FAT DEPOSITION IN VIVO

A LPS/PBS Calcein 1° Calcein 2

juswuadxs jo pug

B 26 —o— PBS
= —o— LPS1.25mg/kg
5 24 LPS 0.25 mg/kg
[
A
=1
o
2 22 6\3%\/3
©
°
20 T T T /\I T T b|
M O v o CHNS
A AT A A YN
S FF P PP
C LPS 1.25 mg/kg

D 28_ —o— WT-PBS
—a— WT-LPS
W 26
= —o— Scara5-KO - PBS
g
'g 24 —a— Scara5-KO - LPS
=)
o 224
Kel
=
o 20-
18 T T T /\I T b(l bl
Y Q v o &) N N
& P PSP @

Figure 4.5 0.25 mg/kg LPS calvarial injection does not have harmful effects on mice health status.
Diagram on calvarial assay’s time course after LPS/PBS calvaria injection (grey circle); bone labelling
Calcein was injected intraperitoneally after 7 and 14 days (green circles) and the experiment was
concluded after 16 days (red circle) (A). PBS/LPS (1.25 and 0.25 mg/kg) calvaria injection effect on WT
mice body weight is shown as mean * SD (n=3/group); black and green dotted lines indicate PBS/LPS
injection and Calcein injections, respectively (B). Representative photographs of PBS/LPS injected mice

and the injection’s effect on their calvaria 3 (LPS 1.25 mg/kg) or 16 days (PBS, LPS 0.25 mg/kg) post-
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calvarial injection (C). PBS and 0.25 mg/kg LPS calvarial injection effect on both WT and Scara5-KO
mice body weight is shown as mean + SD (WT PBS n=5, LPS n=5; Scara5-KO PBS n=2, LPS n=5) (D).

4.3.2 Calvarial assay shows that Scara5-KO mice make more bone than WT counterparts

5-7 weeks old male mice were subcutaneously injected with either PBS or 0.25 mg/kg LPS
over their calvaria. After 7 days, the first Calcein injection was performed; as shown in Figure
4.6 A, the first bone’s layer was Calcein-labelled (Calcein 1°%!). 14 days post PBS/LPS injection,
the second Calcein injection labelled a new bone layer (Calcein 2"9). The distance between
the two layers was subsequently measured. Figure 4.6 B depicts the distance measurements,
indicating that PBS injected Scara5-deficient mice presented a greater mineral apposition rate
(MAR) than WT mice (mean £ SD, 0.793 = 0.300 um/day vs 0.433 + 0.066 pum/day). LPS-
stimulated bone growth was statistically more in Scara5-KO than in WT mice (mean * SD,
1.190 + 0.198 um/day vs 0.728 + 0.177 um/day). Unfortunately, due to the low number of
PBS-injected Scara5-KO mice (n=2), it was not possible to determine statistical significance

and this aspect of the experiment is being repeated (Figure 4.6 B, graph on the left).
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Figure 4.6 Plastic embedded calvaria display distinct bone growth between Scara5-WT and -KO mice.

135



CHAPTER 4 SCARAS5 CONTROLS BONE AND FAT DEPOSITION IN VIVO

Representative images and related zooming of bone-labelled layers of WT and Scara5-deficient
calvaria (50 um scale bar) (A). Measurement of calvaria MAR of WT (PBS/LPS n=5) and Scara5-KO (PBS
n=2; LPS n=5) mice are represented as box plots; Mann-Whitney U test was used to determine the

degree of significance (* p < 0.05).

4.4 Ovariectomy-induced osteoporosis causes bone mass reduction in both WT and

Scarab null female mice

It is well established that menopause increases bone loss and fragility fracture risk in >50

264 Bone loss can be achieved in female mice

years old women, contributing to osteoporosis
by ovariectomy (OVX), in order to study how different genetic and environmental conditions

impact on bone loss-related osteoporosis 2°°.

Adult WT and Scara5-KO female mice were ovariectomised to determine whether Scara5

deficiency protects mice from ovariectomy-induced bone loss.

4.4.1 Tibiae pCT reveals bone mass reduction in both WT and Scara5-KO mice

8 weeks old female mice underwent ovariectomy or SHAM surgery and were sacrificed at 20
weeks old, to define bone structure of tibiae. As shown in Figure 4.7 A, OVX mice lost bone
mass if compared to SHAM. In agreement with earlier findings, WT SHAM mice presented
with less bone than Scara5-KO SHAM mice, and at 20 weeks of age this difference was greater
than that observed in the 11 weeks old female mice (Figure 4.2). 3D-reconstructed images
observations were confirmed by bone parameters analysis, as depicted in Figure 4.7 B.
Indeed, BV/TV percentage was equal to 10.839 + 1.411 (mean % SD) for WT SHAM tibiae and
to 15.582 + 2.424 for Scara5-KO ones. Tb.N was also higher in Scara5-KO than in WT tibiae
(mean £ SD, 3.160 + 0.502 vs 2.306 + 0.325). Be that as it may, all bone parameters decreased
in response to OVX, in both WT and Scara5-KO mice. For example, WT OVX lost a mean value
of 4.7% of BV/TV compared to SHAM mice; Scara5-KO OVX mice lost 7.2% of BV/TV compared
to SHAM, whilst Tb.Sp increased by 0.091 mm and 0.097 mm in WT and Scara5-null OVX bones

compared to SHAM bones.
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Figure 4.7 Tibiae bone mass decreases in response to ovariectomy-induced osteoporosis.
Representative uCT images of 20 weeks old SHAM and ovariectomised (OVX) WT and Scara5-KO
murine tibiae (cross section view of trabecular bone) (A). Quantification of bone parameters, i.e. bone
volume/total volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular
separation (Th.Sp) of WT and Scara5 deficient mice (SHAM n=9; WT OVX n=7, Scara5-KO OVX n=10)
(B). Data are depicted as box plots and two-way ANOVA with Tukey’s post-hoc test was used to
determine the degree of significance (" p > 0.05, * p £ 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001).
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Secondary bone parameters are listed in Table 4.2. BS/BV was significantly lower in Scara5-
KO SHAM than in WT SHAM tibiae and increased in Scara5-KO OVX tibiae only. Oppositely,
BS/TV was lower in WT SHAM than in Scara5-KO SHAM bones; however, BS/TV diminished in

response to OVX, in both WT and Scara5-deficient mice.

Table 4.2 Bone parameters of SHAM and OVX WT and Scara5-KO female mice. Additional bone
parameters, i.e. bone surface/bone volume (BS/BV) and bone surface/total volume (BS/TV) of SHAM
and OVX WT and Scara5-KO mice (SHAM n=9; WT OVX n=7, Scara5-KO OVX n=10). Data are presented
as mean + SD and two-way ANOVA with Tukey’s post-hoc test was employed to determine the degree
of significance. Asterisks were used to compare WT and Scara5-KO within a group (SHAM/OVX),

whereas circles refer to WT or Scara5-KO comparison between groups (*/° p < 0.05).

SHAM OVX
Bone parameters
WT Scara5-KO WT Scara5-KO
97.922 + 89.438 + 105.414 + 104.611 +
1
BS/BV (mm”) 4.558 4.426* 5.877 6.758°
10.628 + 13.907 + 6.450 + 8.714 +
-1
BS/TV (mm) 1.504 2.016* 1.841° 2.245°

4.4.2 Osmium tetroxide staining shows no difference in bone marrow adipose tissue

Bone marrow adipose tissue (BMAT) exists as regulated (rBMAT) and constitutive (cBMAT),
depending on its location and development within the bone. cBMAT is located within the
yellow bone marrow of distal tibiae and caudal vertebrae, whereas rBMAT is situated in the

red marrow of tibia proximal to the fibula junction, femur, and axial skeleton 26°.

Osmium tetroxide (0OsO4) was used to stain tibiae’s BMAT. Decalcified and stained tibiae
underwent uCT analysis to determine the percentage of BMAT on bone volume. As depicted
in Figure 4.8 A, 3D images did not show a difference in cBMAT/rBMAT staining between
Scara5-WT and -KO tibiae. Indeed, quantification of BMAT (%) showed no statistical difference
between SHAM/OVX WT and Scara5-null tibiae (Figure 4.8 B). Nevertheless, significant
differences in terms of BMAT (both cBMAT and rBMAT) deposition were shown between
SHAM and OVX tibiae. WT and Scara5-KO OVX tibiae displayed a BMAT/BV increase by 18.7%

and 17.3%, respectively when compared to SHAM bones.
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Figure 4.8 BMAT deposition does not change in response to Scara5 deficiency. Representative uCT
images of 20 weeks old SHAM and ovariectomised (OVX) WT and Scara5-KO murine tibiae BMAT
stained with osmium tetroxide (A). Quantification of bone marrow adipose tissue on bone volume
(BMAT/BV of WT and Scara5 deficient mice (WT SHAM/OVX n=7; Scara5-KO SHAM/OVX n=6) (B). Data
are presented as box plots and two-way ANOVA with Tukey’s post-hoc test was used to determine the

degree of significance (" p > 0.05, **** p < 0.0001).

4.5 Streptozotocin-induced diabetes impacted on bone/fat deposition of WT and

Scara5 deficient mice

As well as osteoporosis, diabetes has been demonstrated to affect bone and fat homeostasis
negatively 2%’. As previously presented, OVX-induced osteoporosis showed that Scara5
absence did not prevent bone loss. It was therefore investigated whether the onset of
Streptozotocin (Stz)-induced diabetes and its effect on bone and fat differed between Scara5-

WT and -KO mice.
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4.5.1 WT and Scara5-KO mice blood glucose equally increases in response to Stz treatment

As illustrated in Figure 4.9 A, 7 weeks old mice were intraperitoneally injected with a single
high dose of Stz; after 13 days, 2 Linbit® pellets (insulin releaser) were implanted into the
murine fat pads. The experiment was concluded after 40 days, when murine iFAT and tibiae
were collected. As depicted in Figure 4.9 B, WT and Scara5 mice responded equally to both
Stz and Linbit® implants and were considered diabetic if blood glucose levels exceeded 16.7
mmol/L 268, In particular, Stz caused the increase of WT/Scara5-KO mice blood glucose
concentrations from 9.557 + 1.623/ 9.944 + 0.938 mmol/L (mean + SD) to 30.743 + 4.399/
30.844 + 5.137 mmol/L after 12 days. As expected, Linbit® pellet implantation was followed
by a drop in blood glucose levels, equal to 4.657 + 1.700 mmol/L (mean % SD) for WT mice
and to 4.467 + 1.534 mmol/L for Scara5-deficient mice. Nonetheless, a week after insulin
pellets were implanted, mice blood glucose levels rose again above 16.7 mmol/L and until the
end of the experiment. Figure 4.9 C shows how individual mice responded to both Stz
injection and Linbit® pellets implantation. 12 days after the Stz injection, it was noticed that
blood glucose of 3 WT and 5 Scara5-KO mice was above the glucometer limit (33.4 mmol/L).
Furthermore, it is clear how after 28 days from Stz injection and 15 days after Linbit®
implantation WT and Scara5-KO mice glucose levels increased, without however exceeding

33.4 mmol/L.

140



CHAPTER 4 SCARAS5 CONTROLS BONE AND FAT DEPOSITION IN VIVO

A Stz injection Linbit® insertion

Juawadxa Jo puj

Over the gl ter limit
B 33A ? ver the glucometer mi WT
——
304 —o— Scara5-KO
2 25
o
1S
£ 20
I3
g 16.7
3 154 " Diabetes }t l
)
o
J<5
S 104 g
o @
=
e}
54 S £
(%] =
T T T T T T T T 1

o ° R - © 09 e ®
Days
C ., Over the glucometer limit
33.4 8 feernieee] o WT
® ®
30 ° ° ° o Scara5-kO
oo
— FX-2d % ° ce
= 25 0%, ® ° ° °
g ° ° e g )
£ 20 020 °© °
I ° °ge L
8 167 - 8 S
2 154 " Diabetes 00 °
° °
° e °
8 10| ° %"
o [Ggesest ° o® °
° < ° °
5+ ~ 2 Ogo
& 5 820880
'\j > T T T T T T T 1
NI S 09 - © » o§> ®

Figure 4.9 Mice blood glucose increases and decreases in response to Stz and Linbit®, respectively.
Diagram on diabetes experiment’s time course after Stz intraperitoneal injection (blue circle); Linbit®
pellets were surgically inserted in the mice iFAT after 13 days (orange circle) and the experiment was
concluded after 40 days (red circle) (A). Blood glucose was monitored weekly, and data are presented

both in terms of mean £ SD (B) and as staggered single values (C) (WT n=7, Scara5-KO n=9).

4.5.2 Tibiae uCT shows bone mass reduction following Stz injection in both WT and Scara5

null mice

Healthy and diabetic 13 weeks old mice tibiae were analysed by uCT to assess whether
diabetes impacted on bone structure and if this happened differently between WT and

Scara5-null mice. As shown by Figure 4.10 A, Scara5-WT and -KO mice did not differ in terms
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of bone structure, nor was any dissimilarity between healthy and diabetic mice particularly
evident. Although WT and Scara5-null healthy mice were not different for any bone
parameter considered (Figure 4.10 B), BV/TV was higher in healthy than in diabetic mice
(mean+SD, WT 20.845 +2.660 vs 15.793 + 3.938; Scara5-K0 21.516 + 2.140vs 17.636 £ 2.771)
(Figure 4.10 C). Healthy and diabetic animals’ data could not be statistically compared as
healthy mice did not undergo SHAM intraperitoneal injection nor SHAM surgery. Surprisingly,
although diabetic WT and Scara5-KO mice displayed analogous bone structure, Tb.Th
appeared the only trabecular bone parameter to be significantly different between WT and

Scara5-KO tibiae (mean + SD, 0.039 + 0.002 vs 0.042 + 0.002) (Figure 4.10 C).
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Figure 4.10 Stz-induced diabetes causes bone mass reduction. Representative uCT images of 13/14
weeks old male healthy and diabetic WT and Scara5-KO murine tibiae (cross section view of trabecular
bone) (A). Quantification of bone parameters, i.e. bone volume/total volume (BV/TV), trabecular
thickness (Th.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp) of healthy WT and
Scara5 deficient mice (WT n=7, Scara5-KO n=8) (B), and diabetic mice (WT n=7, Scara5-KO n=9) (C).

Data are depicted as box plots and Mann-Whitney U test was used to determine the degree of

significance (" p > 0.05, * p < 0.05).
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Secondary bone parameters, i.e. bone surface/bone volume (BS/BV) and bone
surface/total volume (BS/TV), are reported in Table 4.3. However, no statistically significant
differences were observed between WT and Scara5-deficient tibiae, neither for healthy nor

for diabetic mice.

Table 4.3 Additional bone parameters of control and diabetic Scara5-WT/-KO male mice. Additional
bone parameters, i.e. bone surface/bone volume (BS/BV) and bone surface/total volume (BS/TV) of
healthy and diabetic WT and Scara5-KO mice. Data are presented as mean = SD (healthy WT n=7,
Scara5-KO n=8; diabetic WT n=7, Scara5-KO n=9).

Healthy Diabetic
Bone parameters
WT Scara5-KO WT Scara5-KO
101.678 + 101.820 + 113.570 + 105.412 +
-1
BS/BV (mm”) 6.205 3.342 6.560 4.621
21.192 + 21.920 + 17.782 + 18.510 +
-1
BS/TV (mm) 2,911 2.391 3.954 2.393

4.5.3 Stz-induced diabetes suppresses the fat deposition difference between WT and

Scara5-KO mice

Stz-induced diabetes also impacted on mice fat deposition. As depicted in Figure 4.11 A, 13
weeks old WT and Scara5-KO males showed significant differences in terms of iFAT weight
(mean = SD, 0.360 + 0.037 g vs 0.295 + 0.024 g) and iFAT weight related to total body weight
(1.206 £ 0.125% vs 0.997 + 0.076%). Interestingly, diabetes induction caused the WT mice to
lose iFAT whilst the Scara5-KO iFAT remained at a similar level to the healthy mice; hence the
deposition differences were suppressed when diabetes was induced in WT and Scara5-
deficient mice (Figure 4.11 B). What can be noticed is the fact that both body and iFAT
weights, but not the percentage of iFAT weight on total body weight (% iFAT/total weight),

were lower in diabetic mice than in healthy mice.
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Figure 4.11 Fat deposition is no longer different when WT and Scara5-KO mice develop diabetes.
13/14 weeks old healthy (A) and diabetic (B) mice were weighted, as well as their inguinal fat (iFAT)
pads. The iFAT weight was subsequently related to the total body weight (healthy WT n=7, Scara5-KO
n=8; Diabetic WT n=7, Scara5-KO n=9). Data are depicted as box plots and Mann-Whitney U test was

used to determine the degree of significance (" p > 0.05, *** p < 0.001).
4.6 Discussion

Until the last decade, Scara5 was described as a ferritin receptor and negative regulator of
several types of cancers 2'¥ 221 Subsequently, Lee et al. firstly associated Scara5 with
adipogenesis, pointing out a novel role of this receptor in MSCs differentiation ¢°. As shown
previously, WT and Scara5-KO murine BMSCs responded differently to osteogenic and
adipogenic stimuli: Scara5-KO cells differentiated more into osteoblasts and less into
adipocytes when treated with OM and AM, respectively. Consequently, the mouse phenotype
was characterised to assess whether Scara5-KO models displayed a bone and/or a fat

phenotype.
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After being backcrossed for 9 generations, HET mice were used to generate homozygous
WT and Scara5-KO colonies (Figure 4.1). The thorough backcrossing programme served to
generate mice models with 99.99% C57BL/6J genetic background. This strain is often used to
perform bone-related studies; in fact, C57BL/6J mice represents the inbreed strain with the
lowest bone density 2%°. Therefore, changes in bone mass are amplified, making this strain the
most ideal for bone remodelling studies. Once generation 9 WT and Scara5-KO mice were
obtained and aged for 11 weeks, their tibiae were uCT-analysed. The results showed more
bone in Scara5-deficient tibiae than in WT tibiae; however, this was true for females only at
this age (Figure 4.2). Surprisingly, WT and Scara5-null males’ bones did not show any
difference in terms of bone mass. Male mice displayed an increased bone mass if compared
with females and this was also reported in Mun et al. study 2’°. The male skeleton presents
with a higher bone density than the female skeleton; Mun et al. demonstrated the existence
of a sexual dimorphism in osteoclast formation, thereby attributing the females’ lower bone
mass to an increased osteoclast activity 27°. Also, Haffner-Luntzer et al. highlighted a
difference between male and female mice fracture healing properties. In particular, male
mice presented a higher tissue mineral density and a more rapid fracture healing, if compared
with females, after bone fracture 271, It can be hypothesised that Scara5 deficiency impacted
just on females’ bone density due to the intrinsic lower bone mass. Thus, the small bone mass
increase in Scara5-KO tibiae could not be detected in male bones because of a bone sexual

dimorphism.

Osteoblasts and adipocytes shared MSCs as common progenitors 1?2, The low Scara5-null
BMSCs’ adipogenic potential outlined in the previous chapter was confirmed in vivo. It was
indeed shown that Scara5-KO mice exhibit lower-weight inguinal fat pads in both males and
females, even when iFAT weight was expressed as a percentage of total body weight.
However, just males’ total body weight was higher in WT than in Scara5-KO mice (Figure 4.3).
These results indicated the strong impact that Scara5-deficiency had on fat deposition. Also,
considering adipogenesis as the counterpart of osteogenesis, Scara5-KO mice presented less
fat and consequently more bone. Although Scara5-null male mice did not show a clear bone
phenotype, they displayed a strong fat phenotype, thereby supporting the data in the
literature that describe Scara5 as an adipogenic marker 1%°. Nonetheless, studies by Ojala et

al. generated Scara5-KO mice models that did not show any difference in terms of body
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weight compared to WT mice 17%; however, differences in testis were pointed out as affecting
mice fertility. The phenotypic characterisation presented in the current chapter contradicts
with the aforementioned; even so, the work from Ojala et al. only described the Scara5-null
mice phenotype without showing any supporting data and they were not specifically looking

for differences in fat and bone.

Although Scara5-deficient mice presented a reduced fat deposition, subcutaneous iFAT
histology did not show any dissimilarity in terms of adipocyte size and/or number (Figure 4.4).
In humans, adipocyte diameter varies from less than 20 to 300 um, with women displaying
higher body fat and fat deposits 27> 273, Also, gluteal-femoral adipocytes are larger in woman
than in men . WT and Scara5-KO female mice, as well as human, displayed larger adipocytes
than males; consequently, males’ adipocytes outnumbered females’ adipocytes. Hence, it can
be concluded that the lower iFAT deposition in Scara5-KO compared to WT mice is not
particularly due to smaller or fewer adipocytes. As previously shown, the reduced Scara5-KO
BMSCs adipogenic potential in vitro can explain the overall reduction of fat deposition in vivo,

indicating that these cells are disinclined to differentiate towards adipocytes.

Bone remodelling requires the coupled activities of osteoclasts and osteoblasts to remove
and produce bone, respectively %°. Inflammation has often been associated with bone loss
because of osteoclasts’ over-activation 274, Nevertheless, pro-inflammatory cytokines (e.g.
interleukin (IL)-1, IL 6, and tumour necrosis factor alpha — TNFa) released by fractured bones
proved to be critical for tissue healing and regeneration, with inflammation being crucial in
recruiting MSCs and inducing their proliferation and differentiation 2’>. Moreover, Li et al.
showed that ectopic new bone formation was linked to the activation of canonical/non-
canonical Wnt signalling pathways in ankylosing spondylitis model in vitro 76, It remains
unclear whether the bone catalysis is followed by over-responsive osteogenesis when
inflammation is triggered by unknown stimuli, or whether a common stimulus independently
activates inflammatory response and MSCs differentiation 2’7. A calvarial injection assay was
performed to determine bone growth rate in terms of MAR in Scara5-WT and -KO mice; this
assay has been developed to test how bone formation occurs in vivo in response to locally-
administered agents 23, LPS is a component of Gram-negative bacteria’s outer membrane
that stimulates immune response by activating monocytes and macrophages via Toll-like

receptor 4 (TLR-4) 278 It has been proved that LPS induces pro-inflammatory cytokines
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secretion, therefore promoting osteoclastic bone resorption and inhibiting bone formation
279 Additionally, Yu et al. performed a calvarial injection assay on C57BI/6 mice using LPS to
mimic bacteria-induced bone loss; the elevated concentration of LPS used (i.e. 25 mg/kg)
provoked calvaria disruption because of osteoclasts’ hyper-activation 28°. Until now, no
published works highlighted the effect of low doses of LPS on bone formation, neither in
humans nor in murine models. The current work showed that high levels of LPS (1.25 mg/kg)
induced a disruptive inflammatory response in mice calvaria (Figure 4.5), in agreement with
other studies. On the other hand, a lower dose of LPS (0.25 mg/kg) stimulated bone growth
in both WT and Scara5-KO calvaria if compared with PBS-injected mice. Additionally, bone
growth was much higher in Scara5-deficient than in WT calvaria, in both PBS and LPS injected
mice (Figure 4.6). The contribution of inflammatory macrophages to bone physiology is well
established; indeed, macrophages showed to influence osteoblasts differentiation both in
vitro and in vivo 2> 281,100 ng/ml of LPS revealed to induce macrophage response in primary
osteoblast cultures 28%; therefore, it can be speculated that low doses of LPS induced
macrophages activation and a consequent mild inflammation that drove osteoblast-related
bone growth. Although WT and Scara5-KO 11 weeks old male mice did not show any
difference in terms of trabecular bone parameters (Figure 4.2), MAR analysis demonstrated
a dissimilar speed at which osteoblasts-produced osteoid was mineralised in younger mice
(5-7 weeks old). In this case, a high bone mineralisation did not reflect a higher bone density,
although 5-7 weeks old tibiae were not uCT-analysed. Thus, it cannot be excluded that

younger male mice would exhibit a higher bone mass in the aftermath of Scara5 deletion.

Bone loss and deterioration are often associated to age-related osteoporosis; this bone
disorder is characterised by an unbalanced bone remodelling, favouring osteoclasts
resorption activity over osteoblasts’ bone formation 282, Oestrogen plays a crucial role in bone
metabolism: it acts on osteoclasts to inhibit bone resorption, as well as on osteoblasts and
osteocytes to support bone formation 223, Pre- and post-menopausal oestrogen-deficiency
increases the expression of receptor activator of nuclear factor kappa beta (RANK) ligand
(RANKL), than binds to RANK to activate osteoclasts 2%4. Ovariectomy has been often
performed on murine models to mimic osteoporotic-related bone loss. Hence, ovariectomy
deprives female mice of oestrogen, therefore enhancing osteoclast activity 25°. Since Scara5-

deficient tibiae displayed higher bone density than WT tibiae, it was initially hypothesised that
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the absence of Scara5 could protect the mice from osteoporosis-related bone loss. The results
showed that Scara5-WT and -KO mice lost their bone mass similarly, thus proving that Scara5-
KO did not play any protective role towards bone health and integrity (Figure 4.7). However,
20 weeks old Scara5-KO mice still exhibited a higher bone mass than WT mice, confirming the
results previously described, related to younger mice (11 weeks old). Considering that the
absence of Scara5 proved to enhance MSCs differentiation into osteoblasts in vitro (see
Chapter 3), as well as osteoblast activity and bone deposition in vivo (Figure 4.6), is not
surprising that Scara5 deletion does not protect from osteoporosis-related bone loss. In fact,
as previously stated, ovariectomy-induced osteoporosis hyper-activates osteoclasts without
impacting on osteoblasts’ activity directly 26°. Hence, the onset of osteoporosis increases the
resorption of bone, while Scara5 deficiency impacted positively on osteoblast-driven bone
deposition. In line with this, data from Dr Yi-Hsuan Lee PhD thesis showed that Scara5

expression did not affect osteoclast function in physiological conditions.

As expected, OVX induced BMAT accumulation in mice tibiae (Figure 4.8); various bone-
related diseases, such as osteoporosis, have been associated with increased bone marrow
adiposity in humans 2%, In murine models, ovariectomy causes both bone loss and BMAT
expansion 8. It is not surprising that one of the main causes of osteoporosis is the altered
and preferential differentiation of MSCs to adipocytes, which explains why osteoporotic
bones are characterised by an increased bone marrow adiposity 2°X. OVX WT and Scara5-KO
mice both displayed a similar increase of BMAT if compared to SHAM. By the same token,
SHAM WT and Scara5-KO tibiae did not show different deposition of BMAT. Although Scara5-
null mice exhibited less subcutaneous fat deposition than WT mice, MSCs differentiation to
adipocytes seemed not to be affected within the bone marrow. However, it is important to
underline that bone marrow adiposity is independent from visceral or subcutaneous fat
deposition, as it displays a distinct metabolic function 28, Furthermore, it remains unknown
whether Scara5-WT and -KO younger mice present a different BMAT deposition, thus when

MSCs are more active in terms of proliferation and differentiation.

As well as osteoporosis, diabetes also affects bone health and homeostasis. In particular,
it has been shown that pancreatic B-cells disruption is strongly associated with increased
osteoclasts’ activity (via RANK/RANKL modulation), as well as osteoblasts’ dysfunction (via

Runt-related transcription factor 2 (RUNX2) and its target molecules’ downregulation) 2%’ In
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addition, both RunX2 downregulation and upregulation of Wnt signalling pathway inhibitors
(i.e. sclerostin and dickkopf-related protein 1) were described in mice with Stz-induced
diabetes, therefore altering osteoblasts differentiation 228. In the present work, age-matched
healthy and diabetic mice were used to assess whether Scara5 deficiency would exert
protection against diabetes onset and/or its related bone loss. Diabetes developed equally
between WT and Scara5-KO mice after a single high dose of Stz (170 mg/kg) (Figure 4.9).
Moreover, uCT analysis revealed decreased bone mass 40 days post Stz-injection (Figure
4.10); nonetheless, the bone mass reduction was analogous for both WT and Scara5-KO
diabetic mice if compared with healthy mice. As above-discussed for osteoporosis, also

287 \whereas Scara5

diabetes-related bone loss can be linked to osteoclast over-activation
proved to exert a role on MSCs differentiation towards osteoblasts and adipocytes. For this
experiment, healthy mice could not be used as controls as they did not receive a SHAM

injection nor a SHAM surgery.

Although insulin resistance and obesity are clinical features of type 2 diabetes (T2D), it was
recently reported that around 50% of type 1 diabetic patients are either obese or overweight
289 However, there are no evidence proving that MSCs differentiation to adipocytes increases
in type 1 diabetes (T1D) or T2D humans/murine models. Healthy WT and Scara5-null mice
displayed a different fat phenotype, but this difference was suppressed by diabetes (Figure
4.11). It is not clear whether this is a consequence of diabetes or whether the insulin pellets’
implantation within one of the fat pads vitiated the results (the “pelleted” fat pad appeared

smaller than the contralateral one).

To summarise, this chapter showed how Scara5 deficiency impacted on mice bone and fat
phenotype, stimulating bone formation and reducing subcutaneous fat accumulation. Bone-
related pathologies developed independently of Scara5, meaning that it does not have any
role in bone loss-related osteoporosis and diabetes. Nevertheless, these pathologies mostly
impact on osteoclasts, provoking their hyper-activation and the consequent bone resorption,

which proved to be comparable between WT and Scara5-KO mice (Figure 4.12).
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Figure 4.12 Scara5 absence increases bone and decreases fat deposition in vivo. Scara5-null mice

presented a decreased bone fat deposition and an increased bone mass/bone formation if compared

with WT mice. Osteoporosis and diabetes developed similarly between WT and Scara5-KO mice,

triggering osteoclastic bone resorption upon their onset.
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Chapter 5: Mechanistic investigation of Scara5 in MSCs commitment

5.1 Introduction

Throughout the years, a plethora of molecular pathways have been discovered to play a role
in MSCs commitment and differentiation towards osteoblasts and adipocytes. Among them,
one of the most studied is the canonical Wingless-related integration site (Wnt) signalling
pathway. It has been shown that Wnt pathway exerts a fundamental role during MSCs
commitment to early osteoblasts. Indeed, the deletion of -catenin caused a shift in pre-
osteoblasts differentiation, favouring adipogenesis over osteogenesis 2°°. Canonical Wnt
molecules (e.g. Wnt3a, Wnt10b) proved to stimulate osteoblast differentiation/proliferation
and to inhibit osteoblast apoptosis, promoting bone formation 23’ As revealed in Chapter 3,
Scara5 gene expression was not triggered by OM in mouse BMSCs. Sebastian et al.
demonstrated that murine osteoblasts downregulate Scara5 expression in response to Wnt3a
treatment 2%, It can therefore be assumed that Scara5 is not necessary during early/late

stages of osteogenesis.

MSCs differentiation, as well as their survival and proliferation, is closely related to
phosphatidylinositol-3-kinase (PI3K)-protein kinase B (AKT) pathway. Activated downstream
protein mammalian target of rapamycin (mTOR), for example, promoted preadipocytes’
adipogenesis; mTOR in fact upregulated the adipogenic transcriptional factors peroxisome
proliferator activated receptor gamma (PPARy) and CCAAT-enhancer-binding protein alpha
(CEBPa) 2°t. On the other hand, imatinib, a tyrosine kinase inhibitor used to treat acute
myeloid leukaemia, proved to stimulate osteogenesis by inhibiting PI3K-AKT pathway 1.
While investigating Scara5 mechanism of action, Lee et al. determined that AKT activation
was not affected by Scara5 downregulation in a preadipocyte cell line, nor by its

165

overexpression in MSCs-like cells *°>. However, cancer-related studies linked Scara5-

downregulation to PI3K/AKT activation 170222,

Scara5 is a ferritin receptor 2!3; its overexpression increased intracellular iron and

consequently reactive oxygen species levels in the oesophageal squamous cell carcinomas
(ESCC) cell line 21>, Hence, it can be hypothesised that the absence of Scara5 perturbs the

intracellular iron content. Iron is a crucial cofactor of several mitochondrial enzymes involved
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in the citric acid cycle, directly controlling energy production 2°2. Desferrioxamine (DFO)-
related iron depletion proved to negatively affect the citric acid cycle, thereby decreasing ATP
production via oxidative phosphorylation and promoting ATP production via glycolysis in the
human lymphoblast cell line K-562 148, To date, it is still unknown whether Scara5-deficiency

impacts on cellular metabolism.

This chapter will give insight into Scara5’s mechanism of action in osteogenesis and

adipogenesis, thus pointing at its role in maintaining iron homeostasis and metabolic balance.
5.2 Scara5 deficiency has minimal impact on Wnt signalling pathway

It is well established that BMSCs undergo osteogenic differentiation by activating RUNX2 and
Whnt/B-catenin signalling (Wnt canonical signalling pathway) 2°. Since Scara5 deletion
enhanced BMSCs’ osteogenic potential, the Wnt signalling pathway was stimulated to

determine whether its activation differed between WT and Scara5-KO BMSCs.
5.2.1 Lithium Chloride does not stimulate BMSCs osteogenesis

Lithium Chloride (LiCl) is able to activate canonical Wnt signalling by inhibiting glycogen
synthetase kinase 3 (GSK3p), thereby stabilising free cytosolic B-catenin 2%3. LiCl was shown
to efficiently promote osteogenesis by activating Wnt/B-catenin pathway in human BMSCs
294 yet it did not influence the ALP activity of human exfoliated deciduous teeth-derived stem

cells 2%

, SO the exact effect on osteogenic differentiation is not clearly defined. WT and
Scara5-KO BMSCs were treated with different concentrations of LiCl to assess whether
osteogenesis could be promoted in primary murine cells; the concentrations of LiCl were
selected according to the literature 2942°6, As depicted in Figure 5.1, pNP levels were
measured after 3 days of treatment with LiCl; NaCl treatment was used as control to exclude
effects related to Chloride; OM treatment was employed as the assay’s positive control. LiCl
suppressed ALP activity of BMSCs at all concentrations used, independently of Scara5
expression. NaCl also suppressed BMSCs’ ALP activity, albeit not at the same level of LiCl. As
expected, pNP levels elevated in Scara5-KO more than in WT BMSCs treated for 3 days in OM.

These results would suggest that Scara5 may not play a role in Wnt signalling. However, as

LiCl affects all canonical Wnt signalling and given the importance of the Wnt/p-catenin
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pathway during osteogenesis, individual Wnt recombinant proteins were used to stimulate

Whnt signalling in WT and Scara5-KO BMSCs.
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Figure 5.1 LiCl suppresses ALP activity of WT and Scara5-KO BMSCs. Different concentration of LiCl
and NaCl were used to assess their impact on BMSCs ALP activity after 3 days of treatment. Data are
presented as mean + SEM (n=3, >2 technical replicates/n), both in terms of pNP concentration (top
graph) and fold change (bottom graph). Two-way ANOVA with Sidak's post-hoc test was used to

determine the degree of significance (**** p < 0.0001).

5.2.2 Wnt3a, but not Wnt5a nor Wnt10b, promotes osteogenesis of Scara5-null BMSCs

more than WT counterparts

Wnt recombinant proteins were employed to assess whether they were able to promote
osteogenesis of WT/Scara5-KO BMSCs and if it occurred differently between them. Different
concentrations of Wnt3a (5-200 ng/ml) were tested; Wnt3a proved to increase pNP
concentration of both WT and Scara5-KO BMSCs. ALP activity resulted significantly higher in

Scara5-null BMSCs than in WT cells after 3 days-treatment of 10 ng/ml (fold change, mean #

154



CHAPTER 5 MECHANISTIC INVESTIGATION OF SCARAS IN MSCs COMMITMENT

SEM, 1.531 + 0.077 vs 1.177 + 0.047), 100 ng/ml (2.753 + 0.124 vs 1.811 + 0.076), and 200
ng/ml (2.679 £ 0.099 vs 2.239 + 0.174) Wnt3a (Figure 5.2 A). However, neither Wnt5a nor
Wnt10b stimulated BMSCs osteogenesis; indeed, as shown in Figure 5.2 B, all Wnt5a’'s
concentrations used suppressed ALP activity of BMSCs, independently of Scara5 expression.
Similarly, Wnt10b treatment did not stimulate the ALP activity of WT and Scara5-KO BMSCs
(Figure 5.2 C). Overall, Wnt3a was the only ligand that proved to stimulate differently WT and
Scara5-KO BMSCs osteogenesis.
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Figure 5.2 Wnt3a, but not Wnt5a nor Wnt10b, increases BMSCs’ ALP activity. Various concentration
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of Wnt recombinant proteins, i.e. Wnt3a (A), Wnt5a (B), and Wnt10b (C), were employed to test their
effect of BMSCs ALP activity. Data are presented as mean + SEM (n>3, 23 technical replicates/n), both
in terms of pNP concentration (on the left) and fold change (on the right). Two-way ANOVA with
Sidak's post-hoc test was used to determine the degree of significance (* p < 0.05, **** p < 0.0001).

OM treatment is included as a positive control for osteogenesis.

5.2.3 OM treatment does not stimulates Wnt signalling-related genes’ expression in Scara5-

WT and -KO BMSCs

To evaluate the ability of OM to activate the Wnt/B-catenin signalling pathway, BMSCs were
treated for 2, 6, and 24 hours before being tested for Wnt-related genes’ expression. Axin2
expression increased after 6 hours of OM treatment (mean + SEM, WT 1.839 + 0.347 vs
Scara5-KO 2.240 * 0.603) and marginally decreased over 24 hours (WT 1.564 + 0.448 vs
Scara5-KO 2.203 + 0.690) (Figure 5.3 A). Despite Scara5-null cells expressed slightly higher
levels of Axin2 compared to WT, the differences were not statistically significant. Figure 5.3 B
depicts Dishevelled 3 (DvI3) expression upon, which did significantly differ between WT and
Scara5-KO cells after 24 hours of OM treatment (WT 1.210 + 0.182 vs Scara5-KO 1.531 +
0.116). Finally, Lef1 expression did not statistically differ between Scara5-WT and -KO (Figure
5.3 C).
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Figure 5.3 OM does not increase the expression of Wnt signalling related genes. WT and Scara5-null
BMSCs were treated for 2, 6, and 24 hours with osteogenic medium and subsequently tested for the
expression of Wnt-signalling-related genes (i.e. Axin2, DvI3, and Lef1). 22T method was applied and
gene expression was normalised to GAPDH. Data are shown as mean + SEM (n=3) in terms of fold
change to their respective controls (red dotted line); two-way ANOVA with Tukey’s post-hoc test was

used to determine the degree of significance (" p > 0.05).

5.2.4 Wnt3a treatment increases Wnt signalling-related genes’ expression in Scara5-WT and

-KO BMSCs

OM treatment slightly stimulated Axin2, Dvi3, and Lefl expression, therefore 100 ng/ml of
Wnt3a recombinant protein were used to treat WT and Scara5-KO BMSCs; Wnt/B-catenin-
related genes’ expression was assessed after 2, 6, and 24 hours. Axin2 expression increased
after Wnt3a treatment, particularly after 6 hours (mean + SEM, WT 10.369 + 4.475 vs Scara5-
KO 13.069 + 4.897); however, WT and Scara5-null BMSCs’ Axin2 expression was not
statistically different (Figure 5.4 A). No remarkable increases were detected in terms of DvI3
expression (Figure 5.4 B). Finally, Lef1 expression rose after 2 and 6 hours of treatment (mean

+ SEM 2 h WT 1.773 £ 0.249 vs Scara5-KO 1.947 + 0.521; 6h WT 2.611 + 0.937 vs Scara5-KO
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2.840 + 0.961), dropping dramatically after 24 hours (WT 1.063 + 0.165 vs Scara5-KO 1.199 +
0.060) (Figure 5.4 C). Due to the high variability, Lef1 expression was not statistically different
between WT and Scara5-null BMSCs.
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Figure 5.4 Wnt3a stimulates the expression of Wnt signalling genes equally between WT and Scara5-
null BMSCs. BMSCs were treated with 100 ng/ml Wnt3a for 2, 6, and 24 hours. RT-gPCR was carried
out to assess Axin2, Dvl3, and Lefl expression of both WT and Scara5-KO BMSCs. 2"24¢T method was
applied and gene expression was normalised to GAPDH. Graphs’ bars represent mean + SEM (n=3) and
data are presented as fold changes to their respective controls (red dotted line); Two-way ANOVA

with Tukey’s post-hoc test was used to determine the degree of significance (™ p > 0.05).
5.2.5 B-catenin expression does not change in Wnt3a-treated Scara5-WT and -KO BMSCs

WT and Scara5-KO BMSCs were treated with 200 ng/ml Wnt3a for a maximum of 24 hours;
cells were then lysed and total proteins were extracted. 10 ug of proteins underwent Western
Blot (WB) analysis to determine whether total B-catenin expression increased differently
between WT and Scara5-deficient cells. As displayed in Figure 5.5 A, representative blots
showed almost no changes between controls (time 0, TO) and treatments. Indeed, Wnt3a

treatment barely induced an increase of total -catenin in both WT and Scara5-KO BMSCs,
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with a maximum fold change of =1.5 (Figure 5.5 B). After 24 hours, B-catenin expression was
comparable to the one of the untreated cells (mean £ SEM, WT 0.910 + 0.020; Scara5-KO
0.977 + 0.134). Overall, no differences could be highlighted between B-catenin expression of
WT and Scara5-KO BMSCs.
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Figure 5.5 WT and Scara5-KO BMSCs respond similarly to Wnt3a treatment in terms of fB-catenin
expression. WT and Scara5-deficient BMSCs were treated with 200 ng/ml Wnt3a to determine [3-
catenin expression changes in 24 h by WB. Representative pictures of WB membranes; BMSCs were
treated for different time points and lysed to extract the proteins. 10 pg of total protein were
subjected to WB for the detection of B-catenin and -actin (control) (A). Data are presented as mean

+ SEM (n=3); Time 0 (TO) indicates the untreated cells (B).
5.3 Scara5 deficiency does not influence AKT-related pathways’ function

As aforementioned, AKT signalling pathway plays a fundamental role in cell proliferation and
differentiation 2°1. To test whether Scara5 deficiency impacts on activation/phosphorylation
of AKT and/or AKT-related pathways, an AKT phosphorylation array was employed. WT and
Scara5-KO BMSCs were treated with either CM, OM, or AM (all serum-free) and lysed to

obtain total proteins.
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5.3.1 AKT-related proteins are differentially phosphorylated in WT and Scara5-KO BMSCs

treated with osteogenic and adipogenic media

AKT signalling pathway controls cell proliferation, differentiation, and survival by interacting
with other pathways, e.g. AMP-activated protein kinase (AMPK), human epidermal growth
factor receptor/erythroblastic leukaemia viral oncogene B (HER/ErbB), hypoxia inducible
factor 1 subunit alpha (HIF-1a), IGF-1, Janus kinase/signal transducer and activator of
transcription (JAK/STAT), MAPK, mTOR, PI3K-AKT, TGF-B, and Wnt/B-Catenin pathway.
Representative proteins of these signalling pathways were included in the phosphorylation

array used (array map, Figure 5.6).
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Figure 5.6 AKT phosphorylation array map. RayBio® C-Series AKT Pathway Phosphorylation Array C1
was employed to determine whether the phosphorylation of AKT-related protein changed between
WT and Scara5-KO BMSCs OM/AM-treated. Positive and negative controls are indicated as POS and
NEG.

AKT phosphorylation array membranes were incubated with 200 pg of proteins extracted
from CM (control)- and OM-treated BMSCs (Figure 5.7 A). Despite the heatmap showing some
interesting changes in terms of pixel density, especially in the bottom part of the graph (Figure
5.7 B), just four proteins were considered upregulated after 20 minutes of OM treatment,
with fold changes equal to or above 2 (Figure 5.7 C). Among the selected 4 proteins, the
expression of RAF-1 (Raf-1 proto-oncogene, serine/threonine kinase) was similar between WT
and Scara5-KO cells (fold change, 3.5 vs 3.8); on the other hand, Phosphatase and Tensin
Homolog (PTEN) expression was higher in WT than in Scara5-KO BMSCs (fold change, 6.1 vs
3.6), whilst RPS6 (Ribosomal protein S6) and RSK1 (Ribosomal S6 Kinase 1) expression was
higher in Scara5-null than in WT cells (4.0 and 11.5 vs 2.7 and 6.0).
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Figure 5.7 OM treatment induces AKT-related proteins upregulation more in Scara5-KO than in WT
BMSCs. WT and Scara5-KO BMSCs were treated with osteogenic medium for 20 minutes; the
membranes were incubated with 200 pg of proteins and ultimately visualised to quantify the dot
density (A). Data are represented in terms of pixel density (0-18,000) in form of heat map (B). Selected
proteins were upregulated in response to OM treatment; data are presented as fold change to the
respective controls. Only fold changes above 2 (red dotted line) were considered and included in the

graph (C).

Alongside the osteogenic treatment, BMSCs were also treated with AM to detect AKT-
related proteins’ phosphorylation and whether this was affected by Scara5 deficiency. 20
minutes of AM treatment increased the phosphorylation levels of several proteins (Figures
5.8 A, Figure 5.8 B); the bottom half of the heatmap graph shows how AM increased the
protein phosphorylation more in WT than in Scara5-KO BMSCs (Figure 5.8 B). However, just
5 proteins were upregulated by AM treatment, with fold changes equal to/above 2 (Figure

5.8 C). Except for P70S6K (fold change, WT 2.4 vs Scara5-KO 1.8), the other proteins (i.e. PTEN,
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RAF-1, RPS6, and RSK1) were phosphorylated far more in WT than in Scara5-KO cells,
indicating that Scara5-KO BMSCs did not respond to AM at the same extent of WT BMSCs.
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Figure 5.8 AM treatment induces AKT-related proteins upregulation more in WT than in Scara5-KO
BMSCs. WT and Scara5-KO BMSCs were subjected to AM treatment for 20 minutes; 200 g of proteins
were used for the experiment, at the end of which black dots were visualised and quantified (A). Data
are represented as pixel density (0-18,000) and depicted as heat map (B). AM treatment induced the
upregulation of selected proteins; data are shown as fold change to the respective controls. Only fold

changes above 2 (red dotted line) were included in the graph (C).

5.3.2 Scara5 does not play a role in AKT-related pathways, as confirmed by WB analysis

The AKT phosphorylation array showed some intriguing results, especially concerning BMSCs
treated with AM. Indeed, some proteins were upregulated in WT more than in Scara5-null
BMSCs in response to adipogenic stimuli. In order to validate these results, two proteins were
selected (i.e. RPS6 and RSK1). WT and Scara5-KO BMSCs were treated with serum-free AM

and the proteins were obtained from cell lysates before being subjected to WB analysis. As
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depicted in Figure 5.9 A, phosphorylated RPS6 and RSK1 (pRPS6 and pRSK1) levels were
similarly expressed by WT and Scara5-KO BMSCs. Quantification graphs shown in Figure 5.9
B outline a comparable response of WT and Scara5-KO cells to AM, being the protein levels
of pRPS6 (on the left) and pRSK1 (on the right) very similar. Although the phosphorylation
array showed encouraging results, neither pRPS6 nor pRSK1 proteins were upregulated after
adipogenic stimulation. In particular, pRPS6 levels gradually diminished after 5 minutes of
treatment (Figure 5.9 B, left), while pRSK1 levels steadily fluctuated over the experimental
time points (Figure 5.9 B, right). Be that as it may, no significant differences emerged between

Scara5-WT and -KO cells in terms of phosphorylated protein expression.
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Figure 5.9 WT and Scara5-KO BMSCs express similar levels of phosphorylated RPS6 and RSK1 once
treated with AM. BMSCs were AM-treated for different time points before being lysed to extract the
proteins; representative pictures of 10 ug of proteins analysed by WB employing anti-mouse
antibodies. B-actin was used for data normalisation (A). Data are depicted as mean = SEM (n=3); Time

0 (TO) indicates the untreated cells (B).

5.4 Scara5 deficiency impacts on cell metabolism

Li and colleagues first associated Scara5 and ferritin in 2009; they demonstrated that mouse
kidneys’ capsule expressed high levels of Scara5 and that this receptor was responsible for

serum ferritin endocytosis and the consequent iron delivery 213, To determine whether Scara5
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deficiency impacts on iron content, iron concentration was evaluated in murine organs.
Furthermore, due to the central role of iron as a metabolic cofactor, WT and Scara5-KO BMSCs

were tested for metabolic gene expression, as well as for their mitochondrial activity.
5.4.1 Scara5-KO murine kidneys display reduced iron content

WT and Scara5-deficient mice organs, i.e. testis and kidneys, were processed in order to
quantify the iron content. Scara5 was indeed found abundantly expressed in testis 72 and in
the renal capsule of mice 213, As depicted in Figure 5.10, WT testis presented with more iron
than Scara5-KO counterparts (mean + SD, 0.144 + 0.020 umol/mg vs 0.112 + 0.039 umol/mg);
however, the difference was not statistically significant. In the kidney, iron content was
significantly higher in WT than in Scara5-KO murine models (mean + SD, 1.252 + 0.149

umol/mg vs 1.044 + 0.116 umol/mg), thus suggesting a mild iron deficiency in Scara5-null

mice.
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Figure 5.10 Iron content differs between Scara5-WT and -KO mice’s kidneys, but not testis. 20 mg of
tissue of 3 weeks old mice were digested to quantify their iron content. Data are presented as box
plots (testis n=3, kidneys n=5); Mann-Whitney U test was used to determine the degree of significance
(" p > 0.05, * p <0.05). Iron quantification was partially performed by Dr Justin Bradley (School of
Chemistry, University of East Anglia, Norwich, UK).
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5.4.2 Metabolic gene expression differs between AM-treated WT and Scara5-KO BMSCs

Cells are usually provided with energy by two main metabolic pathways: glycolysis and
oxidative phosphorylation (OXPHOS) %*’. Glucose is the main energy source for osteoblast
proliferation and differentiation; the aerobic/anaerobic ATP production is indeed sufficient to
support osteogenesis *°, WT and Scara5-KO BMSCs were treated with OM for 7 days before
being tested for the expression of glycolysis-related genes hexokinase 2 (HK2) and pyruvate
kinase (PKM). 7 days of OM treatment was previously shown to be sufficient to measure an
increased osteogenic gene expression (i.e. Alpl, OCN Figure 3.5). As displayed in Figure 5.11,
HK2 expression slightly increased in response to osteogenic stimuli in both WT and Scara5-KO
BMSCs, without significant differences. On the other hand, PKM expression did not rise when

cells were treated with OM, neither in WT nor in Scara5-deficient BMSCs.
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Figure 5.11 OM does not induce the expression of glycolysis-associated genes HK2 and PKM. 2.88 x
10° cells/well were seeded in a 6-well plate before being treated with OM for 7 days. RT-gPCR was
carried out to assess HK2 and PKM expression of WT and Scara5-KO BMSCs. 22T method was applied
and gene expression was normalised to GAPDH. Graphs’ bars are represented as mean = SEM (n=4);

unpaired two-tailed Student’s t-test was used to determine the degree of significance (™ p > 0.05).

In parallel with OM treatment, Scara5-WT and -KO BMSCs were also treated with AM for
7 days. Similarly to OM, 7 days of AM treatment was sufficient to induce the highest
expression of both Adipog and LEP in WT and Scara5-KO BMSCs (Figure 3.8). It has been
proven that human adipose-derived stem cells consume more oxygen and increase their
mitochondrial activity after 7 days of adipogenic induction . The expression of lipid
metabolism genes (i.e. fat specific protein 27 — Fsp27, hormone-sensitive lipase — Hsl,
monoacylglycerol lipase — MGL), as well as bioenergetic genes (i.e. peroxisome proliferator

activated receptor alpha — PPARa, uncoupling protein 3 — Ucp3) and glucose transporter 4
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(Glut4) was evaluated. As depicted in Figure 5.12, except for MGL, WT BMSCs expressed
higher levels of Fsp27 and Hsl if compared with Scara5-deficient cells. Similarly, PPARa, Ucp3
and Glut4 were poorly expressed by Scara5-KO cells. Altogether, these results indicated a
strong impairment of metabolic genes’ expression when Scara5-deficient BMSCs were

exposed to adipogenic stimuli.
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Figure 5.12 Metabolic genes are more expressed by AM-treated WT than Scara5-KO BMSCs. 2.88 x
10° cells/well were seeded in a 6-well plate before being treated with AM for 7 days. RT-gPCR was
carried out to assess metabolic gene expression of WT and Scara5-KO BMSCs. 22T method was
applied and gene expression was normalised to GAPDH. Graphs’ bars represent mean + SEM (n>3)
and unpaired two-tailed Student’s t-test was used to determine the degree of significance (" p > 0.05,

* p <0.05, ** p<0.01).

5.4.3 Oxygen consumption rate differs between AM-treated WT and Scara5-KO BMSCs

Mitochondrial function was assessed in terms of oxygen consumption rate (OCR) using the
well-established assay Cell Mito Stress Test kit; the aim was to determine whether the
absence of Scara5, and the consequential iron deficiency, was linked to a reduced
mitochondrial activity of BMSCs. WT and Scara5-KO were both maintained in CM and treated
with AM. As shown in Figure 5.13 A, WT and Scara5-KO BMSCs kept in CM displayed a similar
OCR; basal and maximal respiration were slightly higher in WT than in Scara5-null BMSCs, but

not statistically significant differences emerged by data analysis. On the other hand, as
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depicted in Figure 5.13 B, AM treatment impacted on the maximal respiration of WT and
Scara5-KO BMSCs differently. Indeed, the injection of carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), an uncoupling agent that disrupts the
mitochondrial membrane potential allowing the maximal consumption of oxygen, increased
the OCR of WT but not of Scara5-KO BMSCs. In addition, although the basal respiration did
not differ significantly between WT and Scara5-deficient cells, the maximal respiration proved
to be significantly higher in WT than in Scara5-KO BMSCs (mean + SEM, 89.533 + 14.408
pmol/min per 1000 cells vs 54.400 + 10.060 pmol/min per 1000 cells). Overall, these results

highlighted a Scara5-KO-related mitochondrial dysfunction once cells were treated with AM.
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Figure 5.13 Scara5-null BMSCs exhibit a decreased OCR once AM-treated. Seahorse metabolic flux
analysis of OCR in WT and Scara5-KO BMSCs treated with CM (A) and AM (B). Data on the left are
depicted as kinetic profiles of different reactions, including basal respiration, ATP-linked respiration
(following Oligomycin injection), maximal respiration (following FCCP injection), and non-
mitochondrial respiration (following Rotenone and Antimycin A injection). Basal and maximal
respiration are further represented as mean + SEM (n=3, 5 technical replicates/n) on the right; Mann-

Whitney U test was used to determine the degree of significance (" p > 0.05, * p < 0.05).
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5.5 Discussion

MSCs differentiation into osteoblasts and adipocytes has been widely studied and debated.
The osteo-adipogenic balance is crucial for bone homeostasis; indeed, bone-related
pathologies, such as osteoporosis and osteopenia, are characterised by imbalanced
osteoclast/osteoblast activity and an overall BMAT increase 22, Over the years, multiple
pathways and key transcription factors have been identified as implicated in the osteo-
adipogenic differentiation. Among them, canonical Wnt signalling pathway, also known as
Wnt/B-catenin signalling, exerts a crucial role in stimulating MSCs differentiation into
osteoblasts and simultaneously inhibiting adipogenic differentiation 1?2, When Wnt molecules
bind to FZD and LRP5/6 coreceptors, the cytoplasmic phosphorylation of B-catenin is
inhibited; therefore, unphosphorylated [-catenin translocates to the nucleus, binds to the
TCF/LEF reporter, and regulates the expression of osteogenic target genes 28, LiCl has shown
to activate this pathway by inhibiting the activity of GSK3[3, which is part of the cytoplasmic
disruption complex. Hence, GSK3f inhibition activates Wnt/p-catenin signalling by increasing
B-catenin concentration 2%, Tang et al. showed that LiCl promotes osteogenesis and inhibits
adipogenesis of human BMSCs by regulating both Wnt and Hedgehog signalling pathways 2°4.
In addition, Yu and colleagues found that BMSCs derived from rats with steroid related
osteonecrosis exhibited an abnormal osteo-adipogenic differentiation, which was attenuated
by LiCl treatment and the consequent activation of B-catenin 2%. In this study, ALP activity
was inhibited by LiCl in both WT and Scara5-KO BMSCs (Figure 5.1). Similarly, LiCl treatment
of human stem cells isolated from exfoliated deciduous teeth did not impact on either ALP
concentration or mineral deposition 2. Furthermore, Zhu et al. work highlighted LiCl role in
promoting human BMSCs proliferation by inhibiting GSK3[ and activating Wnt/p-catenin
pathway, without however stimulating cell osteogenesis 2°8. Hence, LiCl does not represent a

valid method to induce osteogenesis by activating Wnt/p-catenin signalling pathway.

Wnt molecules such as Wnt3a and Wnt10b have been demonstrated to bind to the ternary
complex of FZD and LRP5/6 coreceptors and to activate the canonical pathway 1222, On the
other hand, Wnt5a has a role in the non-canonical Wnt signalling pathways (Wnt/Ca?* and
Wnt/PCP pathways) to promote adipogenesis via MAPK-independent pathway 3%, At the

same time, Wnt5a deletion in mice calvaria osteoblasts impaired Wnt/[-catenin signalling by
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reducing the expression of Lrp5/6 391, As a scavenger receptor, Scara5 is able to bind multiple
targets and thus it was hypothesised that it may bind and internalise Wnt molecules.
Consequently, Scara5 absence would favour Wnt molecules binding to FZD-Lrp5/Lrp6 and the
pathway’s activation. In the present work, BMSCs were treated with different concentrations
of Wnt3a, Wnt5a, and Wnt10b (Figure 5.2). Wnt3a induced ALP activity of WT and Scara5-
null cells, although the response was significantly higher in Scara5-KO cells, thus supporting
the hypothesis that Scara5 deficiency increases Wnt3a availability for Wnt signalling
activation. Neither Wnt5a nor Wnt10b stimulated WT/Scara5-KO BMSCs’ ALP activity. It is not
surprising that Wnt5a did not enhance BMSCs osteogenesis; indeed, as aforementioned,
Wnt5a proved to favour adipogenesis at the expense of osteogenesis 3%, Regarding Wnt10b,
it has always been positively associated with MSCs osteogenesis and bone regeneration 30
304 Despite the lack of any published research indicating a direct impact of Wnt10b on cellular
ALP concentration or activity, it remains unclear why Wnt10b did not stimulate murine

BMSCs’ ALP activity.

Osteogenesis is a convoluted process that requires the activation of multiple signalling
pathways and transcription factors '?2. To induce osteogenic differentiation of MSCs, a
cocktail of dexamethasone (Dex), ascorbic acid and -glycerophosphate is often used. Among
the other components, Dex upregulates four and a half LIM domains 2 (FHL2), which binds to
[-catenin to facilitate its transport to the nucleus, thereby activating Wnt/B-catenin
signalling. This action culminates with RUNX2 expression, essential for osteoblast
differentiation and maturation 3%, Moreover, Dex can activate RUNX2 through B-catenin-like
molecule TAZ and it can regulate its phosphorylation by increasing MAPK phosphatase
expression 3%, It was therefore supposed that WT/Scara5-KO BMSCs could respond to both
OM and Wnt ligands treatment by upregulating Wnt/[3-catenin molecules. Axin2 is part of the
cytoplasmic disruption complex and LRP signalosome 3%, whereas DvI3 plays a role in
activating Wnt canonical signalling by phosphorylating LRP5/6, thus preventing cytoplasmic
B-catenin degradation 3%7. Additionally, Lef1 is part of the nuclear TCF/LEF reporter bound by
B-catenin to mediate gene transcription 3%, RT-qPCR analysis, as well as Western blotting,
showed no differences between WT and Scara5-KO BMSCs in terms of Wnt-related gene
expression and B-catenin expression, respectively. Few published works have referred to

Wnt3a recombinant protein treatment to activate Wnt signalling; in fact, MSCs osteogenesis
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via Wnt/B-catenin signalling pathway was generally induced using Wnt3a conditioned
medium produced by L-cells 3% 3% One of the few works that use Wnt3a protein to activate
Wnt pathway showed that HEK293T cells responded to 200 ng/ml of Wnt3a recombinant
protein by increasing total B-catenin expression after 24 hours 31°. In the present work, 200
ng/ml did not induce B-catenin expression (Figure 5.5). It remains unknown whether a lower
concentration of Wnt3a or a Wnt3a conditioned medium would have produced different
results, although WT and Scara5-KO BMSCs treated with 100 ng/ml of Wnt3a expressed

similar levels of Wnt-related genes.

Overall, Wnt3a treatment was able to increase ALP activity more in Scara5-null than in WT
BMSCs; however, RT-gPCR and WB analysis did not confirm any difference between WT and
Scara5-KO cells’ expression of Wnt-related molecules. It can be assumed that the Wnt3a-
stimulated ALP activity relies in the higher ability of Scara5-KO BMSCs to differentiate to
osteoblasts instead of a hyper-activation of Wnt/p-catenin pathway. This can be confirmed

by the fact that Wnt3a also proved to increase WT BMSCs’ pNP concentration.

It is well established that AKT-related pathways play a role in cell proliferation and osteo-
adipogenic differentiation of MSCs 2°% 311, For example, platelet-derived growth factor-BB
(PDGF-BB) demonstrated to stimulate MSCs proliferation via PI3K/AKT and mTOR pathways
activation; on the other hand, PDGF-BB binding to the PDGF receptor beta activated MEK and
ERK1/2, which inhibited the expression of PPARy and CEBPa, thereby blocking MSCs
adipogenic differentiation 3°. This chapter showed that WT/Scara5-KO BMSCs responded to
OM and AM treatments by phosphorylating several proteins included in the AKT
phosphorylation array (Figure 5.7, Figure 5.8). Among the changes detected, OM stimulated
the phosphorylation of RPS6 and RSK1 expression more in Scara5-KO than in WT BMSCs,
whilst AM induced the phosphorylation of those proteins more in WT than in Scara5-KO
BMSCs. RSK1 proved to phosphorylate RPS6 at S235/236 in vitro/in vivo though an mTOR-
independent mechanism, inducing protein translation 3!2, To date, MSCs osteogenesis has not
been correlated with either RPS6 or RSK1 activation. On the contrary, RPS6 has been linked
to the RPS6/ERK signalling cascade during adipogenesis; indeed, Ning et al. proved that
quinine regulated adipogenesis in murine preadipocytes by activating ERK and consequently
RPS6 313, Once a ligand such as insulin or growth factors binds to the tyrosine-kinase

receptors, the activation of RAS and RAF induces a phosphorylation cascade which culminates
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with the phosphorylation of MEK and ERK1/2. It has been shown that MEK/ERK signalling is
extensively activated during adipogenesis of 3T3-L1 preadipocytes, mainly due to the insulin
component of the adipogenic cocktail '°. Activation of MEK/ERK pathway promoted
adipogenesis by regulating PPARy and C/EBPa. expression 1%, The AKT phosphorylation array
showed that AM stimulated the phosphorylation of RAF-1, RPS6, and RSK1, but not ERK 1/2,
in WT more than Scara5-null cells (Figure 5.8); however, western blot analysis of three
different biological samples did not confirm these results (Figure 5.9). It was therefore

concluded that Scara5 deficiency did not impact on AKT-related signalling pathways.

Scara5 functions as a ferritin receptor; Yu et al. outlined Scara5 capacity to recognise and
bind both light (L) and heavy (H) chains of ferritin through the cysteine rich domain (CRD) 7.
Indeed, the removal of the CRD abolished Scara5 ability to bind to L-/H-ferritin %7, Serum
ferritin mostly exists as L-ferritin and preferentially binds to Scara5, whereas H-ferritin binds
to transferrin (Tf) receptor 1, TIM 2, and Scara5 724 |ron can enter the cell as ferritin and
as Tf, the main circulating form of iron, but Scara5 can only internalise iron in the form of
ferritin. It can be speculated that the absence of Scara5 reduces the internalisation of L-
ferritin, thus causing an intracellular mild iron deficiency (Figure 5.14). Oesophageal
squamous cell carcinomas (ESCC) cells, as well as other cancer cell lines, expressed lower
levels of Scara5. Liu and colleagues overexpressed Scara5 in ESCC cells, thus increasing
intracellulariron levels and inducing ferroptosis, a regulated cell death mechanism dependent
on iron 215, Since Scara5 was found abundantly in the renal capsule, where it was described
to bind and internalise L-ferritin 2%3, the present work analysed iron content in murine testis
and kidneys. The results outlined a reduced iron content in Scara5-KO kidneys, thus
highlighting a potential mild iron deficiency (Figure 5.10). Iron content of testis did not show
a significant difference between WT and Scara5-KO mice; however, the concentration of iron
in the testis was low and did not exceed 0.1 umol/mg in testis and a greater number of
samples may be needed, while iron content was equal to/above of 1 umol/mg in murine

kidneys.
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Figure 5.14 Mild iron deficiency hypothesis. Cells internalise iron in form of Tf and ferritin; Tf can be
endocytosed via Tf receptor only, whilst ferritin can enter the cell via Tf receptor and Scara5, although
it preferentially binds Scara5. It can therefore be hypothesised that Scara5-KO cells display a mild iron

deficiency.

Iron serves as a cofactor for metabolic enzymes, the electron transport chain, and the
synthesis of adenosine triphosphate (ATP), thereby contributing to energy metabolism.
Perturbations in iron homeostasis reflect on cell metabolism; Oexle et al. firstly described the
impact of iron perturbation on glycolysis, OXPHOS, and citric acid cycle **8. DFO-induced iron
deficiency diminished the activity of citric acid cycle enzymes in the human lymphoblast cell
line K-562, thus causing a reduced formation of NADH. Low levels of NADH decreased
mitochondrial ATP production and oxygen consumption (OXPHOS); consequently, glucose
utilisation and lactate accumulation increased, thereby boosting ATP production through
glycolysis 148, Osteoblast differentiation and bone formation are strictly dependent on
glycolysis to produce ATP; glucose represents a source of rapid energy production, ideal for
cells that must respond quickly to bone fractures 18 15°, |n addition, Zhao et al. proved that
low doses of DFO promoted ALP activity in human fetal osteoblast (hFOB 1.19), thus
supporting the notion of a positive effect of mild iron deficiency on osteogenesis 63.
Nevertheless, WT and Scara5-KO BMSCs treated with OM for 7 days did not differ in the
expression of glycolysis-related genes, i.e. HK2 and PKM (Figure 5.11). In contrast, the
expression of OXPHOS/fatty acid oxidation (FAO)-related genes (i.e. Glut4, Fsp27, Hsl, MGL,

PPARa) was much higher in WT than in Scara5-KO BMSCs treated with AM (Figure 5.12).
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Tencerova et al. showed that murine BMSCs treated with adipogenic cocktail expressed the
aforementioned genes as a consequence of the metabolic swich from glycolysis to OXPHOS
156, Indeed, mitochondrial activity analysis revealed that committed adipocytic progenitor’s
energy production was mainly dependent on OXPHOS %°¢, In the present work, the Mito stress
test was employed to measure the mitochondrial respiration of AM-treated BMSCs. Scara5-
null cells did not respond to the FCCP injection as much as WT BMSCs (Figure 5.13); the
uncoupler FCCP mimics a physiological energy demand, thereby stimulating the respiratory
chain to work at maximum capacity and to rapidly oxidate sugars, fats, and amino acids.
Maximal respiration was statistically different between WT and Scara5-KO cells (Figure 5.13),
consequently proving that Scara5 absence perturbs the metabolic state of BMSCs, possibly
due to the mild iron deficiency (Figure 5.15). This is not surprising, since other cell models
linked the intracellular iron deficiency showed reduced mitochondrial activity. For example,
DFO treatment caused a metabolic shift to glycolysis in human induced pluripotent stem cell-
derived cardiomyocytes 314 in particular, Seahorse analysis highlighted a reduced
mitochondrial respiratory activity in response to FCCP, corroborating the detrimental effect
of iron deficiency on mitochondrial function 314, Similarly, Fujisawa et al. demonstrated that

increasing concentrations of DFO suppressed Hela cells proliferation and reduced OCR 3%,
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Figure 5.15 Scara5 hypothetic mechanism of action. In normal conditions, the cell is in a balanced
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metabolic state (A). Intracellular iron deficiency perturbs the metabolic state, thereby inducing the
cell to rely on glycolysis instead of OXPHOS for energy production (B). In the presence of adipogenic
stimuli, WT BMSCs produce energy through OXPHOS to differentiate into adipocytes (C). The absence
of Scara5, and the consequent iron deficiency, impairs the cell ability to produce ATP via OXPHOS and

to properly differentiate into adipocytes (D).

To sum up, this chapter provided insights into the mechanism by which Scara5 deficiency
alters cellular differentiation potential, exploring the osteo-adipogenic pathways as well as
cellular metabolism. Scara5 deficiency did not affect known osteogenesis- or adipogenesis-
related pathways (i.e. canonical Wnt signalling and AKT-related pathways). Scara5 works as a
ferritin receptor, therefore regulating intracellular iron content; in fact, Scara5 absence
impacted on iron content of murine kidneys. Due to the crucial role of iron as a co-factor for
most mitochondrial enzymes, iron deficiency proven to undermine preadipocyte cells
adipogenic differentiation in Suzuki and colleagues work %4, Consistently, Scara5-null BMSCs
mitochondrial activity resulted impaired in the presence of adipogenic stimuli. Taken
together, the findings presented related Scara5 deficiency to a mild iron deficiency, which can
be considered as a cause of the perturbation of the cellular metabolic functions. Alongside
work undertaken on BMSCs and other cell types, iron deficiency has been shown to impact
negatively on breast cancer cell growth and proliferation 31, Since Scara5 deletion was linked
to a reduced fat deposition and a mild iron deficiency, the next chapter will investigate
whether the pathogenesis of breast cancer in a murine model where tumour cells are injected

into the mammary fat pad differs between WT and Scara5-KO mice.
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Chapter 6: Scara5 deficiency influences breast cancer pathogenesis

6.1 Introduction

In recent years, Scara5 has been closely associated with several types of cancer. Yan and
colleagues ascertained Scara5 downregulation in 11 human cancer cell lines such as, inter alia,
glioma cells (i.e. U251, U87), breast carcinoma cells (i.e. MDA-MB-231, MDA-MB-435s), and
prostate cancer cells DU145 221, In work by You et al., the human breast cancer (BrCa) cell line
ZR-75-30 expressed low levels of Scara5; following Scara5 overexpression, these cells showed
a reduced proliferation, migration, and metastatic potential *’°. Moreover, Scara5 was
reported as downregulated in human breast cancer tissues, while normally expressed in the
para-cancerous ones; its down-regulation was associated with greater tumour’s size, higher

histological grade, and ability to metastasise to lymph nodes *7°,

The BrCa tumour microenvironment (TME) consists of local factors, cancer cells, immune
cells, and stromal cells; TME is crucial for BrCa cells proliferation and response to therapies
317 As part of the TME’s stromal cells, adipocytes play a fundamental role in BrCa progression.
Indeed, adipocytes’ release of immunomodulatory factors and free-fatty acids can fuel cell
proliferation, thereby influencing the fate of cancer development 3!, Furthermore,
dysfunctional obese adipose tissue proved to secrete high levels of anti- and pro-
inflammatory cytokines; the derived cytokine storm has been described as responsible for
initiation and progression of BrCa 3'°. Tumour development is intimately connected with iron
metabolism. It is well recognised that tumour cells require a certain amount of iron for their
proliferation and survival, since the DNA replication process is strictly dependent on iron, as
well as numerous metabolic pathways 3%0. In addition, Zhang et al. demonstrated that DFO-
induced iron deficiency reduced BrCa growth in mouse models by impairing the hepcidin—

ferroportin signalling 321,

Adipose tissue represents the ideal energy resource; in fact, its free fatty acids can be used
by cancer cells as metabolites and the iron released by iron-enriched cells (e.g. macrophages)
can support their proliferation 38, The previous chapters shown that Scara5-deficiency

impairs fat deposition in mice together with iron content. This chapter will highlight the
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importance of WT and Scara5-KO mice’s genetic background on BrCa development,

considering iron as the key element.
6.2 BRPKp110-based BrCa develops similarly between WT and Scara5-KO mice

Murine BRPKp110 breast cancer cells were firstly generated by mechanical dissociation of
C57BL/6 L-Stop-L-KRas®12Pp53//fix-Stop-L-Myristoylated pl110a—GFP/+ primary breast
tumour mass, which resembles a poorly metastatic luminal A-like BrCa 322323, BRPKp110 were
employed in the present work to be orthotopically injected into the fat pad and therefore to
generate tumour masses that were subsequently analysed to determine whether the Scara5

TME has a role in BrCa pathogenesis.
6.2.1 Tumour volume does not differ between Scara5-WT and -KO mice after 21 days

WT and Scara5-KO mice underwent surgery for the orthotopic injection of BRPKp110 tumour
cells into the left inguinal fat pad. As displayed in Figure 6.1 A, tumours developed after 10
days and their volume was periodically measured to monitor their growth. After 10, 14, 16,
and 18 days post-injection, WT mice presented significant bigger tumours if compared with
Scara5-KO mice (Figure 6.1 B). At the end of the experiment, after 21 days from cells’
injection, the multilobate tumours were excised and measured by a digital caliper (Figure 6.1
C). Tumour volume did not differ between WT and Scara5-KO mice (mean + SD, 736.111 +
313.230 mm?3 vs 754.464 + 400.113 mm?3), as well as tumour weight (0.564 + 0.112 g vs 0.613
+0.268 g), indicating that Scara5 absence did not influence the last stages of BRPKp110-based

BrCa development.
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Figure 6.1 BRPKp110-based BrCa growth does not differ between WT and Scara5-KO mice. Timeline
of BrCa experiment; 5 x 10°BRPKp110 cells were orthotopically injected into the left mammary fat pad
and the tumours’ volume was periodically measured from day 10 to day 21, when the tumour was
excised and measured (A). External caliper measurements of live mice’s tumours; data are presented
as regression lines (WT n=9, Scara5-KO n=8) and simple linear regression analysis was used to
determine the degree of significance (**** p < 0.0001) (B). Representative image of WT and Scara5-
KO tumours; tumours’ volume and weight were determined 21 days post-BRPKp110 injection and
shown as box plots (WT n=9, Scara5-KO n=8); Mann-Whitney U test was used to determine the degree

of significance (" p > 0.05) (C).

177



CHAPTER 6 SCARAS DEFICIENCY INFLUENCES BREAST CANCER PATHOGENESIS

6.2.2 Tumour cell morphology, but not inflammatory marker expression, show a different

pattern between WT and Scara5-null mice

As a response to cancer development, immune myeloid and lymphoid cells (e.g.
macrophages, T cells) infiltrate the tumour 324, Therefore, the tumours excised from WT and
Scara5-KO mice did not contain breast cancer cells only; H&E staining indeed showed diverse
types of cells within the cancerous masses, as depicted in Figure 6.2 A. While WT tumour cells
appeared to follow a diagonal organisational pattern, Scara5-KO tumour cells seemed
haphazardly positioned, lacking any semblance of order. In addition, Scara5-KO mice’s
tumours were invaded by a few adipocytes (Figure 6.2 A). Nevertheless, the expression of the
most common inflammatory markers proved similar between WT and Scara5-KO mice’s
tumours (Figure 6.2 B), suggesting that cytokine expression was independent of mouse

genetic background, thus independent of Scara5 deficiency.
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Figure 6.2 H&E staining, but not inflammatory genes’ expression, reveals slight differences between
WT and Scara5-KO tumours. Representative images of H&E-stained WT and Scara5-KO BRPKp110-
based tumours (20x bright field, 50 um scale bar) (n=4); white “bubbles” indicate adipocytes’ ghosts
(A). WT and Scara5-KO tumours were digested to obtain RNA and inflammatory markers’ expression

was assessed by RT-qPCR. 2"*4¢T method was applied and gene expression was normalised to GAPDH;

178



CHAPTER 6 SCARAS DEFICIENCY INFLUENCES BREAST CANCER PATHOGENESIS

data are depicted as mean + SEM (n=3) (B).
6.3 Scara5 expression is downregulated in murine BrCa cell lines

As previously stated in this chapter, Scara5 has been described as downregulated in various
tumour cell lines 22%; due to the results obtained from the BrCa experiment, Scara5 expression
was evaluated in BRPKp110 cells. As depicted in Figure 6.3, the osteoblast cell line 2T3 was
used as control, since it expressed high levels of Scara5; on the other hand, BRPKp110
expressed lower levels of Scara5. Scara5 gene expression was therefore assessed in other
murine BrCa cell lines, i.e. PyMT-BO5, E0771, and 4T1; among them, PyMT-BO5 and E0771

cells expressed the lowest levels of Scara5, equal to or below 0.02 (mean, fold change).

PyMT-BOS5 is a primary mammary tumour cell line obtained by culturing a mechanically
dissociated primary breast tumour mass spontaneously arisen at day 120 in a C57BL/6
background MMTV-PyMT mouse; the tumour cells are able to generate a tumour that
resembles an antioestrogen-sensitive luminal B BrCa 32°. Hence, WT and Scara5-null BrCa

models were generated using PyMT-BO5 cells.
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Figure 6.3 BrCa cell lines express low levels of Scara5. BrCa cell lines were analysed via RT-qPCR for

Scara5/GAPDH

Scara5-expression. 22T method was applied and Scara5 expression was normalised to GAPDH; data
of a single experiment are presented as mean, in terms of fold change; 2T3 cells were used as

endogenous control.
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6.4 PyMT-BO5-based BrCa develops differently between WT and Scara5-KO mice

PyMT-BOS5 cells were orthotopically injected into the fat pad of adult WT and Scara5-KO mice;
since PyMT-BOS5 represents a more aggressive BrCa cell line 326, the experiment was carried

out for 15 days only, at the end of which tumours were excised and analysed.
6.4.1 Scara5-KO mice develop smaller tumours than WT mice after 15 days

PyMT-BOS5 cells were orthotopically injected into WT and Scara5-KO’s fat pad. Figure 6.4 A
illustrates the time course of the experiment; tumours were externally measured twice from
day 10 and the mice were sacrificed 15 days post-BO5 injection, when the cancerous masses
were excised. The experiment was repeated twice, using 18 WT female mice and 15 Scara5-
KO females in total. During the first experiment, due to the small size of the tumours, their
volumes measured 10 and 13 days post-injection were not precise and one animal/group was
thought not to have developed any mass. In addition, WT and Scara5-KO mice’s tumours were
comparable in terms of volume (Figure 6.4 B). In contrast, the second experiment showed
that both 10 and 13 days after BO5 injection WT mice develop bigger tumours than Scara5-
KO counterparts (mean + SD, day 10 WT 164.110 + 44.460 mm3, Scara5-KO 103.728 + 44.231
mm3; day 13 WT 235.540 + 41.543 mm?3, Scara5-KO 186.527 + 35.670 mm?3) (Figure 6.4 B).
When tumours were excised, solely the first experiment showed that WT females presented
significantly larger tumour volumes than Scara5-KO counterpart (1% experiment —mean + SD,
237.886 + 114.694 mm3 vs 121.472 + 52.840 + mm?3; 2" experiment, 1038.016 + 650.939 +
mm?3 vs 510.121 + 161.357 mm3). Furthermore, although the tumour weight did not differ
between WT and Scara5-null mice in the 15t experiment, the 2" experiment proved that
tumour weight was greater in WT than in Scara5-KO mice (mean £SD, 0.760+ 0.270 g vs 0.537
+0.082 g) (Figure 6.4 C). As depicted in Figure 6.4 C, it is also noticeable that BO5 cells develop
smaller and single masses in the 15 experiment, while they formed multilobate tumours in

the 2" experiment.
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Figure 6.4 PyMT-BO5-based BrCa growth differs between WT and Scara5-KO mice. Timeline of BrCa
experiment; 1 x 10° BRPKp110 cells were orthotopically injected into the left mammary fat pad and
the tumours’ volume was determined twice from day 10 to day 15, when the tumour was excised and
measured (A). External caliper measurements of tumours in live mice; 2 experiments’ data are
presented as regression lines (1%t experiment WT n=7, Scara5-KO n=6; 2" experiment WT n=10,
Scara5-KO n=8); simple linear regression analysis was used to determine the degree of significance ("
p > 0.05, *** p < 0.001) (B). Representative images of WT and Scara5-KO tumours from both 1%t and

2" experiment; tumours’ volume and weight were assessed 15 days post-PyMT-BO5 injection and
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depicted as box plots (1%t experiment WT n=8, Scara5-KO n=7; 2" experiment WT n=10, Scara5-KO

n=8). Mann-Whitney U test assessed the degree of significance (" p > 0.05, * p < 0.05) (C).

6.4.2 Tumour cell morphology and inflammatory marker expression exhibit similar patterns

between WT and Scara5-null mice

After their excision, WT and Scara5-KO mice’s tumours were stained with H&E to highlight
any difference in terms of cell morphology. As shown in Figure 6.5 A, stained tissues were
similar in terms of organisational pattern; adipocytes equally infiltrated WT and Scara5 BO5
masses. Moreover, the expression of inflammatory markers was analogous between WT and
Scara5-KO tumours, proving that the cytokine expression was not affected by Scara5 absence

(Figure 6.5 B).
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Figure 6.5 Scara5-WT and -KO tumours display similar H&E staining and inflammatory markers’
expression. H&E-stained WT and Scara5-KO BO5-based tumours (20x bright field, 50 um scale bar);
the images are representative of two experiments performed independently (N=2). White “bubbles”
indicate adipocytes’ ghosts (A). WT and Scara5-KO tumours underwent RT-qPCR analysis for
inflammatory markers’ expression. 2"24¢T method was applied and gene expression was normalised to

GAPDH; data are depicted as mean + SEM (n=3) (B).
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6.5 Scara5 deficiency impacts on adipose tissue-BO5 cells crosstalk

Since PyMT-BO5 were injected into the fat pad of WT and Scara5-KO mice, the crosstalk
between cancer cells and adipose tissue was favoured, hence increasing tumour growth 327,
To mimic BO5-fat crosstalk in vitro, murine iFAT was fragmented and incubated in serum-free
CM for 24 hours; in parallel, WT and Scara5-KO iFAT fragments were also added to serum-
free CM in the presence of PyMT-BO5 cells (Figure 6.6). The obtained WT and Scara5-KO
supernatants (Sn) were used on BO5 cells, to test their effect on cell adhesion and

proliferation.
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Figure 6.6 WT and Scara5-KO iFAT pads are processed to obtain supernatant. iFAT pads from WT and
Scara5-KO mice were fragmented and included in FBS-free CM with or without cultivated BO5 cells.
Supernatants were collected after 24 hours, centrifuged, and filtered before being used for

subsequent experiments.
6.5.1 WT and Scara5-KO iFAT supernatants equally influence BO5 cell adhesion

Cell adhesion is a critical part of malignant transformation and cancer progression 328, WT and
Scara5-KO Sn were added to PyMT-BO5 cells for 45 minutes, at the end of which cells were
stained with crystal violet. The analysis of the percentage of area occupied by adhered cells
revealed that WT and Scara5-KO iFAT Sn adhesion was comparable with the control treatment
(FBS-free CM) (Figure 6.7 A). Indeed, while FBS-free CM occupied 21.960 + 1.180% (mean +
SEM) of the total area available, WT and Scara5-KO filled 23.547 + 2.052% and 26.076 +
1.520% of the area, respectively. However, the differences between WT and Scara5-KO Sn’s

effect were not statistically significant. An analogous effect was obtained by treating BO5 cells
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with the Sn obtained from the iFAT and BO5 co-culture (Figure 6.7 B). Thus, Sn’s influence on

BOS5 cells adhesion was independent of Scara5.
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Figure 6.7 BOS cell adhesion is not influenced by WT/Scara5-KO iFAT supernatants. Representative
images of crystal violet-stained BO5 cells, treated with FBS-free CM (control), WT and Scara5-KO iFAT
supernatant (Sn) (10x bright field, 100 um scale bar); graph’s bars depict mean + SEM (n=5, >3
technical replicates/n) (A). Representative images of crystal violet-stained BO5 cells, treated with WT
and Scara5-KO iFAT and BO5 cells Sn; FBS-free CM was used as control and data are represented as
mean = SEM (n=5) (B). One-way ANOVA test with Tukey’s post hoc analysis was used to determine the

degree of significance (" p > 0.05).

6.5.2 WT and Scara5-KO iFAT supernatants differently stimulate BO5 cell proliferation

As well as cell adhesion, PyMT-BO5 cell proliferation was determined after cells were treated
with either iFAT Sn or iFAT-BO5 co-culture Sn. As displayed in Figure 6.8 A, both WT and
Scara5-deficient iFAT Sn promoted BO5 proliferation after 1 and 3 days; however, WT iFAT Sn
increased BOS5 cells’ proliferation more than Scara5-KO counterpart after 3 days only (mean
+ SEM, 149.383 + 3.488% vs 123.766 + 6.774%). Similarly, the Sn obtained by co-culturing iFAT
fragments and PyMT-BO5 cells stimulated BO5 proliferation after both 1 and 3 days (Figure
6.8 B). In particular, after 3 days, BO5 cells proliferated significantly more once cells were
treated with WT than with Scara5-null Sn (mean + SEM, 170.148 + 11.754% vs 128.372 +
5.557). Overall, Sn effect on cancer cell proliferation seemed to be influenced by Scara5

deficiency.
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Figure 6.8 BO5 cell proliferation is stimulated more by WT than Scara5-KO iFAT/iFAT and BO5
supernatants. BO5 cells were treated with WT/Scara5-KO iFAT Sn (A) or iFAT and BO5 Sn (B), and their
proliferation was assessed by MTT assay after 1 and 3 days. Data are depicted as mean + SEM (n>4)

and FBS-free CM was used as control; unpaired two-tailed Student’s t-test was used to determine the

degree of significance (* p <0.05) (B).
6.6 Iron as a key factor for Scara5-WT/-KO BrCa pathogenesis

As aforementioned, iron can be released by iron-enriched cells present in the adipose tissue,
such as macrophages and lymphocytes; this element is fundamental for BrCa cells duplication
and proliferation 3!, Due to the primary role of Scara5 as a ferritin receptor, iron content was
measured in WT/Scara5-KO mice’s tumours and the contralateral fat pad (not injected with

BO5 cells).
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6.6.1 DFO impairs the effect of WT more than Scara5-KO iFAT supernatant on BO5 cell

proliferation

WT iFAT and iFAT-BO5 co-culture Sn proved to stimulate BO5 cells proliferation more than
the Scara5-KO counterparts. Due to the established role of iron as a tumour growth stimulant,
different concentrations of the iron chelator DFO were added to WT and Scara5-KO Sn to
determine whether iron played a role in the proliferation of BO5. As displayed in Figure 6.9
A, 90-300 uM DFO had a considerable impact on BO5 proliferation, diminishing the initial
stimulation of WTiFAT Sn. Specifically, 90 uM of DFO significantly diminished cell proliferation
by 24%, 180 uM by 37%, and 300 uM by 73%. On the other hand, Scara5-KO iFAT Sn did not
impact on cancer cells’ proliferation; 300 uM was the only concentration of DFO that
decreased the proliferation of BO5 cells by 21%. WT and Scara5-null iFAT and BO5 Sn showed
similar results (Figure 6.9 B); however, only the highest concentration of DFO significantly
reduced the proliferation of cells treated with WT Sn (mean + SEM, Sn 161.434 + 5.404%, Sn
+ 300 uM DFO 95.186 + 5.257%). Even Scara5-KO Sn effect was affected by 300 uM DFO, but
not significantly (mean = SEM, Sn 127.432 + 9.954%, Sn + 300 uM DFO 91.826 * 3.858%). It
can therefore be concluded that BO5 cell proliferation was more affected by DFO addition to

WT Sn.
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Figure 6.9 DFO undermines BO5 cells’ proliferation once added to iFAT supernatants. MTT assay was
performed on BOS5 cells after 3 days of treatment with WT and Scara5-KO iFAT (A) and iFAT and BO5
cells’ supernatants (Sn) (B) with or without DFO. Data are depicted as mean + SEM (n=3) and expressed
as percentage of the control, represented by BO5 treated with FBS-free CM (graphs’ red lines). Two-
way ANOVA with Tukey’s post-hoc test was used to determine the degree of significance (" p > 0.05,

** p <0.01, ¥*** p <0.0001).
6.6.2 WT and Scara5-KO tumours display different iron content

As above-mentioned, BO5 cells were injected into WT and Scara5-KO mammary iFAT. Figure
6.10 A shows that iron content was much lower in Scara5-KO than in WT tumours, as indicated
by Potassium Ferrocyanide (blue) staining. As depicted in Figure 6.10 B, iron content was
determined in the contralateral iFAT (the right fat pad, contralateral to the one injected with
BO5 cells), as well as in tumours. The results showed that the WT contralateral fat pads

contained slightly higher concentrations of iron than Scara5-KO counterparts (mean % SD,
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0.648 + 0.221 umol/mg vs 0.563 + 0.239 pumol/mg); however, the difference was not
statistically significant. On the other hand, Scara5-deficient tumours displayed a significantly
lower content of iron if compared with WT tumours (mean + SD, 0.651 + 0.030 umol/mg vs
0.731 + 0.013 pumol/mg). Overall, Scara5-KO tumours presented with less iron than WT

tumours, both histologically and chemically.
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Figure 6.10 Scara5-KO mice’s tumours display low levels of iron. Potassium Ferrocyanide (blue, iron)
and Nuclear Red Thiazin (pink, background) stained tumours (63x/20x bright field, 25 um scale bar);
the images are representative of two experiments performed independently (N=2) (A). Iron
quantification of WT/Scara5-KO contralateral iFAT pad and tumours (n>4); data are depicted as box
plots and Mann-Whitney U test was used to determine the degree of significance (" p > 0.05, * p <
0.05). Iron quantification was partially performed by Dr Justin Bradley (School of Chemistry, University

of East Anglia, Norwich, UK) (B).
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6.7. Discussion

Breast cancer (BrCa) stands as the most diagnosed cancer worldwide and significantly
contributes to cancer-related mortality in women 32°, Adipose tissue proved to be critical for
the development of BrCa; the adipocytic release of active molecules (e.g. adipokines,
hormones, inflammatory factors) and free fatty acids indeed contributes to cancer
development and growth 38330, Throughout the years, many murine models of BrCa have
been developed to understand the mechanisms by which BrCa develops, grow, and
metastasise 32°. Nowadays, orthotopic injection of cancer cells into the mice mammary fat
pads (inguinal fat pads) are used to generate BrCa models that better reproduce the disease
location and the presence of the appropriate stomal compartment 331, In 2014, Rutkowski et
al. developed a mouse BrCa model in which the mammary ductal epithelium was
characterised by ablation of p53 and the expression of the oncogenic K-ras 3?2, These
mutational events culminated in the formation of tumour masses that were mechanically
dissociated to originate BRPKp110 cells, a poorly metastatic luminal A-like BrCa cell type 32%
323, BRPKp110 cells themselves can be injected orthotopically into the mouse mammary fat
pad to generate mouse BrCa models 33% 333, Due to the strong crosstalk between adipose
tissue cells and BrCa cells, and the reduced fat deposition associated with Scara5 deficiency,
BRPKp110 cells were injected into WT and Scara5-KO mammary fat pad. Scara5 was described
as downregulated in breast cancer tissues and cell lines; its overexpression in ZR-75-30 cell
line suppressed cancer cell proliferation, migration, invasion, and favoured cell apoptosis by
decreasing the phosphorylation levels of AKT, STAT3, and ERK1/2 . In the present work, it
was determined whether the Scara5-WT/-KO environment influenced BrCa growth. Scara5
deficiency indeed impacted on the tumour initiation, but 21 days after cell injection WT and
Scara5-KO tumours were comparable in terms of volume and weight (Figure 6.1).
Inflammatory cells that infiltrate the tumour regulates its growth, invasion, and metastasis;
macrophages, stromal cells, and tumour cells, as well as dendritic cells and neutrophils,
secrete cytokines in order to either contrast or support tumour cell proliferation 334 33>,
BRPKp110-based tumour masses developed in WT and Scara5-KO mice expressed similar
levels of tumour promoting cytokines (i.e. TNFa, C-X-C motif chemokine ligand 12 — CXCL12,
IFNy, IL-1B, IL-2, IL-6, IL-10) (Figure 6.2). Analysis of tumour morphology revealed structural

differences between WT and Scara5-KO tumours. However, these dissimilarities may reflect
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a particular area of the section considered instead of indicating a real difference in terms of
immune cell infiltration, as supported by the cytokine panel expression. Hence, the growth of
BRPKp110-based tumours was not influenced by Scara5 deficiency after 21 days. It remains
unknown whether a shorter experiment would have shown a different tumour growth in WT
and Scara5-null mice, also considering that BRPKp110 tumours appeared multilobate when

excised, indicating an excessive growth within the mice peritoneum.

As reported in You et al. study, three different BrCa cell lines displayed a downregulation
of Scara5 (ZR-75-30, MCF-7, and MDA-MB-231 cells) 7°. Among them, ZR-75-30 cell line
(luminal B subtype of BrCa) expressed the lowest levels of Scara5 and was therefore used to
investigate the role of Scara5 in cancer growth and metastatic potential in vitro 17°. Similarly,
murine cell lines of BrCa were herein analysed for Scara5 expression; both PyMT-BO5 and
EO771, luminal B and triple negative subtype of BrCa, respectively, showed to express the
lowest levels of Scara5 when compared to osteoblastic 2T3 cells expression (Figure 6.3).
PyMT-BO5 cells were further selected to be orthotopically injected into mice’s mammary fat
pad because of their rapid growth and their ability to metastasise to bone. However, no bone
metastasis was detected in this work, probably because the experiment was carried out for
15 days only. Two separate experiments involving almost 20 mice/group in total revealed
smaller tumours in Scara5-KO than in WT mice, thus suggesting that Scara5-KO mice
background did not support the tumour growth as much as WT counterpart (Figure 6.4).
However, just the second experiment revealed overall bigger and multilobate tumours, with
volumes similar to the ones reported in the literature 333, In addition, tumour morphology
analysis showed that tumour infiltration happened similarly between WT and Scara5-KO
tumours, as also suggested by cytokine expression (Figure 6.5). Taken together, these data
imply that the WT/Scara5-KO environment played a crucial role in supporting the tumour
growth. To date, Scara5 expression and its role have been investigated in breast cancer cell
lines and human breast cancer tissues; all studies described Scara5 as downregulated in
tumour cells/tissues, being therefore responsible for an increased proliferation, invasion, and
migration of cancer cells 172336, However, Scara5 importance in the environment surrounding

the tumour, such as the adipose tissue, has never been investigated.

As aforementioned, adipose tissue plays a fundamental role in supporting BrCa cells

proliferation. Obesity at the time of diagnosis, for example, is associated with a higher risk of
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total mortality and morbidity 2?°. Indeed, obese adipocytes release pro-inflammatory
cytokines (e.g. TNFo, IL-6) that have been linked to poor survival rate of BrCa patients 22°.
Moreover, Picon-Ruiz et al. work showed that a co-culture of adipocytes and BrCa cells
induced immature adipocytes to secrete a plethora of pro-inflammatory cytokines (i.e. IL-6,
IL-8, IFNy-inducible protein 10, chemokine ligand (CCL) 2, CCL5) in vitro 3!°. The release of pro-
inflammatory cytokines also increased both tumour-initiating and metastatic potential of
MDA-MB-231 cells in vivo, when BrCa cells were orthotopically injected into the mammary
fat pad of Balb/c nude mice 3%°. To better understand the importance of the mouse
background in tumour development, the iFAT and PyMT-BO5 cells crosstalk was mimicked by
producing WT and Scara5-KO iFAT Sn in vitro, which was used to determine its effect on PyMT-
BO5 cells’ proliferation and adhesion. The results showed that cell proliferation, but not
adhesion, was stimulated by WT Sn more than Scara5-KO Sn (Figure 6.7, Figure 6.8), in line
with the different tumour growth observed in vivo. The work of Jablonka and colleagues
already demonstrated that human adipose tissue Sn can stimulate BrCa cell proliferation 337,
They showed that the proliferation of MCF-7 cells (luminal A BrCa subtype), but not MDA-MB-
231 cells (triple negative BrCa subtype), was boosted by human primary preadipocytes Sn
treatment for 3 days 3%7. Similarly, D’Esposito et al. found that human adipocytes Sn promoted
MCF-7 and MDA-MB-231 cells proliferation by releasing factors such as CCL5, IL-8, and insulin-
like growth factor (IGF)-1 338, Hence, the present work implies that Scara5-KO mice developed
smaller tumours because the fat did not represent the most ideal environment for cancer
cells to grow. It can be speculated that WT/Scara5-KO adipose tissue released different
amounts of cytokines, although other secreted key factors can enhance BrCa cells
proliferation and support the tumour growth (e.g. chemokines, growth factors, extracellular

vesicles) 3%.

The previous chapter showed that Scara5-KO mice presented with a mild iron deficiency.
Iron is crucially important for rapidly dividing cancer cells, especially considering that iron is a
co-factor for many enzymes that regulate DNA synthesis 3%°. Thus, perturbations in iron
homeostasis characterise BrCa malignancy and progression; in fact, several in vivo studies
demonstrated that iron-rich diets, or subcutaneous injections of iron, induce BrCa growth 34,
As a support for the iron involvement in cancer cell proliferation, DFO was added to WT and

Scara5-KO iFAT Sn; the results showed that DFO reduced the stimulatory effect of WT more
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than Scara5-null Sn on BO5 cell proliferation (Figure 6.9), thereby implying that WT Sn
contained higher concentrations of iron. Indeed, tumours developed in WT mice revealed
higher concentrations of iron if compared with the Scara5-deficient counterparts (Figure
6.10). According to Zhang et al. studies, the orthotopic injection of 4T1 cells (triple negative
BrCa subtype) into the mice mammary fat pad of Balb/c, and the consequent tumour growth,
was affected by iron availability 32%. Mice subjected to an iron-deficient diet developed smaller
tumours than the mice that received an intraperitoneal injection of iron-dextran 32,
Furthermore, in vitro studies using MCF-7 BrCa cells underscored the DFO ability to reduce
the proliferation of cancer cells 3*> 343, Be that as it may, Scara5-KO environment resulted less
favourable for BrCa cells growth, probably due to the intrinsic mild iron deficiency. In line with
Marques et al. work, BrCa epithelial cells exhibit an “iron utilisation phenotype”,
characterised by an elevated hepcidin (negative regulator of iron export) and Tf receptor
expression. On the other hand, stromal inflammatory cells that infiltrate the tumours (e.g.
macrophages, neutrophils, and lymphocytes) display an “iron donor phenotype”, with a
consequent increase in ferroportin (the sole iron exporter) and ferritin expression 341, One
possible explanation for Scara5 downregulation in BrCa cells (Figure 6.3) is their iron
utilisation phenotype, as these cells do not require iron storage in form of ferritin, but they
tend to use iron to rapidly proliferate 3°. However, if the constitutive deletion of Scara5
impact on intracellular levels of ferritin, tumour infiltrating cells will not provide adequate
amount of iron to cancer cells, subsequently reducing their proliferation. It remains unknown
which type of cells infiltrated the tumours developed in WT and Scara5-KO mice; nonetheless,
it can be hypothesised these cells are mostly macrophages, due to their renowned role as
tumour infiltrating cells. In addition, macrophages favour the onset of a pro-tumour
environment by releasing ferritin into the stroma, which can be used by cancer cells as fuel

for their growth 344,

In summary, the findings of this chapter indicate that the absence of Scara5 creates an
unfavourable environment for BrCa cells growth, thus suggesting that Scara5 plays a role in
BrCa pathogenesis. Scarab is a ferritin receptor, and its deletion was related to an intracellular
mild iron deficiency. Liu et al. recently demonstrated that Scara5 overexpression induced
ferroptosis (i.e. a form of programmed cell death dependent oniron) in ESCC cells due to their

uptake of high levels of ferritin. Scara5-null mice exhibited a reduced fat deposition and
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smaller tumours when PyMT-BO5 cells were injected into the fat pad. However, it remains
uncertain whether the smaller tumour growth in Scara5-KO mice compared with WT mice
was due to the smaller size of the iFAT pad, the iron levels of infiltrating cells, or a combination
of these factors. Overall, these results suggest that Scara5-deficient environment does not
support BrCa proliferation to the same extent of WT counterpart because the low levels of

iron do not provide sufficient fuel for the growth of these cells (Figure 6.11).
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Figure 6.11 Scara5 deficiency impinges on the fat-BrCa crosstalk. The crosstalk between BrCa cells
and iFAT of Scara5-KO mice is impaired as a possible consequence of the mild iron (Fe) deficiency and
the iFAT pad size. Tumour infiltrating cells, such as neutrophils, lymphocytes, and macrophages, did
not provide cancer cells with adequate levels of iron when Scara5 was missing, therefore reducing

BrCa growth.
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Chapter 7: Concluding Discussion

7.1 Discussion

Osteoporosis and the associated bone fragility affect millions of people worldwide, placing
itself as one of the major health concerns among elderly people. In the UK, over 3 million
people have osteoporosis leading to over 300,000 fragility fractures per year 34°. Several
known risk factors impact on bone mass and strength causing osteoporosis, e.g. ageing, diet
and body weight, genetic predisposition, menopausal state, certain medications, alcohol
intake, and co-morbidities including diabetes. Similarly, costly health metabolic disorders as,
inter alia, obesity and type 2 diabetes (T2D), represent a serious problem worldwide 34,
Obesity, for example, stands as one of the major health concerns of industrialised countries.
According to World Health Organisation (WHQO) 2021 report, the incidence of overweight
(body mass index — BMI greater than or equal to 25 kg/m?) and obesity (BMI greater than or
equal to 30 kg/m?) tripled between 1975 and 2016, including more than 30 million of 5 years
old children 3*’. An elevated BMI concomitantly increases the risk of T2D; indeed, overweight
or obese people often present with insulin resistance. It is hypothesised that nonesterified
fatty acids release from obese adipocytes negatively impacts on B-cells insulin secretion and

favour insulin resistance. The combination of insulin resistance and an impaired function of

pancreatic B-cells may favour prediabetes and T2D onset 348,

It is well recognised that bone loss-related diseases, as well as diabetes and obesity,
impinge on MSCs differentiation towards osteoblasts. MSCs propensity to differentiate into
adipocytes at the expenses of osteoblasts ultimately increases body and bone marrow
adiposity, as a result of the suppression of critical osteogenic pathways activity, i.e. Wnt and
BMP signalling pathways 263. A significant number of key factors have been identified so far
as regulators of MSCs lineage differentiation, thus playing a role in maintaining or disturbing
the osteo-adipogenesis balance ?*°. Among them, Scara5 recently emerged as a potential
marker of adipogenesis, stimulating preadipocytes and multipotent cells adipogenic
differentiation . However, the role of Scara5 expression and function during MSCs

differentiation and the osteoblast-adipocyte tug-of-war remains elusive.
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The present work focused on understanding Scara5 role in MSCs lineage differentiation
also by considering and linking together all roles of Scara5 identified so far. Hence, in this
work, Scara5 is presented for the first time as a central receptor for MSCs osteo-adipogenic

differentiation, iron homeostasis, and BrCa development.
The main findings of this work can be summarised as follows:

e Scara5 determines MSCs fate towards adipocytes at the expenses of osteoblasts.
e Scara5 deficiency impinges on iron homeostasis.

e Scara5 deficiency impacts on adipose tissue-BrCa crosstalk.

7.1.1 Scara5 determines MSCs fate towards adipocytes at the expenses of osteoblasts

In 2017, Lee and colleagues showed that preadipocytes and MSCs-like cells increased their
ability to differentiate towards adipocytes upon Scara5 overexpression 19>, Consistent with
their published data, work in this thesis showed that murine BMSCs with a constitutive
Scara5-KO did not differentiate into adipocytes at the same extent as Scara5-WT cells. In
addition, as BMSCs are the common precursor of both bone and fat cells, Scara5-KO BMSCs
displayed a marked increase in osteogenic differentiation if compared with the WT
counterparts. Scara5 expression increased in the presence of adipogenic stimuli only, thereby
suggesting that Scara5 is necessary during the early stages of adipogenesis. Similarly to
murine BMSCs, hFOB 1.19 expressed Scara5 when cultured in AM but not in OM; hFOB ALP
activity decreased when Scara5 was overexpressed. Furthermore, the ability of WT and
Scara5-KO BMSCs to differentiate into osteoblasts and adipocytes in vitro was reflected in the
in vivo bone and fat phenotype. Scara5-KO mice indeed showed an increased bone mass and
a decreased fat adiposity when compared with WT mice. Nevertheless, bone-affecting
pathologies, such as oestrogen deficiency-induced osteoporosis and Streptozotocin-induced
diabetes, developed independently of Scara5 expression, indicating that Scara5 deficiency
does not stimulate osteoblast activity by reducing osteoclastic bone resorption, which is the

main event that characterises these disorders 282 287,

Beside Scara5, other SRs class A members have been reported as affecting bone
homeostasis. In particular, MSR1 deletion in murine models increased mice bone mass

because of impaired osteoclastic activity. Osteoclasts and macrophages share a common

195



CHAPTER 7 CONCLUDING DISCUSSION

myeloid precursor; it was observed that MSR1 deficiency altered osteoclast development,
thus diminishing osteoclast number. Nonetheless, osteoblast number and activity and
adipocyte number did not differ between MSR1-WT and -KO mice 2%¢. More recently, Chen et
al. identified Scara3 as a regulator of MSCs differentiation fate to osteoblasts and adipocytes.
Conversely to Scara5, Scara3 expression decreased during adipogenesis and increased during
osteogenesis. In line with this, Scara3 overexpression promoted osteogenesis at the expenses
of adipogenesis and its deletion enhanced murine BMSCs adipogenesis instead of
osteogenesis. In vivo experiments showed that Scara3 overexpression supported bone
formation and reduced bone loss and the accumulation of BMAT in aged and OVX mice,
respectively '8, Moreover, Scara3 stimulated bone formation via Forkhead Box 01 (FoxO1),
which was reported to regulate and support osteoblast differentiation by binding to RUNX2
349,350, FoxO1 expression increased upon Scara3 overexpression 28, Be that as it may, the past
years identified both Scara5 and Scara3 as potential regulators of MSCs fate switch between
osteoblasts and adipocytes. It cannot be excluded that a connection between these two SRs
can further control the MSCs differentiation. For example, does a concurrent Scara5 and

Scara3-KO ablate the enhanced osteogenesis in vitro/in vivo?

The osteo-adipogenesis of MSCs is controlled by several factors and signalling pathways
122 \Wnt canonical pathway was the main pathway considered in the investigation of WT and
Scara5-KO BMSCs differentiation. The results presented in this thesis showed that Wnt/(3-
catenin signalling was marginally affected by Scara5 deficiency, increasing the ALP activity of
KO cells when stimulated with Wnt3a recombinant protein. It was hypothesised that this
happened as a consequence of an intrinsic higher ability of Scara5-KO BMSCs to differentiate
into osteoblasts, since Wnt3a enhanced ALP activity of WT BMSCs as well. However, Wnt
signalling is just one of the pathways involved in MSCs osteo-adipogenesis. FAK/ERK signalling
pathway, for example, promotes osteogenesis and suppresses adipogenesis of human MSCs
220,351 Suppression of the FAK/ERK signalling pathway by Scara5 overexpression induced
preadipocyte differentiation to adipocytes . However, it remains unknown whether Scara5
knockdown would enhance MSCs-like cells osteogenic differentiation via FAK/ERK signalling.
Although the present work did not investigate FAK/ERK signalling pathway directly, it
highlighted the predisposition of murine Scara5-KO BMSCs to differentiate into osteoblasts if

compared with the WT counterparts.
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Some limitations are inevitably associated with the aforementioned results; firstly, the
population of primary cells used (i.e. BMSCs) is highly heterogeneous, thus posing some
problems in carrying out some experiments. Indeed, despite several attempts, Alizarin Red S
(ARS) and Oil Red O (ORO) staining protocols were successfully performed just once in
technical triplicates. Although the use of a multipotent cell line was considered to overcome
the “heterogeneity” problem (i.e. hFOB 1.19), the time required to complete both
osteogenesis and adipogenesis differentiation was not compatible with a transient
overexpression/knockdown of Scara5. Secondly, the role of Scara5 on osteoclast activity was
not investigated in this thesis. Nonetheless, previous work carried out in the lab revealed that
Scara5 expression had no impact on osteoclast function (Dr Yi-Hsuan Lee PhD thesis). Scara5
and MSR1 share a similar structure, being the most similar members of SRs class A; since
MSR1 expression enhanced mouse bone mass by decreasing osteoclast number and activity,
it could be assumed that Scara5 effect on bone mass in vivo depended on a reduced bone
resorption. However, the calvarial injection experiment performed in vivo showed a more
pronounced osteoblast-driven bone mineralisation in Scara5-KO than in WT mice. In addition,
Scara5-KO mice displayed reduced fat deposition, indicating that Scara5 holds the balance of
power during BMSCs commitment towards osteoblasts and adipocytes. Also, oestrogen
deficiency-induced osteoporosis, an osteoclast-driven disease, proved to develop equally
between WT and Scara5-KO mice. Despite the need of further confirmation, the results here
presented, supported by Dr Lee data (Dr Yi-Hsuan Lee PhD thesis), suggest that Scara5
expression does not impact upon osteoclast bone resorption, in neither physiological nor

pathological states.
7.1.2 Scara5 deficiency impinges on iron homeostasis

Scara5 proved to support and promote adipogenesis in vitro 1%°; the findings presented in this
thesis highlighted Scara5 role in BMSCs commitment, thus demonstrating its involvement in
adipogenesis and osteogenesis both in vitro and in vivo. Different signalling pathways were
explored (i.e. Wnt/B-catenin, AKT related pathways), without however proving a direct effect
of Scara5 on their functions. Hence, Scara5 role as a ferritin receptor was investigated and
linked to BMSCs commitment. Scara5 was identified as being able to bind both L- and H-

subunits of ferritin, with a preference for L-ferritin binding 17-213, So far, this ferritin receptor
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role has been reported in both kidney 213 and retinal cells 214. Although ferritin is mainly known
to store iron intracellularly, serum ferritin can play an important role in iron homeostasis. In
fact, one molecule of ferritin can hold up to 4500 iron atoms that can be delivered and used
according to the cellular needs 2%, Iron plays a crucial role in cellular metabolism, being the
core of electron transporting chain proteins and one of the most important cofactors of
enzymes involved in the production of ATP 2%, It was initially hypothesised that WT and
Scara5-KO murine kidneys would display different concentrations of iron and, indeed, Scara5-
KO kidneys presented with reduced iron levels, suggesting that the absence of Scarab
diminishes the amount of iron internalised by the cells. Due to the low levels of iron
detectable in other tissues, it remains elusive whether other organs with a stromal

component internalise less iron in the absence of Scarab5.

Adipogenesis, as widely discussed in the previous chapters, is an energy demanding
process that requires a switch from glycolysis to OXPHOS to produce a high number of ATP

156, It was reported that a mild iron deficiency impacted negatively on cell

molecules
differentiation and on the mitochondrial respiratory chain complexes. In particular, iron
deficiency negatively impacts on OXPHOS by decreasing the activity of mitochondrial
respiratory chain complexes | and 1 32, Dysfunctional mitochondria cannot provide adequate
energy for adipocyte differentiation, as well as lipid metabolism, oxidative capacity, and
thermogenesis, thus contributing to the onset of metabolic diseases 3°3. Mitochondria activity
has been well described in BAT more than WAT, since brown adipocytes present with
abundant mitochondria necessary to convert energy into heat in a process known as
nonshivering thermogenesis ©” 7°. Iron deficiency has a detrimental effect on BAT
thermogenesis, reducing the energy expenditure via mitochondrial OXPHOS 3>2. Although less
described, WAT mitochondria activity plays an important role during adipogenesis, lipolysis,
lipogenesis, and fatty acid oxidation (also called B-oxidation). During adipogenesis,
preadipocytes promote mitochondrial biogenesis 3°4. Accordingly, preadipocytes expression
of mitochondrial proteins and mitochondrial number increased drastically within four days of
adipogenic induction 3°°. In addition, oxygen consumption rate tended to rise throughout
adipocyte differentiation, thus proving the importance of mitochondria activation in

supporting adipogenesis and the elevated energy requirements 3,
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The findings presented in this thesis highlighted reduced mitochondrial activity of BMSCs
treated with adipogenic medium (AM) for 7 days. It was therefore concluded that the absence
of Scara5 caused a mild iron deficiency within mouse BMSCs. This is considered a mild iron
deficiency because iron can still enter the cell as Tf or ferritin via Tf receptor, the main iron
transporter. However, circulating serum ferritin is mainly composed by L-subunits and it is
unable to bind Tf receptor, thus preferring Scara5 2% 212 213 A mild iron deficiency did not
represent a problem for uncommitted BMSCs, which normally rely on glycolysis for ATP
production °2, but was a problem for differentiating BMSCs, which required more energy to
commit to adipocytes and a glycolysis-OXPHOS switch. Ferritin uptake has been reported as
an essential step for adipogenic differentiation of preadipocytes %4, Ferritin autophagy, a
process named ferritinophagy, is prominently activated in the early phases of adipocytic
differentiation. Hence, ferritin undergoes lysosomal degradation and the released iron can be

used by mitochondria for energy production 64,

Although the data discussed complement the published literature in underscoring Scara5
impact on iron homeostasis and adipogenesis, a main limitation can be mentioned. Only WT
and Scara5-KO mouse testis and kidneys have been analysed for their iron content. The
number of WT and Scara5-null testis samples quantified was not sufficient to highlight any
statistically significant difference and the low iron concentration in testis may impact on
detection by the ferene-based iron assay. Hence, further work would help understanding
whether these differences in iron content can be observed in other tissues/cells, including the

bone marrow and BMSCs.
7.1.3 Scara5 deficiency impacts on adipose tissue-breast cancer crosstalk

Scara5-KO mice presented with more bone mass and less fat deposition if compared with WT
counterparts, as a result of BMSCs propensity to differentiate into osteoblasts at the expenses
of adipocytes. These results placed Scara5 as a negative regulator of osteogenesis and a
stimulator of BMSCs adipogenesis, thus suggesting that its overexpression could increase
overall adiposity. Excess adiposity represents a risk factor for obesity-associated metabolic
disorders, such as T2D, but also for BrCa 3°7. Many published works associate obesity with

BrCa 38; breast tissue is mainly composed of WAT that, when obese, promotes immune cells
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infiltration and stimulates macrophage release of inflammatory cytokines and chemokines.

This results in the setting of a TME that support cancer cell migration and invasion 3°% 39,

Be that as it may, Scara5 expression is usually downregulated in cancer 22!, Among the
types of cancer considered in the past years, Scara5 was found downregulated in human BrCa
samples and in BrCa cell lines 170, BrCa is a heterogeneous type of cancer that originates from
the milk ducts-lining epithelial cells. Different BrCa subtypes have been identified so far
according to ER, PR, and HER expression, which determines the incidence risk factor, the
treatment response, risk of progression, and preferential sites of metastasis 3¢°. Adipose
tissue plays a fundamental role in the development of BrCa, representing the main
component of the TME; BrCa cells induce lipolysis of adipose tissue, thereby provoking the
release of adipokines, proteases, hormones, as well as FFAs, the fuel source for cancer cells.
Indeed, via B-oxidation, FFAs are converted into mitochondrial Acetyl-CoA, which ultimately
enters the TCA cycle to produce NADH that will serve for ATP generation through OXPHOS 49,
Similarly, BrCa cells require a considerable amount of iron to survive, proliferate and migrate,
being that iron is a central element of many enzymes involved in DNA synthesis and
mitochondrial activity 3?°, BrCa cells often upregulate TfR to increase iron uptake and store it
in form of ferritin 361363, |t can be speculated that cancer cells upregulate TfR and
downregulate Scara5 as a defensive mechanism. In fact, although iron is needed for tumour
growth, the concurrent expression of Scara5 and TfR could lead to excessive iron delivery
within the cell. Iron overload increases ROS production and lipid peroxidation, often causing

cell death by ferroptosis 2*°.

Scara5-WT and -KO mice were used to generate a luminal B-type BrCa. BrCa cells
developed smaller tumours in Scara5-null than in WT mice, demonstrating that the distinct
environments (i.e. WT and Scara5-KO mammary fat pads) provided different support for BO5
growth. Indeed, supernatant (Sn) obtained by culturing WT and Scara5-KO fat pads stimulated
BrCa cells growth differently. Scara5-KO Sn did not support BrCa cells proliferation to the
same extent as the WT counterpart, likely due to the reduced iron content. It was also
demonstrated that the tumours developed in Scara5-KO mice presented with lower
concentrations of iron, thus suggesting that BO5 cells did not grow as much, at least in part,
because the Scara5-KO environment was not providing them with enough iron. As

aforementioned, iron plays a pivotal role in metabolism and mitochondrial activity
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independently of the cell type considered 29> 364 |ron uptake from the surrounding
environment can support the proliferation of BrCa cells, which mostly rely upon OXPHOS for
energy production 38, If the Scara5-null adipose tissue that surrounds the BrCa is poor in iron,
cancer cells will not be able to internalise enough iron. This action will inevitably lead to the
development of smaller tumours in Scara5-KO mice. Iron chelation is considered a potential
therapeutic approach for the treatment of BrCa. Indeed, the reduction of intracellular iron
levels has been shown to inhibit DNA synthesis, to promote cancer cell apoptosis, as well as
to sensitise BrCa to chemotherapeutic drugs 36367, Additionally, in vivo studies showed that
triple negative BrCa cells developed smaller tumour in mice treated with DFO than in mice

that underwent an iron-rich diet 321,

In summation, as depicted in Figure 7.1, this thesis presented Scara5 as a regulator of MSCs
fate, thus highlighting that Scara5 deficiency promoted osteogenesis of progenitor cells as a
consequence of a mild iron deficiency, which impaired cellular mitochondrial activity and
adipogenic differentiation. Furthermore, reduced iron levels and fat deposition resulted in a
defective crosstalk between adipose tissue and BrCa cells, culminating in smaller tumours

development.
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Scara5 deficiency

Less iron
MSC Ob
Bone PN
deposition mass

Reduced support for
BrCa development

Figure 7.1 Hypothetic mechanism of Scara5 role in adipogenesis and BrCa-fat crosstalk. The absence
of Scara5, together with the reduced iron internalisation, determined BMSCs fate differentiation
towards osteoblasts (Ob) at the expense of adipocytes (Ad), thus increasing bone mass and
diminishing the deposition of fat. By diminishing fat deposition, Scara5 deficiency and the consequent

iron deficiency reduced the support for BrCa growth, both in vitro and in vivo.
7.2 Future Directions

The findings presented in this thesis pointed to Scara5 as a multifaceted receptor with
interconnected roles. This study also paves the way to new investigations, that could

strengthen the results obtained and uncover new functions of Scara5.

Scara5-deficiency impaired both adipogenesis of BMSCs in vitro and fat deposition in vivo.
However, this study considered Scara5 effect on fat in normal conditions or upon the
development of disorders that do not affect adipose tissue directly, i.e. osteoporosis and T1D.
Scara5-KO mice could therefore undergo a high fat diet, in order to determine whether the
absence of Scara5 exerts a protective role on fat deposition. Furthermore, the high fat diet,

was reported as an effective tool to develop T2D in murine models 3. A single high dose of
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Stz favoured the onset of diabetes that resembled T1D more than T2D in WT and Scara5-KO
mice, but T1D has not been related to bone loss and weight gain as much as T2D. Preliminary
studies conducted in the lab by Dr Adel Ersek using C57BL/6J mice on the high fat diet failed
to demonstrate an increase in glucose levels; hence this approach was not used as it would

require further optimisation if needed in the future.

Wnt signalling and AKT-related pathways were investigated in the presence and the
absence of Scara5, without however showing any significant relation with Scara5. It cannot
be excluded that other pathways involved in MSCs osteo-adipogenesis are affected by Scara5
expression. BMP/Smad signalling, for example, is often described as a key pathway in MSCs
differentiation towards osteoblasts. On the other hand, BMP/p38/MAPK pathway stimulates
adipogenic differentiation of MSCs %22, Scara5 role could therefore be explored in relation to
these pathways, the balance of which can be decisive in determining MSC differentiation fate
122 Similarly, Scara5 expression could be explored during the activation of Hh signalling, which
stimulates adipogenesis of MSCs via Gli activation and osteogenesis by activating BMP/Smad
signalling pathway 4. Omics approaches would give more insights on Scara5 molecular
function. Transcriptomics techniques, such as RNA sequencing (RNA-Seq), would determine
Scara5 deficiency impact on gene expression, thus highlighting the most important
differences between WT and Scara5-KO BMSCs. Similarly, mass spectrometry-based
proteomics could help identifying other proteins that interact with Scara5, thereby improving

the understanding of Scara5 expression in differentiating BMSCs.

This thesis showed that Scara5-KO BMSCs displayed impaired mitochondrial activity if
compared with WT BMSCs during adipogenic differentiation. Since adipogenesis is an energy
demanding process, the number of mitochondria increases to meet the needs of
differentiating MSCs '°!. The use of mitochondria probes (e.g. MitoTracker green, nonyl
acridine orange) could assess and highlight any differences between WT and Scara5-null
BMSCs mitochondria mass, in both uncommitted and differentiating cells. Furthermore, it
would be necessary to determine whether mitochondrial activity is impaired in differentiating
Scara5-KO BMSCs due to a mild iron deficiency. Iron could be detected by using fluorescent
indicators, where fluorescence is quenched by the iron present in the sample and measured

by flow cytometry. In addition, it remains elusive whether Scara5-deficient BMSCs rely more
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on glycolysis than WT cells, especially during osteogenic differentiation, and this could be

investigated further by employing the Seahorse Glycolysis Stress Kit.

Regarding BrCa, it emerged that Scara5 deficiency and the related reduction of iron
content and fat adiposity impaired the crosstalk between BrCa and adipose tissue, thus
reducing the tumour growth in Scara5-KO mice. It would be interesting to investigate whether
the genetic manipulation of Scara5 in BrCa cells would impact differently on tumour
development. Here, Scara5 expression and the impact on BrCa development was evaluated
in the BrCa environment (i.e. mammary fat pad). What would happen if Scara5 was
downregulated or overexpressed in the BrCa cells that were injected into the fat pad?
Moreover, it is still unknown which cells released iron for BrCa cells within the adipose tissue
of WT and Scara5-KO mice. Macrophages are the most abundant iron donor cells of the
adipose tissue 3% 370: hence, macrophage staining could determine whether these are the

main cells that orchestrate BrCa-fat crosstalk in the Scara5-WT/KO murine models.

In conclusion, this work provides new insights about Scara5 as a potential target for
developing new therapies to contrast body fat deposition and, in turn, BrCa development by
reducing intracellular iron levels. New studies will be necessary to evaluate human BrCa
paracancerous tissues to assess whether Scara5 expression on the TME affects BrCa
development in humans. Furthermore, a thorough analysis of Scara5 genomic sequence in
cancerous and paracancerous tissues would help understanding whether Scara5 mutations,
such as single nucleotide polymorphisms (SNPs), predispose some patients to the

development of BrCa, or dictate the severity of disease.
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