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Tissue engineering is a multidisciplinary field of study which applies the principles of life
science, engineering, and basic science to the development of viable substitutes which replace
or support the function of defective or injured body parts. These substitutes consist of stem
cells, growth factors and biomaterial scaffolds. Mesenchymal stem cells (MSCs), able to
differentiate into various cell types of the mesenchymal lineage including adipocytes,
osteoblast, myoblast and chondroblast, can be isolated from human adipose tissue obtained
after liposuction surgery and cultured. Adipose tissue has proven to represent an accessible
and abundant source of these cells. Adipogenic and osteogenic differentiation can be directed
by the addition of specific cocktail of chemical inducers for 28 days. After this period, the
adipogenic and osteogenic differentiations are confirmed using staining techniques and
controlling the expression of specific genes.
Although the early steps of the differentiation process have been examined thoroughly, still
specific markers for the characterization of defined differentiation steps are lacking.
To search for stemness/differentiation markers, we examined the expression of the splicing
isoforms in MSCs from adipose tissue and dental follicle (DF) and levels of intracellular
accumulation and extracellular secretion of parathyroid hormone-related peptide (PTHrP), a
regulator of proliferation, differentiation and apoptosis. The PTHrP gene, coding for three
protein variants of 139, 141 and 173 amino acids, has a complex organization with three
transcriptional start sites, i.e. two TATA promoters, P1 and P3, and a GC-rich promoter, P2,
and nine exons undergoing to alternative splicing. In the undifferentiated MSCs we have
found four transcripts encoding for the 139 and 173 aminoacid isoforms, whereas osteodifferentiating cells produced only two transcripts encoding for the same protein isoforms,
and adipo-differentiating cells only one transcript encoding for the 173 aminoacid isoform.
Therefore, our results strongly suggest that during osteo- and adipo-differentiation, the
expression of PTHrP isoforms by MSCs becomes increasingly selective and P2 is always
silenced, while P3 is switched-on only in some selected preparations of undifferentiated cells.
Consequently, PTHrP isoform expression could be considered a putative marker of MSC
differentiation. DF cells (DFCs) expressed only the mRNAs for the 139 and 173 amino acid
isoforms starting from P3 promoter. The methylation state of PTHrP P2 and P3 promoters
was examined in undifferentiated and osteo-differentiating MSCs, to investigate the possible
correlation between methylation and silencing of these promoters in some cell preparations.
CpG island contained in P2 promoter is of prime importance in regulating gene expression, in
opposite to P3 promoter. Methylation data mostly confirmed those of gene expression.
Variations of the intracellular and extracellular levels of PTHrP could potentially be enclosed
in the list of the available protein markers of osteogenic differentiation.
Preliminary results were also obtained on differentiation-specific gene expressions by
differential display-PCR. In light of the evidence obtained, the levels of Indian hedgehog
(Ihh) and α1 chain of type V collagen (Col5A1) gene expression were found to undergo
variation during differentiation induction of MSCs, thus providing additional data on
stemness/differentiation marker search which may open new fields of research.
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Stem Cells
Stem cells are undifferentiated cells that, by definition, have the ability either to self-sustain
and self-renew indefinitely, or to differentiate towards several lineages thereby originating
terminally-differentiated cells under definite physiological and experimental conditions (fig.
1) [1-3]. Therefore, stem cells are precursors of cells that form tissues and organs in the body
[1].

Figure 1 - Stem cell properties. A stem cell can either replicate itself, producing daughter cells with the same
characteristics of the mother cell, or with the appropriate stimuli can differentiate into different cell types.

Stem cells can be classified on the basis of their origin or location and also according their
developmental potential, i.e. on the basis of their functional aspects (fig. 2) [4].
According to the first criterion, stem cells are grouped in two categories:
- embryonic stem cells (ESCs), i.e. a set of embryo-derived cells;
- adult or somatic stem cells, also defined as tissue-specific stem cells (TSSCs),
derived either from a fetus or a postnatal individual; these cells are present in
developmental stages following that of embryo, and their progeny is usually restricted
to the tissue of origin [4].
According the second criterion, stem cells are divided into four groups:
1) totipotent, capable of differentiating into all the tissues that form the human organism,
including the placenta and embryonic membranes [2]. Only the zygote and the eight
blastomeres derived from its three successive division are totipotent cells [4];
2) pluripotent, found in the inner cell mass of a blastocyst and able to differentiate into
cells of ectoderm, mesoderm, and endoderm, i. e. the three germ layers [5]. ESCs are
-4-

pluripotent cells [4];
3) multipotent, which differentiate into multiple cell types of a single germ layer; an
example of them is represented by the hematopoietic stem cell that has the ability to
differentiate, giving rise to many types of blood cells. Multipotent cells can be found
in many tissues, as umbilical cord, placenta, bone marrow and adipose tissue;
4) unipotent, which differentiate into only one type of cell of a single germ layer [2]; the
myosatellite cells of the striated muscle, endothelial progenitor cells, corneal epithelial
cells, spermatogonial stem cells and skin cells are examples of these cells commited
towards only one a single lineage [4].

Figure 2 - Classification of stem cells based on their origin and differentiation ability. According to the first
classification, there are two groups of stem cells, such as Embryionic Stem Cells and Tissue-Specific Stem Cells;
according to the second classification the cells can be toti, pluri, multi and unipotent [4].

Adult organisms contain several classes of stem cells [2, 6, 7]: hematopoietic, located in bone
marrow, neural, found in brain, gut, liver, epidermal, found in skin and hair, pancreatic, eye
and mesenchymal stem cells (MSCs), located in the stroma of bone marrow, adipose tissue
[8], umbilical cord blood, chorionic villi of the placenta [9], dental pulp, amniotic fluid [10],
fetal liver [11], peripheral blood [12], lung [13], and in exfoliated deciduous teeth [14].
Mesenchymal Stem Cells
The Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular
Therapy (ISCT) in 2006 established three criteria to identify a cell as MSC [15], i.e. :
1) MSCs must possess the ability to adhere to plastic of culture flasks;
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2) MSCs must express CD105, CD73, and CD90 surface antigens, but hematopoietic
markers as CD45, CD34, CD14 or CD11b, CD79α or CD19 and HLA class II must
not be expressed;
3) MSCs must possess the ability to differentiate towards osteogenic, adipogenic and
chondrogenic lineages in the presence of specific inducers in vitro.
Apart from their ability to differentiate into mesodermal lineage cells, then into adipocytes,
osteocytes, chondrocytes, myocytes, cardiomyocytes, myofibroblasts, fibroblasts, MSCs give
rise to neurons, epithelial cells, hepatocytes, insulin-producing cells and endothelial/vascular
cells, i. e. cells of other lineages. This last feature has largely expanded the interest in the
potential utilization of MSCs in regenerative medicine and tissue engineering for therapeutic
purposes [16].
Tissue engineering and rigenerative medicine is a new scientific branch that merges medical,
biological and engineering data, with the aim to design biocompatible bioengineered devices,
to be implanted in host tissue and organs thus replacing or regenerating injuried tissues and
organs by diseases or trauma. Apart from stem cells, tissue engineering takes advantage also
of biocompatible scaffolds and bioactive factors (such as drugs, cytokines and growth factors)
to build such devices [17, 18].
For utilization in tissue engineering, stem cells should be harvested in large numbers (millions
to billions of cells), and collected with methods that are not harmful to health, have the ability
to differentiate towards different lineages, be compatible when transplanted in autologous or
allogeneic host and be manufactured in accordance with current Good Manufacturing Practice
guidelines [19].
An example of cells that could be used for tissue engineering is represented by ESCs, but
their use give rise to ethical, legal and political questions [20, 21].
Autologous MSCs instead possess all the features described above for application in tissue
engineering, in fact they can be harvested easily and in large number from the patient himself,
and can be used for transplantation as they show high cellular proliferation rate in vitro.
Moreover they are endowed with multipotent differentiation potential and are characterized
by easy laboratory handling; they are poorly immunogenic and integrate into the host tissue
interacting with the microenvironment. Furthermore, there are no ethical problems associated
with their use [2].
An example of autologous stem cells, is represented by stem cells taken from bone marrow
(BMSCs), but cell harvesting results painful for the donor, and requires general or spinal
anesthesia. In addition, the number of obtained cells is low and it is necessary to spend time
for growing cells ex vivo to obtain a sufficiently cell number, with risks of cell contamination
and loss [20].
MSCs are present also in umbilical cord blood (UCB) from the placenta of term infants, but
the procedures for obtaining and isolating them at the time of birth, as well as for storing them
for long periods for autologous use are problematical, and therefore their use is limited.
Moreover they have a lower differentiation potential than that of BMSCs [22].
An alternative source of adult stem cells with multipotent capacity to differentiate towards
different lineages is represented by adipose tissue [3]. The cells, isolated from lipoaspirates
after liposuction surgery, have been called ‘adipose-derived stem cells’ (ASCs) by the
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International Fat Applied Technology Society [23]. Liposuction surgery shows advantages, in
fact it is performed under local anesthesia, causes minimal discomfort to the patient
(complication rate is around 0.1%) and allows to obtain from few hundred millilitres to
several litres of fat, and therefore a large number of cells with > 90% cell viability [24].
Moreover these cells are easier to culture and to grow than BMSCs [20].
ASCs are capable of differentiating into cells of mesenchymal lineages such as adipocytes,
chondrocytes, myocytes and osteoblasts [21].
Any type of white adipose tissue as subcutaneous and omental fat, contains ASCs. With the
spread of obesity, liposuction surgery have increased [21].
ASCs could be used, in relation to their differentiation capacity, in applications of tissue
engineering with the aims of solving problems of different origins (traumatic, degenerative
and inherited) that affect the bones and joints and of regenerating and repairing skeleton and
cartilage [24]. For example the adipogenic differentiated cells might be useful to reconstruct
the breast tissue when removed for cancer or when injured by trauma or burn; in addition, the
expansion of the knowledge about the factors involved during adipodifferentiation, could help
to better understand the molecular basis of obesity onset [24, 25]. The chondrogenic
differentiated cells might be useful to fix joint defects or to eliminate nose and ear defects.
The osteogenic differentiated cells might be useful to reconstructe bone in cases of defects
after trauma or tumor. The differentiation also toward myogenic, cardiomyogenic,
vascular/endothelial, neurogenic, pancreatic/endocrine, hematopoietic and hepatic lineage
might solve different problems [24].
Moreover other applications of stem cells are the basic studies about their differentiation
processes examining the molecular, genetic and epigenetic mechanisms involved in the
control of the intrinsic processes, and about the physiopathology of human genetic diseases,
and the development of new drugs [2].
Another source of MSCs is represented by dental tissues. Dental stem cells are endowed with
multipotent differentiation potential, in fact they can differentiate towards dental cell types
(ameloblasts, odontoblasts or cementoblasts), mesenchymal (osteoblasts, chondrocytes, and
adipocytes) and neural lineages [26]. In light of such evidence, these cells are candidates to be
used in dental tissue regeneration, but also to repair nerves and bone [26].
The tissue source for isolation of dental stem cells is represented by dental pulp [27],
periodontal ligament [28], apical papilla [29], and dental follicle [30].
Among these tissues the dental follicle is the preferred, since dental follicle cells (DFCs) can
be isolated in large quantity during routine dental surgery without further invasive procedures,
from young and healthy donors [31]. It is known that the DFCs are capable of differentiating
towards osteogenic, periodontal, cementoblasts, adipogenic, chondrogenic lineages [32-34].
Experimental evidence provided by Haddouti et al., highlighted that DFCs are not able to
differentiate towards the adipogenic lineage, and therefore they are characterized by a lower
plasticity compared to that of fat tissue-derived MSCs but may undergo to osteogenic
differentiation more quantitatively [31]. In fact, in Prof. Tobiasch’s laboratory an efficient and
fast method to isolate cells from dental follicles has been set up and this allowed to performer
studies on their differentiation potential. Therefore, these cells, once isolated, were induced to
osteogenic and adipogenic differentiation, and compared to MSCs isolated from adipose
tissue. DFCs were positive for markers typical of stem cells, namely CD73, CD90 and
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CD105. The mineralization, typical of osteogenic differentiation was observed by Alizarin
Red S staining after four weeks of induction, but the DFCs showed no detectable lipid
droplets with Oil Red O staining when cultured with the specific adipo-inducers.
Therefore, DFCs are believed to serve as both a material for dental regenerative medicine and
also for repair of bone tissue defects, when cultured in the presence of inductive substances
and within appropriate scaffolds.

Aspects of Adipogenic Differentiation
Adipocyte Differentiation: from Stem Cell to Adipocyte
The multipotent stem cells, precursors of adipocyte differentiation, are localized in the
vascular stroma of adipose tissue and, both during embryonic development or during adult
life, undergo a highly controlled process involving different steps [35]. The adipocyte
differentiation or adipogenesis, in fact, occurs via two different phases:
1) the determination phase, i.e. the initial commitment to the adipocyte lineage, in which
MSCs respond to signal(s) and become restricted to the adipocyte lineage but don’t
express markers of terminal differentiation;
2) the terminal differentiation phase during which the preadipocytes acquire the
adipocyte phenotype due to the activation of transcriptional events [35, 36].
The early molecular events of the first phase are not known yet, and the factor(s) or gene(s)
that promote(s) the commitment of multipotent stem cells to the adipocyte lineage is (are) still
to be identified [25, 35]. However, the factors that start this process, thereby addressing new
cells to adipocyte differentiation, are likely to be secreted by cells in the vascular stromal
compartment and/or adipocytes undergoing hypertrophy [35]. This hypothesis is supported by
studies confirming that adipocytes produce factors that induce pre-adipocytes to proliferate
and differentiate, but none of these factors has been identified [35, 37-39].
Conversely, the molecular and cellular processes that occur in the later stages of adipocyte
differentiation are well characterized [25].
Adipocyte differentiation has been extensively studied for the last 35 years. Current
knowledge about this process has been obtained studying different cell culture models, such
as multipotent stem cell lines that have not undergone commitment to the adipocyte lineage,
and preadipocyte cell lines or primary culture of adipose-derived stromal vascular precursor
cells, that have already been committed to the adipocyte lineage and can be induced to
terminally differentiate into adipocytes [25, 35].
C3H10T1/2 line, also indicated as 10T1/2, is the most generally used multipotent stem cell
line. It was isolated from 14 to 17-day-old C3H mouse embryos and exhibits fibroblast-like
morphology in culture [40].
The most frequently used rodent pre-adipocyte cell lines are 3T3-F442A and 3T3-L1, that
were isolated by Green and coworkers. These cell lines were clonally isolated from
heterogeneous Swiss 3T3 cells derived from disaggregated 17- to 19-day mouse embryos [41,
42] and they were selected for their ability to accumulate cytoplasmic triacylglycerol, thereby
representing a reliable model of preadipocyte differentiation as demonstrated by in vivo
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studies. These established preadipocyte cell lines are very useful to study adipogenic
differentiation because offer homogeneous cell populations and a stably differentiated state
[35]. Conversely, primary preadipocytes, isolated from the vascular stroma of adipose tissue
and induced to differentiate with different adipogenic factors, have limitations in their use
being characterized by low proliferative capacity and the rapid decline in differentiation
potential during subculturing [35, 43].
More recently the mechanisms of adipogenesis, first studied in cell culture, were largely
confirmed using a variety of knockout mice [44].
Studies on C3H10T1/2 stem cells showed that Bone Morphogenetic Protein 4 (BMP4),
belonging to the transforming growth factor β superfamily, is important in the commitment of
these cells to adipocyte lineage. In fact the treatment of these proliferating cells with BMP4
induces commitment into preadipocytes, which acquire adipocyte characteristics when treated
with differentiation inducers [45, 46] (fig. 3).

Figure 3 – Major phases of adipocyte differentiation from multipotent stem cells. In the presence of BMP4,
cultured multipotent stem cells undergo commitment towards the adipogenic lineage to produce preadipocytes.
These cells, receiving an appropriate combination of differentiation inducers, undergo mitotic clonal expansion
before ultimate differentiation [35].

The process of terminal adipocyte differentiation during which preadipocytes mature into
adipocytes involves four stages: growth arrest, clonal expansion, early differentiation, and
terminal differentiation [47].
In cell culture, after an exponential growth phase, cell density-inhibited preadipocytes as well
as primary preadipocytes arrest their cell cycle at the interface between G0 and G1 phases and
this is a requisite for preadipocyte differentiation, differently from contact inhibition [35].
Growth-arrested cells, getting a cocktail of differentiation inducers, composed of
dexamethasone (a synthetic glucocorticoid agonist), isobutylmethylxanthine (a cAMP
phosphodiesterasi inhibitor), and high concentration of insulin, undergo an adipogenic
program in which they synchronously reenter the cell cycle and replicate several times
(mitotic clonal expansion) [35]. Following treatment with inducers, in the early G1 phase, Dtype cyclins interact with the cyclin-dependent kinases 4 and 6 (Cdk4/6), thereby
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phosphorylating the members of retinoblastoma family, such as pRB, p107 and p130, and
allowing E2F to activate transcription of different S-phase genes [48].
Clonal expansion is followed by a unique growth-arrested stage of the cell cycle, named GD,
which permits to continue the differentiation [49]. Even when the differentiation has been set
up, the preadipocytes may undergo dedifferentiation and re-enter mitosis. However, once the
cells have passed GD they reach a poorly defined point and become committed to terminal
differentiation [35].
During adipocyte differentiation, cytoskeletal and secreted extracellular matrix (ECM)
components undergo changes and also cell morphology appears modified [50]. Prior to
differentiation, the preadipocyte cell lines as well as primary cultures of adipose derived
precursor cells are morphologically similar to fibroblastic preadipose cells in the stroma of fat
tissue [35, 51]. At confluence, with the induction of differentiation by appropriate cocktail of
inducers, the cells assume a spherical shape due to a reorganization of ECM and cytoskeleton
proteins, accumulate lipid droplets and acquire the morphological and biochemical properties
of the mature white adipocyte such as the ability to import large amounts of glucose in
response to insulin, to synthesize fatty acids and to store triacylglycerols, but also to
hydrolyse triacylglycerols in times of energy deprivation [35, 51]. Furthemore adipocytes
synthesize and secrete proteic and non-proteic factors some of which are involved in the
endocrine control of energy homeostasis [43]. Mature adipocytes present large lipid droplets
surrounded by a specific protein, perilipin [52]. The droplets are usually unilocular in white
adipose tissue (WAT) [47].
Transcriptional Regulation of Adipogenesis
During the various stages of adipocyte differentiation, different changes in gene expression
have been characterized primarily at the transcriptional level with the presence of early,
intermediate and late mRNA/protein markers and triglyceride accumulation [51].
Several transcription factors families play a key role in the adipogenic differentiation process.
These factors are:
1) CCAAT/Enhancer Binding Proteins (C/EBPs)
2) Peroxisome Proliferator-Activated Receptors (PPARs)
3) Sterol Regulatory Element Binding Proteins (SREBPs) [35, 51].
1) CCAAT/Enhancer Binding Proteins (C/EBPs)
Proteins belonging to this family recognize both the CCAAT motif present in several gene
promoters and “core homology” sequences found in some viral enhancers. C/EBPα is the first
discovered member of this family and was purified from rat liver nuclei [53-55]. Afterwards,
C/EBPβ, C/EBPγ, C/EBPδ, C/EBPε and C/EBPζ (CHOP-10 or C/EBP Homologous Protein10) have been identified [56-58].
The members of C/EBP family play a role in different processes as cell growth and
differentiation and immune processes. It was shown that only C/EBPα, -β, -δ and CHOP-10
are involved in adipogenesis [35].
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These transcription factors contain a DNA-binding basic transcriptional activation domain
and an adjoining leucine zipper motif, which allow to form homo- or heterodimers with other
C/EBP family members, since dimerization is fundamental to bind DNA [59]. The
heterodimerization with CHOP-10 acts as a dominant negative of C/EBP function, because its
DNA-binding domain is not functional [58].
Genetic studies about loss- and gain-of-function in mice showed that C/EBP-β and -δ play a
synergistic roles during adipogenesis [43]. When either C/EBP-β or -δ are overexpressed in
pre-adipocytes, adipogenesis is enhanced, whereas the lack of either C/EBP-β or -δ in
embryonic fibroblast cells determines reduced levels of adipogenesis compared with the wild
type. Mice lacking both C/EBP-β and -δ have a defect in their ability to produce WAT. In
addition, embryonic fibroblast cells derived from C/EBP-β and -δ double knockout mice are
unable to differentiate into mature adipocytes [60, 61].
C/EBPβ and C/EBPδ are early regulators of preadipocyte differentiation, in fact they are
rapidly induced in response to an adipogenic cocktail and their maximal protein levels are
detected within 4 hours of induction of differentiation. Initially, they are unable to bind DNA;
they acquire this capacity with entry into S-phase in mitotic clonal expansion [62].
cAMP response element binding protein (CREB), whose phosphorylation is activated by
cAMP and insulin, controls the transcriptional activation of C/EBPβ, binding to its proximal
promoter that contains two cAMP responsive element-like cis regulatory sequences [63].
Also C/EBPβ is phosphorylated and this is important to DNA-binding function. Its
phosphorylation occurs sequentially. Firstly, mitogen activated protein kinase (MAPK)
phosphorylates C/EBPβ within 4 hours of induction of differentiation and this event is
fundamental for mitotic clonal expansion, C/EBPβ DNA-binding activity and terminal
differentiation. The second phosphorylation is catalyzed by glycogen synthase kinase3β (GSK-3β) between 12 and 16 hours after induction. Hyperphosphorylation of C/EBPβ
activates its DNA-binding activity [64].
C/EBPβ and C/EBPδ are responsible of C/EBPα and PPARγ activation, the central
transcriptional regulators of adipogenesis (fig. 4) [65].
A potential role for C/EBP-β and -δ proteins is also related to their binding activity onto the
promoter region of the gene encoding CDK inhibitor p21, stimulating its expression.
Increased p21 expression inhibits CDK-mediated RB phosphorylation. Hypophosphorylated
RB promotes exit from the cell cycle [43].
A high C/EBPα expression, transcriptionally activated by C/EBPβ and C/EBPδ as contains a
C/EBP regulatory element in the proximal promoter, is maintained through autoactivation.
Therefore its over-expression leads to cell cycle arrest, which terminate mitotic clonal
expansion [35].
Although being a C/EBP family member, CHOP-10 cannot bind to DNA, due to the proline
and glycine residues in the DNA-binding region, but it forms heterodimers. During
preadipocyte differentiation, CHOP-10 heterodimerizes with C/EBPβ and prevents
acquisition of DNA-binding to C/EBP regulatory elements [66]. It appears that the interaction
of CHOP-10 with C/EBPβ provides an additional “fail-safe” mechanism that prevents the
acquisition of DNA-binding activity by C/EBPβ until preadipocytes have entered mitotic
clonal expansion [35].
- 11 -

Figure 4 - Transcription factors involved during adipocyte differentiation. When preadipocytes are treated
with the adipogenic differentiation inducers, C/EBP-β and -δ expression is triggered, and they subsequently bind
to the C/EBPα promoter activating its expression. C/EBPα and PPARγ, also induced by C/EBPs, activate the
transcription of adipocyte specific genes, such as 422/aP2, SCD1, GLUT4 and Ob [35].

2) Peroxisome Proliferator-Activated Receptors (PPARs)
PPARs belong to the nuclear hormone receptor superfamily whose members include also the
retinoic acid receptors, thyroid hormone receptors and vitamin D3 receptors [67]. PPARα, the
first discovered, induced proliferation of peroxisomes in rodents, differently from PPARγ and
PPARδ, the other two members identified [68, 69].
Before binding to DNA, PPAR members heterodimerize with retinoid X receptor (RXR). The
peroxisome proliferator response element in the promoter of target genes, is formed by two
repeats of the hexamer AGGTCA separated by a single nucleotide (called a DR-1 sequence)
[70].
PPARγ exists as three isoforms, PPARγ1, PPARγ2 and PPARγ3, which are transcribed from
the same gene through alternative splicing and promoter use. PPARγ1 and PPARγ3 mRNAs
give rise to the same protein, while PPARγ2 has a 30-amino-acid extension at its N-terminus.
The expression of type 1 and 3 isoforms is widespread whereas PPARγ2 is the adipocytespecific isoform [71]. Using PPARγ2 deficient pre-adipocytes, it was showed that the type 2
isoform is required to undergo adipogenesis [72].
PPARγ is indicated as the master regulator of adipogenesis, because no factor has yet been
identified that can induce normal adipogenesis in its absence. Furthemore PPARγ2
overexpression allows adipogenesis in C/EBPα-null embryonic fibroblast cells unable to
undergo adipo-differentiation, while the converse is not possible [43].
It also activates several genes involved in fatty acid binding, uptake and storage, including
adipocyte protein 2 (422/aP2), lipoprotein lipase (LPL), acyl coenzyme A synthase and
phosphoenolpyruvate carboxykinase [35].
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3) Sterol Regulatory Element Binding Proteins (SREBP)
SREBPs are basic helix-loop-helix-leucine zipper transcription factors which control the
transcription of many key genes involved in cholesterol and fatty acid metabolism [73].
SREBP-1a, SREBP-1c and SREBP-2 are the identified members. Adipocyte determination
and differentiation-dependent factor 1 (ADD1) is homologous to human SREBP-1c. SREBP1a and ADD1/SREBP-1c are produced by the same gene following alternative promoter
usage, whereas SREBP-2 is derived from a different gene [74]. SREBP precursors are bound
to the membrane of the endoplasmic reticulum (ER). When cholesterol levels decrease in the
ER, SREBP-2 is released and moves to the Golgi, where it undergoes proteolytic cleavage
thereby being released into the cytosol. Therefore it can be imported into the nucleus and
activates the transcription of target genes enhancing cholesterol synthesis. SREBP-1a is a
strong activator of all SREBP-responsive genes. SREBP-1c binds the sterol response elements
of genes for fatty acid synthesis [73].
ADD1/SREBP-1c, like C/EBPβ and C/EBPδ, has been implicated in the transcriptional
activation of PPARγ and promotes the generation of PPARγ ligands that in turn activate the
transcriptional activity of PPARγ [75, 76].
Other Factors Involved During Adipocyte Differentiation
Adipocyte differentiation, therefore, is a result of a delicate balance between several factors,
in fact studies with microarray and qPCR analysis of mRNAs expressed during the early
phase of adipogenesis in vitro, have shown that other pro- and anti-adipogenic transcription
factors in addition to those mentioned above, play a role during this process.
GATA-2 and GATA-3, zinc-finger transcription factors that belong to the GATA family, are
expressed at high levels in the pre-adipocytes, and their expression decreases during terminal
maturation. In fact when GATA-2 and GATA-3 are constitutively present, the differentiation
process of preadipocytes is restrained. This inhibitory effect on adipogenesis could be
mediated through the repression of PPARγ transcription [77].
CREB also seems to play a role in the control of adipogenesis. Its expression is constantly
found during differentiation and in particular its expression levels are elevated when the cells
are treated with the adipogenic cocktail [78].
The zinc-finger Kruppel-like transcription factors (KLFs) recognize CACCC- and GC-rich
DNA sequences and either can promote or impair the adipogenic process displaying different
expression patterns [79]. KLF4 is one of the initiators of adipogenesis and activates
C/EBPβ promoter; it also cooperates with Krox20, a zinc-finger protein, that plays a key role
working with C/EBPβ to facilitate terminal adipogenesis [80, 81]. KLF6 [82], KLF5 [83] and
KLF15 [84] are positive regulators of adipogenesis. KLFs that act as repressors are
represented by KLF2 and KLF3, that bind the promoters of other transcription factors,
affecting their gene expression [85, 86].
Rev-erbα, belonging to Clock proteins, is required for mitotic clonal expansion, but also has
inhibitory effects on PPARγ2 expression [87].
Interferon-regulatory factors (IRFs), such as IRF3 and IRF4, inhibit the differentiation by
occupying the promoters of key adipocyte genes [88].
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Aspects of Osteogenic Differentiation
Osteogenic Differentiation: from Stem Cell to Osteoblast
The differentiation of osteoblasts, cells that synthesize bone matrix, is a process that occurs
both during embryogenesis, and during post-natal life. During embryonic development
osteoblasts originate from local mesenchyme, and postnataly from fibroblast-like
undifferentiated MSCs present in the non-hematopoietic compartment of bone marrow, the
stroma [89].
Several molecular and genetic studies were performed by many laboratories in the past two
decades to define the events that result in the formation of osteoblasts, using in vitro cell
culture models and animal models and humans with inherited disorders of skeletal
morphogenesis, organogenesis, and growth [89, 90].
The osteoblastogenesis occurs through four main phases (fig. 5) [89-91]:
1) lineage commitment, in which MSCs are committed to form osteoprogenitors. This
step is controlled by master transcription factors, as Runx2 and Osterix and their coregulators;
2) proliferation, characterized by up-regulation of genes associated with cell cycle
(histones, c-myc and c-fos), to support the active replication, in fact during this phase
osteoprogenitors undergo mitotic duplication, becaming preosteoblasts;
3) matrix maturation, in which preosteoblasts exit from the cell cycle and become
osteoblasts that produce ECM and express early osteogenic markers, such as collagen
type I (Colla1), alkaline phosphatase (ALP) and bone sialoprotein (BSP);
4) mineralization of the ECM, characterized by the expression of late markers such as
osteocalcin (OCN), osteopontin (OPN) associated with the mineralization that leads to
formation and accumulation of hydroxyapatite crystals and by establishment of
osteocyte, which maintain structural bone integrity and allow bone to adapt to any
mechanical and chemical stimulus.
The processes of osteoblast commitment and differentiation are controlled by several signal
transduction pathways, as Wnt/β-catenin, TGFβ/BMP, FGF, Notch and Hedgehog (fig. 6) and
by transcriptional regulators of gene expression, as Runx2, Osterix, SATB2, ATF4 and TAZ
[90, 91].
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Figure 5 – Differentiation of osteblasts from MSCs. The figure indicates the most well-known intra- and
extracellular factors that are involved in cell progress thorough the phases of osteogenic differentiation. The
inhibitory factors are in red, whereas the promoting factors are written in black [89].

Major Signaling Pathways Controlling Osteogenesis
1) Wnt Signaling
The Wnt family includes secreted glycoproteins, that bind the family of 7-membranespanning frizzled (FZD) receptors. There are two classes of Wnt proteins. The first class
activates the canonical Wnt/β-catenin signaling pathway, that plays an important role in bone
development. This signal pathway is activated when Wnt ligand, released from or presented
on the surface of signaling cells, binds to the complex formed by FZD and low density
lipoprotein (LDL) receptor related protein 5 (LRP5) or LRP6 receptors [92, 93]. This leads to
phosphorylation of the Disheveled protein, that interacts with Axin, Frat-1, and APC tumor
suppressor, inhibiting the activity of glycogen synthase kinase 3 (GSK3), therefore ß-catenin
is hypophosphorylated [94]. This increases the post-translational stability of ß-catenin, which
translocates from the cytosol to the nucleus to activate target gene transcription. The member
of lymphoid enhancer-binding factor/T cell factor (Lef/Tcf) transcription factor family are
nuclear partners of ß-catenin. In particular, ß-catenin displaces their co-repressors and forms
heterodimers with them. In cooperation with other transcriptional coactivators such as p300
and cAMP response element-binding protein (p300/CBP), this heterodimer binds DNA and
starts the transcription of target genes, such as Runx2 and Osterix [95].
The demonstration that Wnt signaling is involved in bone development, was obtained when
mutations in the Wnt co-receptor, LRP5, were shown to be linked to alterations in bone mass.
In fact, LRP5-/- mice display low bone mass [96], while gain-of-function mutations in LRP5,
increasing Wnt signaling, result in higher bone mass in humans and mice [97, 98].
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Figure 6 - Signaling networks of osteoblast differentiation. Wnt/β-catenin, FGF, Notch, IHH, and TGFβ/BMP
are key factors which trigger signal transduction pathways that converge in the activation of transcription
factors playing a chief role in the expression of osteoblast genes [90].

2) BMP Signaling
Another pathway involved in osteogenesis is that of bone morphogenetic proteins (BMPs)
belonging to the TGF β1 superfamily. Fourteen types of human BMPs are so far recognized
and among these signaling proteins, BMP2, BMP6, BMP7, and BMP9 are inducers of
osteogenesis both in vitro and in vivo [99]. All members of this superfamily bind to dual
receptor system of type I and type II transmembrane serine/threonine kinases. The activated
receptors phosphorylate several transcription factors, called Smads [100].
There are three classes of Smads [91]:
1) receptor-regulated Smads (R-Smads) that can be activated by BMP, such as Smad 1, 5
and 8, or by TGF-ß, such as Smad 2 and 3 (TR-Smads);
2) common partner BMP and TGF-ß mediator Smads (Co-Smads), such as Smad 4;
3) inhibitory Smads (I-Smads), such as Smad 6 and 7 that negatively regulate signaling
by the R-Smads and Co-Smads.
When ligand binds and activates type II receptors, type I receptors phosphorylate R-Smads,
which in turn form complexes with Co-Smads. These complexes then translocate into the
nucleus where they activate transcription of target genes through the interaction with different
transcription factors and transcriptional co-activators or co-repressors [90, 91].
BMP activates Runx2 transcription in mesenchymal progenitor cells through the action of RSmads, which in turn interact with Runx2 and further induce osteoblastic differentiation,
regulating the transcription of target genes [91].
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BMPs transmit signals also through Smad-independent pathways, such as those of ERK, JNK,
and p38 MAPK. In particular these activated kinases regulate ALP and OCN expression in
osteoblastic cells [101].
It is acknowledged that following TGF-ß and BMP induction, both the Smad and p38 MAPK
pathways converge at the Runx2 gene to control mesenchymal precursor cell differentiation
[102].
3) Notch Signaling
Notch is a single pass transmembrane receptor that is activated by a membrane bound ligand.
In mammals, four Notch receptors (Notch 1-4) and five ligands (Delta-like1, Delta-like3,
Delta-like4, Jagged 1 and Jagged 2) have been reported [90].
When a ligand binds to Notch, the receptor undergoes proteolytic cleavage and its
intracellular domain is released and translocated into the nucleus where it acts as a
transcription factor for the expression of target genes [103].
Notch signaling regulates osteogenesis although the mechanisms involved in this pathway are
poorly understood [104-106].
4) Hedgehog Signaling
The Hedgehog (Hh) family includes three secreted proteins, Sonic Hedgehog (Shh), Indian
Hedgehog (Ihh), and Desert Hedgehog (Dhh) with specific functions in developmental
processes [107, 108].
Hh proteins are produced as 45 kDa precursors that undergo proteolytic cleavage in 19 kDa
N-terminal fragments. These active secreted fragments bind to two receptors of cell
membrane, Patched (Ptc), a 12-transmembrane protein, and Smoothened (Smo), a 7transmembrane protein. When the Hh ligand binds to Ptc, Smo is released to activate the
transcription factor Cubitus Interuptus for the expression of target genes [90].
The importance of Shh and Ihh in the skeletal development was demonstrated by experiments
of knockout of Shh or Ihh genes in transgenic mice. Shh-knockout mice are characterized by
defects related to skeletal patterning [109], instead Ihh-knockout mice show chondrocyte
proliferation, inappropriate chondrocyte maturation and the absence of osteoblast
differentiation in endochondral bones, suggesting that Ihh play a key role in endochondral
bone development [110].
5) FGF Signaling
The fibroblast growth factors (FGFs) are important for chondrogenesis and osteoblast
differentiation. They are a family of 23 secreted polypeptides that bind to four tyrosine kinase
receptors (Fgfr1-Fgfr4) to regulate developmental processes [111, 112]. After ligand-receptor
interaction, the FGF receptors dimerize and autophosphorylation of the intrinsic kinase
residues occurs. The FGF Receptor Substrate 2 (FRS2) protein is phosphorylated and
subsequently recruits the Grb2/SOS complex to the plasma membrane thereby activating the
MAPK pathways.
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Both FGF ligands and FGF receptors play a role in osteogenic differentiation, in fact
mutations of FGF receptor cause skeletal deformities. It was demonstrated that ALP activity
in rat bone marrow precursor cells is induced by FGF-2, and Runx2, essential transcription
factor in osteogenic differentiation, is induced by FGF-2, 4, and 8. Furthermore, FGF-9 can
promote OCN expression, a late marker of osteogenic differentiation, and FGF-2, 9, and 18
are active in subsequent matrix mineralization [111, 112].
Concerning FGF receptors, Fgfr1 signaling plays a key role during osteogenic differentiation,
in fact in the osteoprogenitor cell normally stimulates differentiation whereas it suppresses
differentiation in differentiated osteoblasts. Thus, Fgfr1 signaling has stage-specific effects on
osteoblast maturation [113]; Fgfr2 appears to function during both osteogenic proliferation
and differentiation.
Transcription Factors Regulating Osteoblast Differentiation
1) Runx2
A master regulator of bone formation is Runx2 transcription factor that mediates the temporal
activation and/or repression of genes during osteoblast differentiation stages [114].
Runx2, with Runx1 and Runx3, belongs to the Runx (Runt-related factors) family of
transcription factors. They are encoded by different unlinked genes, bind the same DNA motif
(TGTGGT) forming heterodimers with the ubiquitous subunit CBFß. Colla1 is a target gene
of Runx2 in the first phases of the osteogenic cell lineage. Runx2 contains also an active
transactivation domain [115-117].
The study of Runx2 null mice and analysis of its role in regulating the expression of the key
osteoblast-specific genes allowed to understand its function in bone formation [116, 118,
119]. In fact, Runx2 null mice are characterized by complete absence of bone formation by
osteoblasts, and failure of osteoblast and chondrocyte maturation revealing that it is essential
for both endochondral and membranous bone formation [118].
Runx2 is the most pleiotropic regulator of skeletogenesis, in fact it is expressed in early
osteoprogenitors to induce the transcription of genes required for lineage determination and
differentiation of mesenchymal cells; moreover in osteoblasts its expression is at maximum
level [89, 91].
Runx2 controls bone lineage cells by binding to DNA recognition motif in promoters of genes
expressed by immature and differentiated osteoblasts, such as TGF-β receptor, ALP, BSP,
Colla 1 alpha 1 and alpha 2 chain, OPN, osteonectin (ON), Vitamin D receptor, galectin-3,
OCN and collagenase [114].
Commitment of mesenchymal cell to osteoblast lineage is also supported by homeodomain
containing transcription factors Bapx1 and Msx2, which act upstream of Runx2 in a
transcriptional cascade that regulates osteoblast differentiation [114]. In fact Msx2 and
Bapx1-deficient mice are characterized by severe dysplasia of the ossified skeleton and the
Runx2 expression is strongly reducted in early mesenchymal progenitor cells [120].
During the early stages of osteogenic differentiation Groucho/TLE, Stat1, and Twist can
suppress the activity of Runx2, in fact these inhibitors are expressed early during
skeletogenesis and in mesenchymal progenitors. Twist and TLE bind respectively to the DNA
recognition domain of Runx2 protein and the C-terminal transcriptional activation domain,
- 18 -

preventing that Runx2 activates gene transcription [121, 122]. Then, a decrease in expression
of Twist and TLE genes result in progression of osteoblast differentiation. Stat1 transcription
factor inhibits Runx2 function by preventing nuclear import of Runx2, which remains in
cytoplasm [123].
Dlx3, Lef1, Msx2, PPARγ, Smad3, Hey1 are other transcription factors inhibitors of Runx2
[91].
Several transcriptional co-activators, such as CBFβ, p300, CBP, MOZ, and MORF, interact
with Runx2 protein [91]. For example CBFβ enhances DNA binding affinity of Runx2 by
several folds, increasing its functional competency; in fact, CBFβ deletion affects skeletal
development and osteoblast maturation [124]. MOZ and MORF, enhance activation of the
OCN promoter [125].
The osteoblast differentiation is also controlled by different transcription factors that interact
with Runx2 to activate or repress the gene transcription [91]. Examples are represented by
AP1 (c-Fos and c-Jun), BMP-responsive Smads (Smad1 and Smad5), Ets1, C/EBPß and -δ,
Dlx3 and Dlx5, Hes1, Menin, TAZ and ATF4. For example, ATF4 and C/EBPs bind to their
cis-element in the promoters [126, 127] inducing osteoblast gene expression, and form
physical complex with Runx2 to synergistically regulate the transcription of OCN. Then the
disruption of ATF4 or C/EBP genes in mice results in alterations of skeletal development,
bone formation and in osteopenia phenotype [127].
Although Runx2 is essential for osteoblast differentiation, this process also requires other
genes, such as Osterix (Osx), which encodes a transcription factor genetically downstream of
Runx2 [128].
2) Osterix
Osx, a Kruppel-like Sp-1 binding factor, is a transcription factor that contains a zinc-finger
DNA-binding domain at its C-terminus and a proline- and serine-rich transactivation domain
and activates OCN and Colla1 genes [129].
In Runx2-null mice Osx is not expressed, while in Osx-null mice Runx2 is expressed, and this
highlights that Osx acts downstream of Runx2 in osteogenic differentiation, at the level of
osteochondroprogenitor cells [129].
3) ATF4
Activating transcription factor 4 (ATF4) is another regulator of osteoblast differentiation and
function. It is a substrate of RSK2, a growth factor-regulated kinase, which is required for the
timely onset of osteoblast differentiation, for terminal differentiation of osteoblasts, and for
osteoblast-specific gene expression, such as Colla I, OCN and RANKL [127].
ATF4 can be inhibited by the leucine zipper protein FIAT (Factor Inhibiting ATF4-mediated
Transcription, a.k.a., gamma-taxilin) [130], present in the nucleus of osteoblasts. ATF4 and
FIAT/gamma-taxilin dimerize, and in this way ATF4 can not bind DNA and the transcription
is inhibited. In fact, transgenic mice overexpressing FIAT/gamma-taxilin show osteopenia
and reduced expression of the ATF4 target gene, OCN.
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4) SATB2
SATB2 is a transcription factor that recognizes and binds to nuclear matrix-attachment
regions (MARs) [131].
In osteoblasts, SATB2 represses expression of Hoxa2, an inhibitor of bone formation, and is
an activator of multiple steps of Runx2-dependent osteoblast differentiation [132], for
example regulates the expression of BSP and OCN genes.
It has been found that SATB2 directly interacts with Runx2 and ATF4, enhancing their
activity [132].
SATB2 can also binds sequences similar to those MAR, present for example in BSP
promoter, and in this way acts as a protein scaffold enhancing the activity of other DNA
binding proteins [91].
5) TAZ
TAZ is transcriptional co-activator that regulates MSC differentiation down osteogenic or
adipogenic lineages [133]. TAZ binds to 14-3-3 proteins, a conserved family of ~30KDa
proteins involved in differentiation, cell cycle progression and apoptosis [134]. Furthermore,
TAZ is similar to the Yes-associated protein, YAP. Both these proteins contain a domain that
binds specific motifs present in the transcriptional activation domains of Runx2 and the
adipogenic transcription factor PPARγ thereby suggesting that TAZ and YAP function as
transcriptional modulators [135].
TAZ activates Runx2-driven genes in vitro during terminal osteoblast differentiation.

Parathyroid Hormone-related Peptide (PTHrP)
Parathyroid hormone-related peptide (PTHrP) was discovered simultaneously in three
different laboratories in 1987, during the search for the circulating factor, secreted by cancers,
which causes the paraneoplastic syndrome humoral hypercalcemia of malignancy (HMM)
[136, 137], though already about 70 years ago Fuller Albright had first postulated the
existence of a PTH-like factor responsible of the onset of hypercalcemia in the progression of
malignant tumors [138].
This peptide was named PTHrP because the first 13 amino acids show a high degree of
homology with those in the same position in parathyroid hormone (PTH), and this was
initially the reason why both peptides were considered as acting through a single PTH/PTHrP
receptor (PTH/PTHrP-R or PTHrP1R) [139].
Furthemore, histochemical and molecular analysis demonstrated that the synthesis of PTHrP
is almost ubiquitous, since this hormone and its transcript were found in many adult tissues,
both normal (stomach, pancreas, breast, brain, adrenal, vascular smooth muscle, etc.), fetal
(placenta, parathyroid, liver and brain), and cancerous (squamous cell carcinomas, renal cell
carcinomas, breast carcinomas, mesothelioma, etc.) [140, 141], where it exerts several
functions, such as:
- the stimulation of transepithelial calcium transport in different tissues, as the renal
tubule, the placenta and the mammary gland;
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-

relaxant action in a wide range of tissues, as uterus, urinary bladder, stomach, small
intestine, colon, and the arterial wall;
regulation of proliferation, differentiation and apoptosis in various normal and
pathological cytotypes [139].

Conversely, PTH is produced by two tissues only, i.e. the parathyroid gland and the central
nervous system (CNS), and primarily regulates systemic calcium homeostasis through its
skeletal and renal actions [139].
The role of PTHrP in HHM, the structure of PTHrP gene, the regulation of PTHrP gene
expression, the posttranslational processing of PTHrP, the receptors bound by PTHrP, and the
normal physiological roles of PTHrP have been the object of intense studies for the last 25
years spanning from the basic to the clinical area of research.
PTHrP Gene and Its Transcripts
PTHrP gene is located in the short arm of chromosome 12 and is highly conserved during
evolution [139]. Interestingly, chromosomal analysis revealed that PTH gene is located on the
short arm of chromosome 11, and therefore PTH and PTHrP genes might have arisen by gene
duplication due to the fact that chromosomes 11 and 12 share a common ancestral origin [142,
143].
The human PTHrP gene spans over 15 kilobases of DNA and displays a complex
organization, with nine exons undergoing alternative splicing and producing mRNA variants
with likely differential spatio-temporal expressions. Three are PTHrP transcriptional start
sites, i.e. two TATA box promoters, 5’ to exons I and IV (P1 and P3 promoters respectively)
and a GC-rich promoter, 5’ to exon III (P2 promoter) (fig. 7) [145-148].

Figure 7 – Representation of the genomic organization of PTHrP gene [modified from 144]. Nine exons (I-IX)
and three promoters (P1, P2 and P3) are present in PTHrP gene. Protein isoforms of 139 aa, 173 aa and 141 aa
are formed as a result of alternative splicing at the 3 ' end.

Once transcription occurs, the introns of pre-mRNA are removed by alternative splicing
events that can occur to both the 5’ end, according to the promoter from which transcription
begins, and the 3' end, thus giving rise to variants of mRNAs which are subsequently
translated in different isoforms of the mature peptide [137].
Only two exons are present in all PTHrP transcript: exon V, encoding the prepro region of the
protein, and exon VI, which encodes the majority of mature protein. Exons I and IV encode
alternative 5’ untraslated regions (5’-UTR) [145].
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Readthrough from exon VI to exon VII introduces a stop codon and produces a mRNA for the
139 aminoacid isoform, while splicing of exon VI to exon VIII or IX results in a mRNA
specifying the 173 and 141 aminoacid isoforms, respectively. Therefore, alternative splicing
of exons at 3’ end generates multiple PTHrP mRNA transcripts which encode three isoforms
of the mature peptide of 139, 173 and 141 amino acids, which differ in their C-terminal
regions, depending on whether exon VII, VIII or IX respectively, is incorporated as 3’ exon
[145]. Exons VII, VIII e IX encode 3’ untranslated regions [149].
Different splicing events are also observed at the 5’ terminus according to the promoter
chosen to initiate the transcription. Readthrough from exon I to exon VI produces P1
promoter-specific transcripts, in particular three different products arising from alternative
splicing of exons II and III in the primary transcript [145]. The three products contain exons I,
II, III, V and VI, exons I, III, V and VI, and exons I, V and VI respectively.
Exon IV-containing transcripts are exclusively the result of P3 promoter activity and the
transcript formed incorporates exons IV, V and VI. Exon I- and IV-containing transcripts are
exquisite markers for P1- and P3-promoter activity, respectively. The P2-specific transcript
contains exons III, V and VI [145].
A summary of the possible variants that can be obtained from the events of splicing at the 5 '
and 3' ends is displayed in Table 1.
Table 1 – PTHrP mRNA variants formed by alternative splicing at the 5' and 3' ends
Promoter

Exons included
for splicing at
the 5’

Always
present exons

Exons included for splicing at the 3’  Protein
isoform

I-II-III
P1

I-III

V-VI

VII 139 aa

VIII  173 aa

IX  141 aa

I
P2

III

V-VI

VII 139 aa

VIII  173 aa

IX  141 aa

P3

IV

V-VI

VII 139 aa

VIII  173 aa

IX  141 aa

The presence of three promoters and 5’ and 3’ terminus alternative splicing suggests that
PTHrP expression may be differentially regulated by growth factors during development or in
a tissue-specific manner [145].
PTHrP as a Polyhormone
As mentioned above three protein isoforms are encoded by different mRNAs after alternative
splicing at both the 5’- and 3’- ends. These isoforms differ from each other for the COOHterminals. All three isoforms contain 139 common amino acids, of which the first 36
constitute the signal sequence. The first isoform is formed by 139 amino acids, the second has
two more amino acids, and extends to position 141, and the last, finally, is the longest because
it extends up to position 173 [137].
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The aminoacidic sequence of PTHrP contains sites that can be recognized by some
endoproteases belonging to the family of subtilisin. The action of these enzymes seems to be
responsible for post-translational proteolytic cuts that causes PTHrP to be considered a
polyhormone. Following proteolysis, in fact, it is possible to obtain N-terminal, central and Cterminal fragments from the mature isoforms of 139, 141 and 173 aminoacids; such smaller
bioactive forms, have been either immunodetected or isolated from conditioned media of
normal and neoplastic cells, and have been proven to be capable of exerting different
biological effects [137, 150, 151].
The mature secretory forms of PTHrP are PTHrP (1-36), PTHrP (38-94) and PTHrP (107139) (fig. 8). PTHrP (1-36), the amino-terminal PTHrP secretory form, binds to the classical
PTH/PTHrP receptor, activating signal transduction pathways that have a key role in bone
resorption, vasorelaxation and cellular proliferation [151, 152]. PTHrP (38-94), the midregion fragment of PTHrP, was shown to exert different effects, e.g. on placental calcium
transport and induction of cell death in breast cancer cells [153] by binding to a receptor that
is still unknown. The carboxy-terminal PTHrP peptide, PTHrP (107–139), termed
“osteostatin” appears to act through an additional different receptor and to play different roles,
such as the inhibition of osteoclastic bone resorption [154].

Figure 8 - PTHrP precursor processing. The figure shows one of the characterized processing patterns of the
PTHrP preprohormone, in this case yielding 3 bioactive peptides [http://www.vivo.colostate.edu/.]

The polyproteic and almost ubiquitous nature of PTHrP has therefore led to the concept that,
apart from its classically recognized PTH-like role played in establishing the humoral
hypercalcemia of malignancy, discrete fragments of this protein may function as local
autocrine/paracrine modulators mediating growth or differentiation factor-like roles through
the PTH/PTHrP-R and other still unknown receptors [137].
Several studies have demonstrated that, due to a nuclear localization sequence present in the
central region which interacts with the protein β-importin, PTHrP can be directly translocated
into the nucleus without being released in the extracellular space and in this way it plays a
poorly-known "intracrine" role, which is thought to control some important cellular activities
related to proliferation, differentiation and programmed cell death [155-157].
PTHrP Roles in Devolpment and Differentiation
Because of the massive involvement of the PTHrP/PTHrP-R system in various
physiopathological conditions, the synthesis of the protein and its receptor and their
regulation by microenvironmental factors have been extensively studied in various in vitro
and in vivo systems. Many literature papers are focused on the possible physiological action
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of PTHrP and its fragments during development and tissue homeostasis.
Experiments performed on embryos of rodents have shown a close temporal correlation
between the expression of PTHrP by superficial cells and that of the PTH/PTHrP-R in the
adjacent stromal cells in the early non-skeletal tissue development, thus appearing likely that
PTHrP could have a role in the complex network of inductive epithelial-mesenchymal
interactions. In addition, some researchers have hypothesized that, in the mouse embryo,
PTHrP synthesized from trofoectoderma and the PTH/PTHrP-R in cells of primitive
endoderm may act as members of one of the earliest localized hormone-receptor systems
capable of stimulating chemotactic cell migration of primitive and visceral endoderm on the
trophoblast and of inducing parietal endoderm differentiation [158].
In humans it appears that PTHrP produced by the trophoblast induces an increase in
urokinase-plasminogen activator activity, and this is necessary to penetrate the endometrium
and to allow the implantation of the blastocyst [159].
PTHrP also regulates smooth muscle function, since this hormone is a powerful muscle
relaxant in vascular tissue, trachea, gastrointestinal tract, heart, bladder and uterus. In the
latter two organs, the stretch of wall, experimentally- or physiologically-induced (e.g. by
bladder filling or pregnancy) appeared to induce a marked increase in the expression of the
peptide; on the other hand, in arterial smooth muscle cells induction of PTHrP transcription
was observed in response to pressure signals, such as those mediated by angiotensin II or
mechanical stimulation [137].
PTHrP plays a role also in the monitoring of the rate of cell growth; interesting results in this
regard were obtained on in vitro systems. In particular, using two tumor cell lines derived
respectively from human renal and lung carcinoma, the blocking of the interaction between
PTHrP and its receptor using antisera or antagonists has been shown to induce a strong
decrease of cell proliferation, while the raising of hormone concentration in the culture
medium promoted cell growth [160, 161]. By contrast, studies on cultured keratinocytes have
demonstrated the role of PTHrP in inhibiting growth and stimulating the differentiation of this
cell type; in fact, epidermal proliferation appeared to be inhibited by PTHrP (1-34), while the
presence of a peptide antagonist led to increase cell growth [162].
Numerous experiments have shown that PTHrP is expressed constitutively but at very low
levels in resting human mammary gland both during development and in adulthood [140];
however during lactation expression peaks of the hormone were observed. Since in breast
milk PTHrP is present at high concentration (10,000 times higher than plasma), in activated
breast tissue it is likely to play a role in the mobilization of calcium from the breast
epithelium to breast milk, and from the latter to the intestine of the newborn. Furthermore, it
was shown that primary cultures of mammary epithelial cells from lactating rats produced
high levels of PTHrP in vitro [163]. Experiments on transgenic mice demonstrated the critical
role of PTHrP in the morphogenesis of the mammary gland, thus suggesting an active
participation of the peptide in the differentiation and development of this organ [164].
Such cumulative evidences indicate that PTHrP is synthesized from many cell types and
binding to the PTHrP1R results in a variety of activities, including the regulation of cell
proliferation and differentiation [165].
In particular, PTHrP regulates the mechanisms involved in the differentiation of cartilage and
bone during endochondral bone formation [166].
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In fact, there are two processes by which bones are formed: intramembranous and
endochondral ossification. In the first one, mesenchymal progenitor cells differentiate towards
osteoblast directly [167]. The second process is based upon the formation of a matrix
template, the growth plate, by chondrocytes that is subsequently replaced by mineralized bone
[167, 168].
The involvement of PTHrP in endochondral bone formation has been highlighted by the
analysis of phenotypes of mice PTHrP -/- and PTH/PTHrP-R -/-: these mice died at birth
because all bones formed by endochondral ossification developed improperly. In particular,
their chest showed a small diameter and was inappropriately mineralized, leading rapidly to
death [169-172].
Endochondral bone formation includes different steps, in which chondrocytes undergo
proliferation, differentiation, and apoptosis [173-176].
In the beginning, mesenchymal cells form mesenchymal condensation foci and differentiate
into chondrocytes and in adjacent perichondrium [165].
Then, chondrocytes undergo proliferation and secrete a matrix rich in collagen type II and
other cartilage matrix proteins [166, 175]. In response to a still unknown signal, chondrocytes
in the mid-region of the developing bone cease proliferating and become prehypertrophic
chondrocytes; these latter cells mature into post-mitotic, hypertrophic cells, that secrete a
matrix rich in collagen type X and mineralize the surrounding microenvironment [165], also
signalling to adjacent perichondrial cells to direct their differentiation towards osteoblasts and
stimulating the invasion of blood vessels. With vascularization, preosteoblastic cells from the
perichondrial region also invade the cartilage to begin bone formation and hypertrophic
chondrocytes die [165, 166].
Therefore the osteoclasts resorb the calcified cartilage, that is replaced by bone. As the
cartilage is resorbed, two opposite growth plates form, where the process of the maturation of
cartilage and remodeling into bone occur as long as new chondrocytes are generated in the
growth plates. As chondrocyte proliferation fuels longitudinal bone growth during postnatal
life, the physes are separated by an increasing amount of space that becomes filled with bone
marrow [168].
Different signaling pathways are implicated in the regulation of this process; in particular, Ihh
and PTHrP were shown to be protagonists of a feedback loop, which directs chondrocyte
differentiation in developing bones [177]. In fact, in pre-hypertrophic chondrocytes
expression of Ihh precedes and overlaps with that of PTH/PTHrP-R. PTHrP production from
the periarticular perichondrium is indiced by Ihh, either directly or indirectly. Secreted PTHrP
binds the PTH/PTHrP-R expressed by the adjacent proliferative and pre-hypertrophic
chondrocytes, thereby delaying their rate of differentiation into hypertrophic chondrocytes
and decreasing Ihh secretion, since chondrocytes remain in the proliferative state. In fact, lack
of PTHrP results in accelerated chondrocyte differentiation with shortened growth plates and
premature ossification. Chondrocytes sufficiently far away from the source of PTHrP,
however, stop proliferating and then and only then synthesize Ihh which, directly or
indirectly, signals back to the end of the growth plate to stimulate the synthesis of additional
PTHrP. This feedback system, thus, determines the site at which chondrocytes stop
proliferating and start making Ihh [165, 178].
Ihh may serve as a negative feedback signal that slows the rate of transition of chondrocytes
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from the proliferative to the prehypertrophic pool [166].
Therefore this feedback loop promotes chondrocyte proliferation and maintains the pool of
proliferating chondrocytes, thus extending the length of the differentiating cartilaginous
growth plate prior to terminal differentiation and ossification [166, 178].
Methylation of PTHrP Promoters
The term epigenetics in biology was introduced in 1942 by Waddington [179]. Today, the
term epigenetics defines the branch of genetics that studies the heritable changes in genome
function that occur without alterations in DNA sequence, thereby studying the activity of gene
regulation through chemical processes that do not involve changes in the genetic code, but
that may change the phenotype of the individual and/or the progeny. The epigenetic
phenomena alter the physical accessibility of molecular complexes regulating gene expression
into the genome and thus they can alter the function of the genes [180, 181].
The epigenetic phenomena may occur at the DNA level but also at the level of histones.
DNA methylation is an epigenetic modification that occurs in different processes, such as the
regulation of gene expression, the supernumerary X chromosome inactivation in females,
genomic imprinting, and embryonic development [182-184].
DNA methylation occurs in the base cytosine (C), located at the 5' of base guanine (G) in CG
dinucleotides, called CpG sites. Many CpG sites together form a CpG island, a segment of
DNA that extends from 0.5 to 2.5 kb, often located in the promoter of a gene. The transfer of
methyl groups from S-adenosyl-methionine (SAM) to C in the CpGs is catalyzed by DNA
methyltransferases (DNMTs).
When CpG island is located in a sensitive area within a promoter can have an impact on gene
expression. The main consequence of DNA methylation, in fact, is the remodeling of
chromatin and consequently of DNA organization. Such more compact chromatin excludes
the cell transcriptional apparatus and turns off gene expression. In fact DNA methylation
normally promotes the formation of highly condensed heterochromatic structure recognized
by MeCP (methyl CpG binding protein) that recruits co-repressors and HDACs (histone
deacetylases) leading to gene silencing [181].
The expression of PTHrP is regulated at the transcriptional level by three promoters, referred
to as P1, P2 and P3 promoters; by consequence, the regulation of this gene is quite complex.
P2 promoter contains a high percentage of CpG dinucleotides in an island upstream of exon
III.
Previously, Caradonna et al. evaluated CpG island methylation status of the PTHrP P2
promoter in patients with rheumatoid arthritis (RA) to check the existence of a correlation
between the levels of methylation of this gene and the onset of lymphoma as RA complication
[185]. The results of investigations performed by Methylation-Sensitive Arbitrarily-Primed
Polymerase Chain Reaction (MeSAP-PCR) and by Methylation Sensitive Restriction
Endonuclease-PCR (MSRE-PCR), on five sites (S-I, S-II, S-III, S-IV, S-V) located into the
CpG island of PTHrP P2 promoter, indicated that lymphocytes from RA patients are
associated with a state of global DNA hypomethylation and region-specific hypermethylation,
similarly to that of tumor cells. These data demonstrate that the S-III site of P2 promoter CpG
island is more informative than others probably because it is close to the transcription start
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site of the gene. Therefore, it is reasonable that in other cells, with a dissimilar differentiation
status, the other methylation sites could be informative.
Moreover, studying the squamous lung cancer cells, some authors showed that CpG sites are
present even in P3 promoter [144].
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Aim of the Study
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The multipotentiality of MSCs from adipose tissue is closely linked to their therapeutic
interest, in that these cells might find utilization in cell therapy and tissue engineering. To this
purpose, it is necessary to have a more detailed knowledge of the processes of adipogenic and
osteogenic differentiation, especially in the early stages of committment, to determine the
impact of new molecules and their signaling pathways on the process of formation of fat and
bone tissue.
As an example, a better comprehension of the cellular and molecular mechanisms of
differentiation of adipose tissue would be useful to develop innovative strategies to prevent
and treat the obesity, that results from excess white adipose tissue, and its related disorders. In
fact, obesity is a major risk factor for insulin resistance, non-insulin dependent diabetes and
cardiovascular disease. Thus, the discovery of transcription factors involved in the control of
gene expression during the differentiation process, and the identification of adipocytecontrolling factors could certainly provide new and important contributions to the
understanding of the biology of adipose tissue.
Moreover, in orthopedics the bone defects due to traumas or tumors are one of the most
serious health problems and still represent a major challenge for the reconstructive orthopedic
surgery. Due to the lacking of alternative methods, transplantation of autologous bone is still
the gold standard for treatment of bone defects, but, on the other hand, resources of
autotransplant are limited and associated with many problems, such as the risk of infection
and the medical condition resulting in the subject himself. In addition, also allografts show
conflicting results and are impassable, so there is a growing need for therapies based on stem
cells for clinical application. Thus, a more detailed and comprehensive knowledge of the
process of osteogenic differentiation starting from MSCs could be useful for future clinical
application, allowing the future utilization of these cells for colonization of bioactive and
biodegradable scaffolds, specifically designed for bone regeneration.
It is generally-acknowledged that MSCs can differentiate in vitro towards osteoblasts and
adipocytes, and although the early steps of the differentiation process have been examined
thoroughly, still specific markers for the characterization of defined differentiation steps are
lacking. In light of the interest in the search for novel stemness/differentiation markers, due to
the consolidated expertise in this field by the group of Prof. Luparello, supervisor of my work,
the fundamental aim of this study was to examine the time-course expression of the splicing
isoforms of PTHrP, in MSCs isolated from adipose tissue and during the adipogenic and
osteogenic differentiation of these cells. In fact, PTHrP is a widely-acknowledged regulator of
proliferation, differentiation and apoptosis in many cell types, but so far nothing is known
about the expression of its splicing isoforms by MSCs, and during the activation of
adipogenic and osteogenic differentiation events. In addition, the gene expression of the
splicing isoforms derived from P2 and P3 promoters, was correlated to the state of
methylation of these promoters that contain CpG sites. A further set of analyses was also
performed for the quantitative evaluation of intracellular and secreted PTHrP protein product
in the various differentiation stages.
This project was carried out in collaboration with the group of Prof. Dr. Tobiasch, of the
University of Applied Science of Bonn-Rhein-Sieg (D), who hosted me for 3 months in her
laboratory for two periods of research. Initially, in fact, I learned the techniques of isolation
and induction of differentiation of MSCs from liposuction material, thereby obtaining three
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samples of primary culture from three different donors that were also used for my studies. In
addition, since preliminary immunoconfocal microscopy experiments, carried out in our
laboratory in collaboration with the group of Prof. Tobiasch, demonstrated that MSCs isolated
from dental follicle (DFCs) were also positive for the presence of PTHrP, during my second
period abroad I evaluated the expression of PTHrP splicing isoforms in DFCs to compare
their pattern of expression with that of fat tissue-derived MSCs.
In light of preliminary obtained data from differential-display PCR (DD-PCR), performed on
undifferentiated and differentiating cell preparations, kindly donated by Prof. Edda Tobiasch
and different from those utilized in this thesis, further aims of my study were to examine the
possible involvement of differentially expressed genes, Ihh and Col5A1, in the cell
preparations under study to provide additional data on stemness/differentiation markers which
may open new fields of research.
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List of Abbreviations
λ

Wavelength

°C

Degrees centigrade

AgNO3

Silver Nitrate

APS

Ammonium peroxydisulfate

bp

base pair

BSA

Bovine Serum Albumin

CH3COOH

Acetic acid

cm

Centimeter

cm2

Square centimeter

CO2

Carbon dioxide

DD-PCR

Differential Display-PCR

DFCs

Dental Follicle Cells

DFCs11

Dental follicle cells from a donor aged 11

DFCs18

Dental follicle cells from a donor aged 18

DMEM

Dulbecco´s Modified Eagle Medium

DMSO

Dimethyl sulfoxide

DNA

DesoxyriboNucleic Acid

dNTPs

Desoxyribonucleotides

EDTA

Ethylene Diamine Tetracetic Acid

FBS

Fetal Bovine Serum

FCS

Fetal Calf Serum

g

Gram

H2O2

Hydrogen peroxide

H2SO4

Sulfuric acid

KCl

Potassium chloride

KH2PO4

Potassium dihydrogen phosphate
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KHCO3

Potassium bicarbonate

l

Liter

LW 28

M

Liposuction derived MSCs from a female
donor aged 28
Liposuction derived MSCs from a female
donor aged 36
Liposuction derived MSCs from a female
donor aged 40
Molar

mg

Milligramme

min.

minutes

ml

Milliliter

mM

MilliMolar

MSCs

Mesenchymal stem cells

MSRE

Methylation Sensitive Restriction
Endonuclease

MSRE-PCR

Methylation Sensitive Restriction
Endonuclease – PCR

Na2CO3

Sodium carbonate

Na2HPO4

Disodium hydrogen phosphate

NaCl

Sodium chloride

NH4Cl

Ammonium chloride

nm

nanometer

PBS

Phosphate Buffered Saline

PCR

Polymerase chain reaction

pH

Pondus hydrogenii

PMSF

PhenylMhethylSulfonilFluoride

RNA

Ribonucleic acid

rpm

revolutions per minute

RPMI

Roswell Park Memorial Institute

LW 36
LW 40
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RT

Room temperature

SDS

Sodium Dodecyl Sulphate

SM-PCR

Semi-quantitative “multiplex” PCR

TEMED

N, N, N’, N’ – Tetramethylethylene-diamine

TMB

3,3’,5,5’ Tetramethylbenzidine

xg

Relative centrifugal force (RCF)

µm

Micrometer

Materials
Chemicals
β-glycerophosphate

Sigma-Aldrich, St. Louis, USA

Acetic acid

Carlo Erba Reagenti, Rodano, Italy

Acrilamide solution

Sigma-Aldrich, Steinheim, Germany

Acrylamide-bisacrylamide (29:1 ratio)

FISHER Molecular Biology, Trevose, USA

Agarose

Sigma-Aldrich, Steinheim, Germany

AgNO3

Sigma-Aldrich, Steinheim, Germany

Alizarin Red S

CIBA, Basle, Switzerland

Amphotericin B (250 µg ml-1)

Biochrom AG, Berlin, Germany

Antibiotic/antimycotic

Gibco, Invitrogen, Paisley, UK

Aprotinin

Sigma-Aldrich, St. Louis, USA

APS

Sigma-Aldrich, Steinheim, Germany

Ascorbic acid-2-phosphate

Sigma-Aldrich, St. Louis, USA

Boric acid

Carlo Erba Reagenti, Rodano, Italy

BSA

Sigma, St. Louis, USA

Chloroform

Sigma-Aldrich, St. Louis, USA

Collagen I

Sigma-Aldrich, St. Louis, USA

Collagen V

Sigma-Aldrich, St. Louis, USA
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Coomassie Blue

Sigma-Aldrich, St. Louis, USA

Dexamethasone

Sigma-Aldrich, St. Louis, USA

DMEM

Biochrom AG, Berlin, Germany

DMEM

Gibco, Invitrogen, Paisley, UK

DMSO

Sigma-Aldrich, St. Louis, USA

EDTA

(BDH) via VWR International Ltd, Luttersworth,
UK

Ethanol 96%

Carlo Erba Reagenti, Rodano, Italy

Ethanol absolute

Carlo Erba Reagenti, Rodano, Italy

Formaldehyde 37%

Promega, Madison, USA

H2O2

Zeta Farmaceutic Sandrigo, Vicenza, Italy

H2SO4

Carlo Erba Reagenti, Rodano, Italy

HCl

Carlo Erba Reagenti, Rodano, Italy

HistoCHOICE

Amresco, Solon, Ohio, USA

Indomethacin

Sigma-Aldrich, St. Louis, USA

Insulin

Sigma-Aldrich, St. Louis, USA

Isopropanol

WWR International (Ex Prolabo) Fontenais/Bois,
France

KCl

Sigma Chemicals, St. Louis, USA

KH2PO4

Sigma Chemicals, St. Louis, USA

Leupeptin

USB, Cleveland, OHIO

methanol

WWR International (Ex Prolabo) Fontenais/Bois,
France

N, N- methylene bis-acrylamide solution

Sigma-Aldrich, Steinheim, Germany

Na2CO3

Riedel-de Haen GmbH, Seelze, Germany

Na2HPO4

Sigma Chemicals, St. Louis, USA

NaCl

Sigma Chemicals, St. Louis, USA

NH4Cl

Sigma Chemicals, St. Louis, USA
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Oil Red O

Sigma Chemicals, St. Louis, USA

Penicillin / Streptomycin (10 mg ml-1)

Biochrom AG, Berlin, Germany

PMSF

Sigma-Aldrich, St. Louis, USA

RPMI

Gibco, Invitrogen, Paisley, UK

Saponin

Sigma-Aldrich, St. Louis, USA

SDS

Sigma Chemicals, St. Louis, USA

Silanization solution

Fluka Chemie AG, Buchs, Switzerland

Sodium azide

Sigma-Aldrich, St. Louis, USA

Sodium thiosulfate

Sigma-Aldrich, Steinheim, Germany

Sodium-pyruvate

Gibco, Invitrogen, Paisley, UK

TEMED

Sigma-Aldrich, Steinheim, Germany

TMB

Sigma, St. Louis, USA

Trizma-base

Sigma-Aldrich, St. Louis, USA

Tween 20

Sigma chemicals, St. Louis, USA

γ-Methacryloxypropanyltri-methoxy-silane

Sigma chemicals, St. Louis, USA

Consumables
BCIP®/NBT Liquid Substrate System

Invitrogen, Paisley, UK

DNA ladder 100 bp

Invitrogen, Paisley, UK

DNA ladder 50 bp

Invitrogen, Paisley, UK

dNTPs (100 mM)

Invitrogen, Paisley, UK

FBS

Gibco, Invitrogen, Paisley, UK

FCS

Biochrom AG, Berlin, Germany

GelRedTM

Biotium, Hayward, USA

HpaII

New England BioLabs, Ipswich, MA, USA

L-glutamine 2 mM

Biochrom AG, Berlin, Germany

L-glutamine 200 mM

Gibco, Invitrogen, Paisley, UK
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Mineral oil

Sigma Chemicals, St. Louis, USA

MontageTM PCR centrifugal PCR
purification filter device

Millipore Corporation, Bedford, USA

MspI

New England BioLabs, Ipswich, MA, USA

Nitrocellulose Membrane

Invitrogen, Paisley, UK

Parathyroid Hormone-Like Protein (Ab-2)

Oncogene Research Products, San Diego, Ca

Peroxidase labelled Anti – Rabbit antibody

Amersham Biosciences

PureLinkTM Genomic DNA Kit

Invitrogen, Paisley, UK

Random primers

Gibco, Invitrogen, Paisley, UK

REDTaq DNA Polymerase 0,05 u/µl

Sigma, St. Louis, USA

Ribonuclease H (2U/µl)

Invitrogen, Paisley, UK

Ribonuclease inhibitor

Invitrogen, Paisley, UK

Salmon sperm DNA

EuroBio, Courtaboeuf, France

Stoffel Kit for DD-PCR

Applied Biosystems, Roche Molecular
Systems, Almeida, USA

SuperScriptTM II Reverse Transcriptase 200
U/µl

Invitrogen, Paisley, UK

SYBR safe

Invitrogen, Paisley, UK

Taq Polymerase (5U/µl)

Invitrogen, Paisley, UK

TRI REAGENTTM

Sigma-Aldrich, Steinheim, Germany

Trypsin-EDTA (0,5%-0,2%)

Gibco, Invitrogen, Paisley, UK

Type I collagenase (6 U mg-1)

Biochrom AG, Berlin, Germany

Equipment
Balance

Gibertini Elttronica s.r.l., Novate (Mi), Italy

Burker counting chamber

Fortuna, Germany

Camera

RS Photometrics, Tucson, Az

Centrifuge Rotofix 32

Hettich Lab Technology, Tuttlingen
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CO2 incubator

Sanyo Electric, Japan

Gel Chamber

Elettrofor, Borsea (Ro), Italy

Gel Documentation System, ChemiDoc

Bio-Rad, Hercules, USA

Gel electrophoresis power supply

Elettrofor, Borsea (Ro), Italy

Heater and magnetic stirrer

ALC International, Milan, Italy

Laminar flow cabinet, biowizard

Bicasa Spa, Bernareggio, Milan

Luminometer Glomax Multi Detection
System
pH meter

Promega, Milan, Italy
Crison Instrumentes, Barcelona, Spain

Phase contrast microscopy

Leica, Wetzlar, Germany

Spectrophotometer, DU-730

Beckman Coulter, Milan, Italia

Thermal Cycler

TECHNE, Bibby Scientific Italia, Milan,
Italy

Transilluminator

Ultra-violet products, Cambridge, UK

Vortexer, Autovortex

Stuart Scientific, Redhill, UK

Water bath

Elettrofor, Borsea (Ro), Italy

Buffers and Solutions
All solutions were prepared with ultrapure water.
Alizarin Red S solution

4 x10-2 M Alizarin Red S, pH 4.3

Developing solution

3% Na2CO3, 200 µl Sodium thiosulfate (10
mg/ml), 1.5 ml Formaldehyde 37%

Erithrolysis Buffer "Winter"

1 x 10-4 M EDTA pH 8.0, 0.154 M NH4Cl, 1
x 10-2 M KHCO3

Fix stop solution

CH3COOH 10%

Oil Red O solution

1.75 g Oil Red O, 500 ml isopropanol,

PBS, 10x

1.37 M NaCl, 0.015 M KH2PO4, 0.081 M
Na2HPO4, 0.027 M KCl, pH 7.4

Staining solution

0.1% AgNO3, 1,5 ml Formaldehyde 37%,
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TBE 10X

Trizma base, Boric Acid, EDTA, pH 8.3

Methods
Isolation of MSCs from Adipose Tissue
Adipose tissue was obtained from liposuction procedure on different patients, respectively 28,
36 and 40 years old, who underwent surgery in a clinic in Cologne (D), after giving their
informed consent. MSC isolation was performed during my stay in the laboratory of Prof. Dr.
Edda Tobiasch at the University of Applied Science of Bonn-Rhein-Sieg (D), according to
Zuk and colleagues with modifications [20].
Briefly, the material obtained by liposuction was incubated with sterile 1X PBS to obtain
phase separation.
The solid phase (upper phase = fat) was treated with 10 mg/ml type I collagenase (7.2 x 10-1
ml per 100 ml fat tissue) in 1X PBS and incubated for 45 min. at 37°C with gentle agitation to
release cells from tissue. Then the cells were treated with 10 ml of erythrolysis buffer
"Winter" to remove blood cells. Following centrifugation, the pellet obtained was
resuspended in an adequate volume of medium for stem cells and cultured.
The culture medium used for cell growth is DMEM containing 3.7 g /l NaHCO3, 4.5 g/l Dglucose and lacking sodium-pyruvate, L-glutamine and phenol red. This medium was
supplemented with:
- 10% FBS,
- 1% mixture of antibiotic/antimycotic (penicillin, streptomycin and Fungizone),
- 1% L-glutamine 200 mM,
- 1% Sodium-pyruvate.
The culture plates were labeled as:
- L = liposuction
- W = female gender
- number = age of the patient
- P = passage (the cells were at passage 0)
- date.
The cells were incubated in a humidified atmosphere with 5% CO2 at 37°C. The next day,
adherent cells were washed with 1X PBS and supplied with fresh medium.

Maintenance and Expansion of Cells
Cell growth was monitored daily by phase contrast microscopy and as soon as the cells
reached an approximate 70% confluence they were washed with 1X PBS and detached from
the substrate by incubation with 0.5% Trypsin-EDTA 1X for at least 10 min.. The
trypsinization was carried out twice, and then the cells were freezed to be transferred to
Palermo for subsequent experiments. To this purpose, cells were splitted, counted, collected
by centrifugation and resuspended in freezing medium containing DMEM with 1% mixture of
antibiotic/antimycotic, 1% L-glutamine 200 mM, 1% Sodium-pyruvate, 20% FBS and 10%
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DMSO. The suspension was then transferred in sterile tubes of 2 ml capacity to proceed to
their storage at -20°C and subsequently to their freezing at -80°C.

Isolation of Dental Follicle Cells (DFCs) from Third Molar
Previously dental follicles were collected from two 11 and 18 year old patients, who
underwent surgery about human third molars prior to tooth eruption. Therefore the dental
follicles isolation was performed in the laboratory of Prof. Dr. Edda Tobiasch under sterile
conditions from the mineralized tooth and minced with a scalpel [31].
The tissue was digested in Collagenase (0.1 U/ml) and Dispase (0.8 U/ml) for 2 h at 37°C.
Single-cell suspensions were obtained by passing the cells through a 100-µm strainer and
seeded into dishes in DMEM supplemented with 10% FCS, 2mM L-glutamine, 100 units/ml
penicillin, 100 mg/ml streptomycin and 1% amphotericin and cultured at 37°C in 5% CO2.
After 24 hours of incubation non-adherent cells were removed by change of medium, whereas
plastic adherent cells were cultured until 80% confluency (2 weeks) and then freezed.

Thawing of Freezed Cells
This process was achieved very quickly by immersing the cryovials containing MSCs (LW28
P2, LW36 P2 and LW40 P2) and DFCs 11 and 18 frozen at -80°C, in a water bath at 37°C.
Once thawed, the content was transferred into a 15 ml centrifuge tube containing 3 ml of
DMEM. The cell suspension was centrifuged at 1000 rpm for about 3 min. to remove DMSO.
Then, the supernatant was discarded, the pellet resuspended in 2 ml of medium and the cells
cultured in 10 cm-diameter dishes in a humidified atmosphere with 5% CO2 at 37°C.
Cell growth was monitored daily by phase contrast microscopy and the medium was changed
once or twice a week. Trypsinization for MSCs was performed twice in order to have a large
number of cells at passage 4 before starting adipocyte or osteogenic differentiations. It is
known, in fact, that MSCs display the best potential for differentiation between passages 3
and 5. For DFCs trypsinization was performed once in order to have a large number of cells at
passage 2 before isolating RNA.

Adipogenic Differentiation
Adipogenic differentiation was induced using cells at passage 4. MSCs were plated with
adipogenic differentiation medium, that is DMEM supplemented with 1 µM dexamethasone,
1µM insulin and 200 µM indomethacin, which are three acknowledged inducers of adipodifferentiation. In particular, dexamethasone, a synthetic glucocorticoid agonist, has been
shown to induce C/EBPδ and to reduce the expression of pref-1, a negative regulator of
adipogenesis [186, 187], whereas insulin induces differentiation through the IGF-1 (insulinlike growth factor-1) receptor [188]. It is known that IGF-1 and insulin activate different
downstream signal transduction pathways, which may mediate the adipogenic effects of these
hormones. In particular the downstream events that promote adipocyte differentiation are
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mediated by insulin receptor substrates (IRS-1 and IRS-2). Activation of these adapter
proteins and associated PI 3-kinase pathways induce the activation of adipogenic transcription
factors such as PPARγ and C/EBPα resulting in the induction of adipocyte differentiation
[189, 190]. Indomethacin, inhibitor of prostaglandin biosynthesis, binds directly to and
activates PPARγ [191].
Human MSCs were grown in adipogenic differentiation medium for 28 days in a humified
atmosphere as described above. As a negative control, MSCs were cultivated in
unsupplemented DMEM. The media were carefully changed once a week and stored at -80°C
with protease inhibitors Leupeptin 100 µM, PMSF 50 mM, Aprotinin 15 µM and EDTA 5
mM.

Oil Red O Staining
After a cultivation period of 28 days, adipogenic differentiation was visualized by staining of
lipid droplets within the cells.
The protocol includes the following steps:
- 2x washing of cells with PBS,
- cell fixation with 10% formaldehyde solution for 90 min. at 37°C,
- 3x washing with PBS,
- staining with Oil Red O solution in isopropanol for 30 min. at 37°C,
- removal of the staining solution and addition of PBS.

Osteogenic Differentiation
Osteogenic differentiation was induced using cells at passage 4. The MSCs were plated with
osteogenic differentiation medium, that is DMEM supplemented with 0,1 µM dexamethasone,
10 mM β-glycerophosphate and 50 µM ascorbic acid-2-phosphate.
Dexamethasone is a potent stimulator of in vitro osteogenesis by inducing expression of
Runx2, Osterix and bone matrix proteins [192], thereby promoting calcification. The organic
phosphates promote mineralization since the phosphate is incorporated into hydroxyapatite
crystals in the matrix. It is also essential for calcification [21]. Ascorbic acid (vitamin C) is a
cofactor in the hydroxylation of proline and lysine residues in collagen molecules, promoting
the formation of ECM and the deposition and the maturation of all types of collagen;
furthemore it induces the activity of ALP [21, 193].
Human MSCs were grown in osteogenic differentiation medium for 28 days in a humified
atmosphere as describe above. As a negative control, MSCs were cultivated in
unsupplemented DMEM. The media were carefully changed once a week and stored at -80°C
with protease inhibitors Leupeptin 100 µM, PMSF 50 mM, Aprotinin 15 µM and EDTA 5
mM.
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Alizarin Red S Staining
After a cultivation period of 28 days, osteogenic differentiation was visualized by staining of
extracellular calcium deposits.
The protocol includes the following steps:
- removal of the medium,
- cell fixation with 4% formaldehyde solution for 5 min. at 37°C,
- washing with PBS,
- washing with pure water,
- staining with Alizarin Red S solution for 15 min. at 37°C,
- removal of Alizarin Red solution.

MSC Cultures and Induction of Osteogenic Differentiation on Substrates of Collagen
Type V
Collagen V was dissolved in 0.5 M acetic acid and plated in culture dishes at a concentration
of 10 µg/cm2 for two days at 37°C. It was exhaustively neutralized with growth medium just
before cell culturing. MSCs were then plated at a concentration of 2.5 x 103 cells/plate in the
osteogenic differentiation medium in the presence or absence of collagen substrate. As a
negative control, MSCs were cultivated in unsupplemented DMEM on substrates of collagen
type V.
The media were carefully changed once a week. After a cultivation period of 28 days,
osteogenic differentiation was visualized by staining of extracellular calcium deposits with
Alizarin Red S.

Culture of 8701-BC Breast Cancer Tumor Cells
8701-BC cells were routinely cultured in RPMI 1640 medium supplemented with 10% FBS
and 1% antibiotics. For present experiments, cells were cultured on either type I or V collagen
substrates, as above described.

Total RNA Isolation
Total RNA was extracted from control and osteo- and adipo-differentiating MSCs at day 7,
day 14, day 21 and day 28. RNA was also extracted from the DFCs and from 8701-BC cells
cultured onto the collagen substrates.
To this purpose, we used the TRI REAGENTTM (SIGMA), a mixture of guanidine
thiocyanate and phenol in a mono-phase solution, which allows to simultaneously isolate
RNA, DNA and proteins.
After removing the medium, 1 ml of this substance was added to each culture plate. The cell
lysate was passed several times through a pipette to form a homogenous lysate. The lysates
were transferred in eppendorfs.
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To ensure complete dissociation of nucleoprotein complexes, the samples were incubated at
RT for 5 min..
Two hundreds µl of chloroform were added: the samples were vortexed for about 15 seconds,
incubated for 2-15 min. at RT, and then centrifuged at 12,000 x g for 15 min. at 4°C.
Centrifugation allowed the separation of the mixture into three phases: a lower red organic
phase containing proteins, an interphase containing DNA, and a colorless upper aqueous
phase containing RNA.
The aqueous phase was transferred into a new tube and 0.5 ml of isopropanol/ml of TRI
REAGENTTM used initially were added and mixed. The samples were then incubated for 5-10
min. at RT and centrifuged at 12,000 x g for 10 min at 4°C. The RNA precipitate formed a
pellet at the bottom of the tube.
The supernatant was removed and the RNA pellet was washed by adding 1 ml of 75%
ethanol. The samples were vortexed and centrifuged at 7,500 x g for 5 min. at 4°C.
The RNA pellet was briefly dried for 5-10 min. by exposure to air. Finally an appropriate
volume of water (20 µl) was added and the RNA was solved by repeated up and down
pipetting.
The obtained RNA was quantified with a spectrophotometer reading at λ = 260 nm and its
purity determined from the ratio of readings at 260 and 280 nm respectively, and then was
stored at - 80°C until use.

Purification of Genomic DNA
During the period of adipogenic and osteogenic differentiation, genomic DNA was purified
from control and treated MSCs at Day 7, Day 14, Day 21 and Day 28.
To this purpose, we used the PureLinkTM Genomic DNA Kit, which is based on the selective
binding of DNA to silica-based membrane in the presence of chatropic salt.
The following protocol was applied:
- to prepare cell lysate, growth medium was removed, and cells were harvested by
trypisinization and resuspended in 200 µl PBS. Twenty µl Proteinase K and 20 µl
RNase A were added to the sample. Each sample was mixed well by brief vortexing,
and incubated at RT for 2 min.. Two hundreds µl PureLink™ Genomic Lysis/Binding
Buffer were added and each sample was mixed well by vortexing to obtain a
homogenous solution. The samples were incubated at 55°C for 10 min. to promote
protein digestion. Two hundreds µl 96-100% ethanol were added to the lysate. Each
sample was mixed well by vortexing for 5 seconds to yield a homogenous solution;
- to bind DNA, the obtained lysate was transferred in a PureLink™ Spin Column
provided by the kit. The column was centrifuged at 10,000 × g for 1 min. at RT. The
collection tube was discarded and the spin column was placed into a clean PureLink™
Collection Tube supplied with the kit;
- to wash DNA, 500 µl Wash Buffer 1 prepared with ethanol were added to the column.
The column was centrifuged at RT at 10,000 × g for 1 min.. The collection tube was
discarded and the spin column was placed into a clean PureLink™ collection tube. Five
hundreds µl Wash Buffer 2 prepared with ethanol were added to the column. The
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column was centrifuged at maximum speed for 3 min. at RT and collection tube was
discarded.
to elute DNA the spin column was placed in a sterile 1.5 ml microcentrifuge tube. 50 µl
of PureLink™ Genomic Elution Buffer were added to the column. The sample was
incubated at RT for 1 min. and centrifuged at maximum speed for 1 min. at RT thus
recovering the purified genomic DNA. To recover more DNA, a second elution step
was performed using the same elution buffer volume as first elution in another sterile
1.5 ml microcentrifuge tube. Then the column was centrifuged at maximum speed for
1.5 min. at RT. The tube contained purified DNA.The column was removed and
discarded;
the purified DNA was stored at -20°C.

The obtained DNA was quantified by 0,8% agarose gel electrophoresis: known concentrations
of salmon sperm DNA (EuroBio) were loaded with genomic DNA. The DNA concentration
in the samples was calculated by comparison of the intensities of the obtained bands.

Reverse Transcription
Total RNA isolated from cells of three different donors, either untreated or differentiated
towards adipocytes and osteoblasts for four weeks, and from DFCs was subjected to reverse
transcription reaction.
For each sample a mixture was prepared containing:
• total RNA
• 0,5 µl random primers 100 mM,
• 1 µl dNTP mix 10 mM,
• H2O RNAse DNAse free up to a final volume of 12 µl.
To obtain the denaturation of RNA secondary structure and to facilitate the annealing of
primers, the following incubations were performed: 65°C for 5 min and 4°C for 1 min.
Then we added:
• 4 µl First-Strand Buffer 5X,
• 2 µl DTT 0,1 M,
• 0,5 µl Ribonuclease Inhibitor (40 U/µl).
Each mixture was incubated at 25°C for 2 min..
One µl SuperScriptTM II Reverse Transcriptase (200 U/µl) was added and the mixture was
incubated at 25°C for 10 min., at 42°C for 50 min. and at 70°C for 15 min.
To degrade RNA-cDNA hybrid and to obtain the cDNA in a single-stranded form, 0,8 µl
RNAse H (Ribonuclease H) (2U/µl) were added and the mixtures were incubated at 37°C for
20 min..
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Semi-Quantitative “Multiplex” PCR (SM-PCR)
Preliminarly, the cDNA samples were amplified in the presence of specific primers for a
different number of cycles to determine the "range" of cycles preventing the reaction going to
"plateau".
For each sample the following mixture was prepared:
• appropriate amount of cDNA,
• 1µl REDTaq PCR Reaction Buffer 10X,
• 0,2 µl dNTP 10 mM,
• 0,5 µl primer 3’ (100 pmoles/µl) + 0,5 µl primers 5’ (100 pmoles/µl) (tab. 2),
• 0,5 µl REDTaq DNA Polymerase 0,05 u/µl,
• H2O to a final volume of 10 µl.
Twenty µl of mineral oil were added to avoid evaporation.
The thermal cycle used was a denaturation step of 94°C for 2 min., followed by n cycles of
94°C for 1 min., the appropriate annealing temperature for 1 min., and 72°C for 1min.. A final
extension of the product was performed for 5 min. at 72°C. PCR products were analysed by
2% agarose gel electrophoresis and visualized by GelRedTM staining under UV light.
The intensities of the bands of interest, evaluated with SigmaScan software, were normalized
for those of 18S, and plotted by SigmaPlot program to examine comparatively the pattern of
gene expression studied.
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Table 2 – Sequence of primers used for PCR amplification
GENES

Ta

BAND SIZE (bp)

5’- GGACCAGAGCGAAAGCATTTGCC - 3’
5’- TCAATCTCGGGTGGCTGAACGC - 3’

57°C

495

ß-actin

5’- GCCATCCTGCGTCTGGACCTGG - 3’
5’- TACTCCTGCTTGCTGATCCACA - 3’

55°C

567

CD73

5’ - GTGGTGGGAGGACACWCCAACAC - 3’
5’- TGG GCACTCGACACTTGGTG - 3’

56°C

734

CD90

5’ - TCCCGAGGGCAGAAGGTGACC - 3’
5’ - GGCRTGGAGGAGGGAGAGGGA - 3’

60°C

412

CD105

5’ - CCTCTTCCTCATCTGCATCAGCG - 3’
5’ - GGCAGGAAGCAGAGGGCGAAGAC - 3’

67°C

550

PPARγ

5’ - GCTGTTATGGGTGAAACTCTG - 3’
5’- ATAAGGTGGAGATGCAGGTTC - 3’

53°C

350

LPL

5’- GAGATTTCTCTGTATGGCACC - 3’
5’- CTGCAAATGAGACACTTTCTC - 3’

51°C

275

ON

5’- TGTGGGAGCTAATCCTGTCC -3’
5’- TCAGGACGTTCTTGAGCCAGT -3’

50°C

399

5’ - AGCAGGTCTTTGCACCAAGATG - 3’
5’ - CCCTCCACAACCATGTCCTGA - 3’

58°C

436

PTHrP 1-139

5’- AAACGGCGAACTCGCTCT - 3’
5’- AGGCTACGGGCCAGAGAAG - 3’

43°C

134

PTHrP 1-141

5’- AAACGGCGAACTCGCTCT -3’
5’- TGTCCTTGGAAGGTCTCTG -3’

43°C

145

PTHrP 1-173

5’- AAACGGCGAACTCGCTCT-3’
5’- CCTATCTGTAGCAGAGTCAA-3’

43°C

242

PTHrP P1

5’- AGGTACCTGCTTTCTAATA -3’
5’- TGCGATCAGATGGTGAAGGA -3’

43°C

739, 520, 406

PTHrP P2

5’-TTCTCCGGCAGGTTTG - 3’
5’-TGCGATCAGATGGTGAAGGA - 3’

49°C

468

PTHrP P3

5’- GTTGGAGTAGCCGGTTGCTA -3’
5’- TGCGATCAGATGGTGAAGGA -3’

53°C

242

COL5A1

5’- GTGGCACAGAATTGCTCTCA-3’
5’- TCACCCTCAAACACCTCCTC-3’

45°C

168

IHH

5’- CGGCTTTGACTGGGTGTATT- 3’
5’- TCAGCGATGTGCTCATTTTC - 3’

43°C

220

18S

BMP2

PRIMERS
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Methylation Sensitive Restriction Endonuclease - PCR (MSRE-PCR)
MSRE-PCR is a PCR variant in which the DNA is pre-treated with methylation-sensitive
endonucleases, which are enzymes differently sensitive to methylation of cytosines (C) in the
cutting site: in particular we used two isoschizomers, HpaII and MspI, that recognize the same
sequence (fig. 9) as cleavage site, but respond in a different way to the state of methylation of
C.

Figure 9 – Sequence recognized by isoschizomers HpaII and MspI

In particular:
• HpaII cuts the sequence, only if both internal C are not methylated,
• MspI cuts even in the presence of a single methyl group in the external C (tab. 3).
Table 3– Differently-methylated cutting sites recognized by HpaII e MspI enzymes (information obtained
from website “The Restriction Enzyme Database” rebase.neb)

MSRE

MSRE

SITO DI RESTRIZIONE

Restriction site

Sensibilità alla

Methylation
sensitivity
metilazione

HpaII

+
NON TAGLIA

MspI

+
NON TAGLIA

PUO’ TAGLIARE
-

On the basis of the methylation state of C in each site, digestion of genomic DNA with these
restriction enzymes may result or not in DNA cutting. The subsequent PCR gives an
amplified product only when the MSRE is unable to cut DNA, leaving the template intact and
suitable for reaction.
The use of the two enzymes with different sensitivity to methylation, gives information about
the methylation state of the examined sites, allowing us to identify demethylated sites (that are
cut by both enzymes), partially-methylated sites (that are cut by one enzyme only) and
hypermethylated sites (which are not cut by any enzyme).
For this experiment we used genomic DNA samples previously isolated at day 7, day 14, day
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21 and day 28 from LW40 MSCs cultured with and without inducers of osteogenic
differentiation.
For the digestion of each sample we used about 1600 ng (70 ng/µl) of genomic DNA and 10
U of both enzymes.
In particular the digestion mixture was the following:
• genomic DNA (1600 ng),
• MspI or HpaII MSRE (10 U),
• 10X NEBuffer (2 µl),
• H2O up to a final volume of 20 µl.
To increase the efficiency of the restriction reaction, each sample was separately digested
with the two enzymes at 37°C overnight.
Afterwards, every parallel sample of undigested and MSRE-digested genomic DNA was
amplified by PCR with primers flanking region containing cutting sites for MSRE in PTHrP
gene P2 promoter.
In particular three sites were analyzed (tab. 4).
Table 4 – Primers and annealing temperature used for amplification of the three sites of the CpG island in P2
promoter

Sites

Primers

5’-3’ sequence

U2

GGTTCATGTGGGGAACTGG

L2

CCCAGTCCTGATCTCCTGG

U3

TGTGGCCTCGTACAAGTCC

L3

CTGGAGGAACTGCCTCAGG

U4

CAGGAGACTCCAGAGAAGG

L4

CTCTGGACTTGTACGAGGC

S-II

S-III

S-IV

Ta

bp

60°C

215

60°C

502

60°C

456

To study the methylation state of P3 promoter three primer pairs were initially used; in each
pair the upper primer was unchanged, whereas the lower one was different. These primer
pairs are listed in table 5: in particular the U1/L1 pair had been used previously [144], while
the other two lower primers were designed under the supervision of Prof. Caradonna
(Dipartimento STEMBIO, University of Palermo).
These amplification reactions resulted particularly difficult to perform for the presence of GCrich sequences and secondary structures in the DNA template, that interfere with complete
denaturation of DNA during the melting step and DNA polymerase-slipping during the
extension phase.
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Table 5– Primers and annealing temperature used for amplification of the sites CpG of P3

Primers

Sequence 5’- 3’

U1

AGCTGACTTCAGAGGGGGAA

L1

TCTCCGCTCGCGCTCGGGAC

U1

AGCTGACTTCAGAGGGGGAA

L2

GACCCGAGTGTCAGTCTGGA

U1

AGCTGACTTCAGAGGGGGAA

L3

AGGGCATCTCCCAAGTTGAA

Ta

bp

60°C

451

60°C

411

60°C

324

For each sample the following mixture was prepared:
• appropriate amount of cDNA (300 ng),
• 6,25 µl of each primer (4 µM),
• 1 µl dNTP (10 mM),
• 4 µl MgCl2 (4 mM),
• 5 µl Buffer 10 X,
• 0,5 µl Taq Polymerase (5U/µl),
• H2O up to a final volume of 50 µl.
The thermal cycle used was a denaturation step of 94°C for 4 min., followed by 30 cycles of
94°C for 1 min., the appropriate annealing temperature (60°C) for 1 min., and 72°C for 1min.
A final extension of the product was performed for 5 min. at 72°C.
All PCR products were analyzed by 12% acrylamide-bisacrylamide (29:1 ratio) gel
electrophoresis. The samples were loaded with bromophenol blue tracking dye and run in
parallel with 50 bp ladder or 100 bp ladder. The results were displayed by ChemiDoc XRS
after staining of the gel with SYBR safe. The gel was then photographed and the image
captured on a digital support.

Differential Display-PCR (DD-PCR)
DD-PCR is a technique to identify differentially expressed genes. To this purpose, mRNA
samples isolated from undifferentiated and differentiating cell preparations were amplified
in the presence of specific primers published by Sokolov and Prokop [194] described
below:
A) BS52 CAAGCGAGGT
B) BS54 AACGCGCAAC
C) BS55 GTGGAAGCGT
D) BS57 GGAAGCAGCT
E) BS58 CAGTGAGCGT
F) BS70 GAGCTATGGC
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G) BS73 CACAGTGAGC
H) BS76 CTGGTCACAC
I) BS78 AGCCTGTGTC
in the following combinations: BS52 + BS54, BS54 + BS55, BS57 + BS58, BS70 + BS73,
BS76 + BS78.
For each sample the following mixture was prepared:
• 3 µl Stoffel buffer 10X,
• 3 µl MgCl2 25 mM,
• 0,6 µl dNTP mix (10 mM),
• 0,5 µl primer 3’ (25 pmoles/µl) + 0,5 µl primers 5’ (25 pmoles/µl),
• 0,36 µl AmpliTaq DNA Polymerase Stoffel Fragment,
• 1 µl cDNA,
• H2O up to a final volume of 30 µl.
The thermal cycle used was a denaturation step of 94,5°C for 3 min., followed by 45 cycles
of 94,5°C for 1 min., the appropriate annealing temperature for 1 min., and 72°C for 1min.. A
final extension of the product was performed for 10 min. at 72°C.

Polyacrylamide Gel Electrophoresis
The amplification products were examined by polyacrylamide gel electrophoresis and silver
staining. To this purpose, a 6% non-denaturing polyacrylamide gel solution was preparated
using the following mixture:
- 8.55 ml 40% acrilamide solution,
- 9 ml 2% N, N- methylene bis-acrylamide solution,
- 6 ml 10X TBE,
- H2O up to a final volume of 60 ml.
The mixture was subsequently degassed by the use of a vacuum pump.
Glass plates (Sequi-Gel, BioRad/USA) of electrophoresis apparatus were treated with specific
solutions as follows:
- the fixed glass plate with 1.5 ml silanisation solution,
- the mobile glass plate with a binding solution composed of 5 µl γmethacryloxypropanyltri-methoxy-silane, 5 µl CH3COOH and 1 ml 95% ethanol.
In order to prepare the bottom layer of the gel, 10 ml of the 6% polyacrilamyde solution were
mixed with 50 µl TEMED and 50 µl 25% APS and poured over Whatman paper. The gel
casting apparatus was assembled according to the manufacturer’s manual allowing the bottom
layer to soak in between the two plates by capillary forces.
Afterwards, the separation gel was prepared by combination of 40 ml of the 6%
polyacrilamyde solution with 40 µl TEMED and 40 µl 25% APS and carefully applied by a
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syringe. Immediately upon polymerization (45-60 min.), the comb was removed; the upper
(stacking) gel was prepared as described for the bottom layer and carefully applied to the
casting apparatus by a syringe and the gel comb was inserted. The gel was allowed to
polymerize overnight at RT.
The next day, the gel comb was removed and the wells were carefully rinsed with 1X TBE to
reduce bubble formation. The gel was pre-run at constant 55 W for 1 hour. Afterwards, 10 µl
of PCR product were mixed with 2.5 µl of 10X gel loading solution and loaded. 100 bp DNA
marker was utilized. Electrophoresis was performed at constant 55 W for 1 or 2 hours until
the bromophenol blue bands runned out of the gel.

Silver Staining
For staining of DNA bands the following solutions were prepared:
- Fix stop solution: 200 ml CH3COOH 10% and 1800 ml H2O milliQ up to a final
volume of 2 l;
- Staining solution: 1 gr AgNO3, 1,5 ml Formaldehyde 37%, and H2O milliQ up to a
final volume of 1 l;
- Developing solution: 30 gr Na2CO3 in 1 l of H2O milliQ. This solution was stored at
4°C and immediately before use 1.5 ml of Formaldehyde 37%, and 200 µl Sodium
thiosulfate (10 mg/ml) were added.
After the electrophoresis and the deassembling of the gel cassette, the gel fixed on the glass
plate was subjected to the following treatments:
- fixation in agitation for 20 min. in 1 l of Fix stop solution,
- three washings for 2 min. in H2O milliQ,
- treatment with 1 l of Staining solution for about 30 min.,
- washing for 10 sec. in H2O milliQ,
- addition of 500 ml of Developing solution and shake until some bands became visible
(20-30 sec.). Addition of 500 ml of Developing solution for 2-3 minutes until all bands
appear,
- addition of 1 l Fix stop solution to block the reaction,
- washing for at least 2 times with H2O MilliQ and drying at RT prior to photography,
- interesting bands were cutted out and stored at -20°C before to use.
To amplify the cDNA present in the excised bands, a PCR reaction was performed in the
presence of Stoffel DNA polymerase and the specific primers used in DD-PCR, as described
above.
The obtained products were then subjected to various purification using the kit described
below, to obtain a single band observable after agarose gel electrophoresis.
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PCR Product Purification
To this purpose, we used the MontageTM PCR Centrifugal Filter Devices (MILLIPORE): they
simplify the purification of PCR products by allowing for concentration and removal of
primers and unincorporated dNTPs prior to use of DNA in subsequent applications.
The following protocol was applied:
- 50 µl PCR reaction and 350 µl of distilled water were pipetted into sample reservoir to
a final volume of 400 µl,
- the Montage PCR unit was spinned at 1000 x g for 15 min.,
- the sample reservoir was placed upright into a clean vial and 20 µl of distillated water
were added to the purple end of reservoir, avoiding to touch the membrane surface,
- to recover the purified DNA the reservoir was inverted into clean vial and spinned at
1000 x g for two min.

Microtiter Immunocyto-Chemical ELISA Assay (MICE Assay)
This assay is a rapid method for objectively quantifying levels of immunoreactivity in
cultured cells without the need for protein extraction, gel electrophoresis or cell counting
[195].
The cells were cultured in four 96 - well plates, one for each week of differentiation. At the
end of each week, the following protocol was applied:
• discarding the culture medium by rapidly inverting the plate over a sink;
• fixing cells immediately for 15 min. with 50 µl HistoCHOICE Solution;
• 3x washing with PBS;
• permeabilizing cells by a 10 min. treatment with 0,05% saponin in PBS;
• 3x washing with PBS;
• quenching of endogenous peroxidase activity by a 10 min. treatment with 0,03% H2O2
in PBS;
• 3x washing with PBS;
• blocking of nonspecific binding sites by a 15 min. incubation with Blocking Solution
(10% FCS, and 0,05% sodium azide in PBS);
• discarding of the “Blocking Solution” and incubation of cells with primary antibody
(Parathyroid Hormone-Like Protein (Ab-2)) overnight at 4°C. The primary antibody
was diluted in PBS containing 5% FCS, 0,05% Tween 20 and 0.05% sodium azide;
• detection of antibody binding by incubating the cells for 30 min. at RT with
Peroxidase labelled Anti – Rabbit antibody diluted in the same solution of primary
antibody;
• 3x washing with DPBS;
• revealing of immunoreactivity by the addition of 100 µl of TMB Soluble Peroxidase
Substrate that was prepared by mixing equal parts of the substrate and hydrogen
peroxide solution immediately before use;
• stop of color development before saturation by adding 100 µl per well of 1M H2SO4;
• measurement of the absorbances at 450 nm using a spectrophotometer;
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•

•
•
•
•

assessment of cell number after measuring immunoreactivity, by rinsing cells with
PBS and staining for 10 min. with 50 µl per well of Coomassie Blue dye (0,05%
Coomassie Blue dissolved in 40% methanol/10% acetic acid);
extensive washing of the plate by repeated submersion in a bath of running warm
(tepid) tap water until no further dye was eluted;
after air-drying, solubilization of the protein complexed with dye in 200 µl of SDS 1%
in PBS;
measurement of the absorbances at 650 nm using a spectrophotometer;
calculation of the MICE index from the ratio between the absorbances of
immunoreactivity and Coomassie Blue labeling (cell density). The means and standard
deviations (SD) obtained for wells were used in the data analysis.

Dot Blot
Dot Blot is a technique to transfer and immobilize nucleic acids or proteins directly from
cellular or liquid samples to nylon or nitrocellulose membrane. Although being similar to the
Western blot technique, it differs in that protein samples are not separated electrophoretically
but are spotted through circular templates directly onto the membrane substrate.
For this technique a very simple and inexpensive apparatus, built by Prof. Barbieri and
colleagues, was used [196]. It consisted of a support for pipette tips in which half-cut p200
tips were used as tanks for the liquid samples. For our experiment a nitrocellulose membrane
was placed on the top of the tips and a blot of filter paper was placed on the membrane. This
apparatus was then turned upside down and placed on a rectangular Plexigas plates with four
screws fixed at each corner. The four screws passed through two metal bars, and wing nuts
were used to firmly clamps the assembly together. The bars locked the tips support firmly to
the membrane-paper blot so that the rim of the tips contacted the membrane surface tightly,
forming a water-tight seal. This prevented the samples from flowing away from the tip and
allowed it to be absorbed by the filter paper blot through the membrane, on which the proteins
bound.
For this experiments we loaded 200 µl of media stored at -80°C with protease inhibitors as
mentioned above, derived from LW40 and LW28 MSCs cultured in control conditions or in
the presence of inducers of osteogenic differentiation at Day 7, Day 14, Day 21 and Day 28.
After complete absorption of loaded volumes, the apparatus was removed and the following
protocol was applied:
- the membrane was left to dry;
- non-specific sites were blocked by soaking in 5% BSA in TBS-T (150 mM NaCl, 20
mM Tris-HCl pH 7.5, 0.05% Tween20) for 2 hours at RT with shaking;
- the membrane was incubated over-night at 4°C with anti-Parathyroid Hormone-Like
Protein antibody (Ab-2; 1 mg/ml) raised against the peptide corresponding to residues
34 to 53 of human PTHrP and developed in rabbit, dissolved in 5% BSA/TBS-T;
- the membrane was washed three times with TBS-T (3 x 5 min),
- the membrane was incubated with the secondary antibody conjugated with alkaline
phospahtase for 1 hour at RT, diluted 1:3000 in TBS-T,
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-

the membrane was washed three times with TBS-T (15 min x 1, 5 min x 2), then once
with TBS (150 mM NaCl, 20 mM Tris-HCl pH 7.5) for 5 min. with shaking,
the spots were identified by staining the membrane with BCIP®/NBT Liquid Substrate
System in the dark.

The intensities of the spots were evaluated with Image J software and plotted to examine the
pattern of protein studied.
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Results
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MSC Culture and Induction of Adipogenic and Osteogenic Differentiation in Vitro
During the first two months of my PhD course, I worked in the lab. of Prof. Edda Tobiasch in
the Hochschule Bonn-Rhein-Sieg (D) in order to learn the techniques of isolation and
induction of differentiation of MSCs isolated from human adipose tissue after liposuction (fig.
10). At the end of the isolation procedure, three cell preparations, respectively referred as
LW28 P0, LW36 P0 and LW40 P0, coming from three donors of 28, 36 and 40 years old,
respectively, were obtained (fig. 11). The stem cell character was confirmed by examining the
expression of standard stem cell markers as recommended by the International Society for
Cellular Therapy [15]. All stem cells used in this study expressed CD73, CD90 and CD105
(data not shown).
a)

b)

Figure 10 - a) Liposuction material before the isolation procedure of MSCs; b) Liposuction material mixed with
PBS during the isolation of MSCs.

Figure 11 – MSCs isolated from lipoaspirates after some days of incubation

These cells, after expansion in culture until passage 2, were frozen and transferred to the
laboratory of Prof. Luparello in the Department STEMBIO of the University of Palermo (I)
where I continued my research. Before submitting cells to differentiation protocols, I
proceeded to thaw and expand them in culture not exceeding passage 5, because previous
experiments had indicated that MSCs display the best adipogenic and osteogenic
differentiation potential between passage 3 and passage 5.
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To induce adipogenic differentiation, MSCs were cultured for 4 weeks with adipogenic
differentiation medium, that is DMEM supplemented with three inducers, dexamethasone,
insulin and indomethacin. In parallel, MSCs were grown in unsupplemented DMEM as
undifferentiated control.
During the following four weeks, the cells of all three preparations, submitted or not to
differentiation induction, were observed daily under the phase contrast microscope. The
undifferentiated cells showed a morphological appearance similar to that of fibroblasts,
whereas cells induced to differentiation gradually assumed a spherical morphology showing
accumulation of lipid droplets already between the second and third weeks after induction; at
the end of differentiation the small lipid droplets appeared to merge into a single larger drop.
To follow the differentiation process during the four weeks and therefore the terminal
differentiation, Oil Red O staining was performed and the red lipid accumulation was
visualized (figg. 12, 13, 14).
To induce osteogenic differentiation, MSCs were cultured for 4 weeks with osteogenic
differentiation medium, that is DMEM supplemented with three inducers, dexamethasone, βglycerophosphate and ascorbic acid-2-phosphate. Also in this case, in parallel MSCs were
grown in unsupplemented DMEM as undifferentiated control.
During the following four weeks, the cells of all three preparations, submitted or not to
differentiation induction, were observed daily under the phase contrast microscope. Again, the
morphology of undifferentiated cells appeared to be similar to that of fibroblasts. The cells
induced to differentiation gradually assumed a tapered morphology, thereby forming a
compact layer of densely-packed elongated cells that in the last week often displayed a
network-like organization. The deposition of extracellular matrix was also evident after four
weeks from osteo-induction.
To follow the differentiation process during the four weeks and to confirm terminal
differentiation, Alizarin Red S staining was performed. Alizarin Red S complexes with
calcium in a chelation process resulting in a strong red staining (figg. 15, 16, 17).
In addition, total RNA and DNA were isolated from each plate at Day 7, Day 14, Day 21 and
Day 28 from induction for subsequent reverse transcription-PCR (RT-PCR) and methylation
assays, and the conditioned media were stored at -80°C in the presence of protease inhibitors
for subsequent protein assays.
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Figure 12 - Oil red O staining of LW28 MSCs induced to adipogenic differentiation (Adipo +) at days 7, 14, 21,
28. Adipo- is the undifferentiated control. (10x objective magnification)
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Figure 13 - Oil red O staining of LW36 MSCs induced to adipogenic differentiation (Adipo +) at days 7, 14, 21,
28. Adipo- is the undifferentiated control. (10x objective magnification objective magnification).
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Figure 14 - Oil red O staining of LW40 MSCs induced to adipogenic differentiation (Adipo +) at days 7, 14, 21,
28. Adipo- is the undifferentiated control. (10x objective magnification, except for Day 28 A+: 20x objective
magnification).
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Figure 15 - Alizarin Red S staining of LW28 MSCs induced to osteogenic differentiation (Osteo +) at days 7, 14,
21, 28. Osteo- is the undifferentiated control. (10x objective magnification).
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Figure 16 - Alizarin Red S staining of LW36 MSCs induced to osteogenic differentiation (Osteo +) at days 7, 14,
21, 28. Osteo- is the undifferentiated control. (10x objective magnification).
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Figure 17 - Alizarin Red S staining of LW40 MSCs induced to osteogenic differentiation (Osteo +) at days 7, 14,
21, 28. Osteo- is the undifferentiated control. (10x objective magnification).
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Expression of Adipogenic and Osteogenic Markers
To further confirm the differentiation towards the adipogenic and osteogenic lineages at the
transcriptional level, RNA isolated from cell preparations at the 4th week of culture (day 28
after induction) was subjected to reverse transcription and PCR assays thus evaluating the
expression of differentiation markers, in parallel with RNA preparations isolated from
undifferentiated controls.
In particular, to monitor the result of adipocyte differentiation, we found an intense band for
PPARγ2 and LPL genes in all cDNA preparations from induced cells (Fig. 18).
LW28 A-

LW28 A+

LW36 A-

LW36 A+

LW40 A-

LW40 A+

PPPARγ
350 bp
LPL
275 bp
18S
495 bp
Figure 18 - RT-PCR analysis of adipogenic differentiation markers PPPARγ and LPL in LW28, LW36 and LW40
MSCs cultured without (-) and with (+) induction factors over a period of 4 weeks. 18S served as internal
control. (2% agarose gel; red gel staining).

To monitor the result of osteogenic differentiation, we found an intense band for ON and
BMP2 genes in LW28 and LW40 cell-derived preparations only (Fig. 19).
LW28 O-

LW28 O+

LW40 O-

LW40 O+

ON
399 bp
BMP2
436 bp
18S
495 bp
Figure 19 - RT-PCR analysis of osteogenic differentiation markers ON and BMP2 in LW28 and LW40 MSCs
cultured without (-) and with (+) induction factors over a period of 4 weeks. 18S served as internal control. (2%
agarose gel; red gel staining).

Conversely, RT-PCR analysis of LW36 cell-derived cDNA preparations showed a band for
ON with similar intensity both for undifferentiated and differentiated cells, and no
amplification product for BMP2 could be observed in both preparations (data not shown).
Therefore, we decided to use this preparation as a negative control of correct osteogenic
differentiation.
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Expression of PTHrP Splicing Products During Adipogenic Differentiation of MSCs
To check the expression of PTHrP splicing products, PCR assays were performed with the
specific primers listed in Table 2, which had been tested previously by Luparello et al. [197200].
Therefore, RNA preparations isolated at Day 7, Day 14, Day 21 and Day 28 from LW28,
LW36 and LW40 MSCs, cultured with and without adipogenic differentiation medium, were
subjected to reverse transcription and the cDNA obtained amplified in the presence of the
specific primers.
In a first set of experiments I checked the expression of splicing variants coding for the three
PTHrP isoforms of 139, 141 and 173 aminoacids, respectively.
The results obtained indicate that no band of 145 bp, indicative of the splicing variant coding
for PTHrP isoform of 141 aminoacids, could be observed after amplification of all cDNA
preparations (fig. 20), indicating that this splicing event is not occurring in MSCs even if
addressed to differentiation.
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Figure 20 - Expression of PTHrP 1-141 mRNA during in vitro adipogenesis. The MSCs were cultivated with (+)
and without (-) induction factors over a period of 4 weeks and analyzed for the expression of the indicated
isoform. PTHrP 1-141 mRNA is expressed in 8701-BC breast cancer cells cultured on Collagene type V
substrate, which served as control for this gene expression [197]. 18S served as internal control. (2% agarose
gel; red gel staining).

On the other hand, the splicing isoform encoding for PTHrP 1-139 appeared to be selectively
expressed by undifferentiated cells, whereas when cells were cultured with adipogenic
differentiation medium no amplification of cDNA could be observed, thereby indicating that
this isoform could be considered a stemness marker for MSCs (Fig. 21).
When the expression of 1-173 isoform was analyzed, the 242 bp amplification product was
visualized in all samples, derived from both control and adipo-induced stem cells, thereby
appearing to be the dominant product for this model system. As shown in the histograms, the
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Intensity of normalized bands

expression levels in all preparations from differentiating and differentiated cells were always
lower than those from undifferentiated cells, thereby indicating that a decrease in such gene
expression could be considered an adipo-differentiation marker (Fig. 22).

Not differentiated
Differentiated

Weeks

Figure 21 - Histograms showing the average time-dependent modulation of the expression levels of PTHrP 1139 in cDNA preparations from LW28, LW36 and LW40 MSCs cultured without and with adipogenic
differentiation medium over a period of 4 weeks. The s.e.m. bars cover the range of variability of three different
preparations on the chart. The intensities of the bands of interest, evaluated with SigmaScan software, were
normalized for those of 18S. No band was observed in cDNA preparations from differentiating MSCs.

We then analyzed the expression of transcript isoforms that are produced from either of the
three promoters of PTHrP gene, i.e. P1, P2 and P3 in undifferentiated and
adipodifferentiation-induced cells.
As shown in fig. 23, no band of 468 bp indicative of the transcript isoform produced from P2
promoter could be observed after electrophoresis of the amplification products in a 2%
agarose gel.
Concerning the isoform produced starting from P1 promoter, it is known that the
amplification with the specific primers gives rise to different bands depending on the exons
enclosed in the transcript. In fact, a band of 739 bp is obtained when the transcript contains
exons I-II-III, whereas bands of 520 and 406 bp are obtained when the transcript contains
either exons I and III, or exon I only [164]. In my experiments, we have always found a band
of 520 bp, indicative of a transcript obtained with the exclusion of exon II only (Fig. 24).
In addition, the data obtained show a constant expression of this product in all the
preparations tested, and therefore P1 represents the predominant promoter utilized by
undifferentiated and adipo-differentiated MSCs. On the other hand, when the ratio of isoform
expression between differentiated and stem cells was evaluated a prominent variability was
found among the three different cell lines thereby precluding to draw any conclusion about
the possibility to use this expression as stemness/differentiation marker (Fig. 25).
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Figure 22 - Histograms showing the time-dependent modulation of the expression levels of PTHrP 1-173 in
cDNA preparations from a) LW28, b) LW36 and c) LW40 MSCs cultured without and with adipogenic
differentiation medium over a period of 4 weeks. The histograms indicate the ratio of intensities of the bands of
interest normalized for those of 18S in differentiated cells vs. controls. In all samples the s.e.m. is less than 5%.
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Figure 23 - Expression of PTHrP isoform produced starting from P2 promoter during in vitro adipogenesis.
The MSCs were cultured with (+) and without (-) induction factors over a period of 4 weeks and analyzed for the
expression of the isoform. PTHrP isoform mRNA is expressed in 8701-BC breast cancer cells cultured on
collagen type I substrate, which served as control for this gene expression [197]. 18S served as internal control.
(2% agarose gel; red gel staining).
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Figure 24 - Expression of the PTHrP isoform produced starting from P1 promoter during in vitro adipogenesis.
The MSCs were cultivated with (+) and without (-) induction factors over a period of 4 weeks and analyzed for
expression of indicated gene. PTHrP isoform mRNA is expressed in 8701-BC breast cancer cells cultured on
collagen type I substrate, which served as control for this gene expression [197]. 18S served as internal control.
(2% agarose gel; red gel staining).
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Figure 25 - Histograms showing the time-dependent modulation of the expression levels of the PTHrP isoform
produced starting from P1 promoter in cDNA preparations from a) LW28, b) LW36 and c) LW40 MSCs cultured
without and with adipogenic differentiation medium. The histograms indicate the ratio of intensities of the bands
of interest normalized for those of 18S in differentiated cells vs. controls. In all samples the s.e.m. is less than
5%.

Concerning the expression of the transcript isoform derived from P3 promoter, after
amplification with the specific primers a 242 bp-band could be observed only in cDNA
preparations obtained from “aged” undifferentiated stem cell, i.e. at about 3 weeks of culture
(fig. 26). In light of such result, the expression of this isoform could be considered a stemness
marker.
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Figure 26 - Histograms showing the average time-dependent modulation of the expression levels of the PTHrP
isoform produced from P3 promoter in cDNA preparations from LW28, LW36 and LW40 MSCs cultured without
and with adipogenic differentiation medium. The s.e.m. bars cover the range of variability of three different
preparations on the chart. The intensities of the bands of interest, evaluated with SigmaScan software, were
normalized for those of 18S. No band was observed in cDNA preparations from differentiating MSCs.

Expression of PTHrP Splicing Products in Osteogenic Differentiation of MSCs
A second set of experiments was focused on the analysis of the expression of products of
splicing of PTHrP during osteogenic differentiation by PCR assays performed with the
specific primers listed in Table 2.
Also in this case, RNA preparations from stem and differentiating LW28 and LW40 cells at
Day 7, Day 14, Day 21 and Day 28 of culture, were subjected to reverse transcription and the
cDNA obtained amplified in the presence of the specific primers. Also the cDNA preparations
from LW36 MSCs (negative control of osteogenesis) cultured with and without inducers were
analyzed in parallel.
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In a first set of assays I analyzed the expression of the splicing variants of the transcript
coding for either of the three protein isoforms of PTHrP, i.e. 1-139, 1-141 and 1-173.
Analogously to adipo-differentiation, also in cDNA preparations from MSCs cultured with or
without osteogenic differentiation medium no band of 145 bp, indicative of the splicing
isoform encoding for PTHrP of 141 aminoacids, could be observed (data not shown).
Conversely, in the preparation obtained from LW36 (negative control of osteogenesis)
expression was switched-on in the 3rd and 4th week from induction of differentiation (data
not shown).
The splicing isoform encoding for 1-139 PTHrP appeared to be selectively-expressed in
preparations from undifferentiated cells, although amplification of samples from LW28 cells
in the early stages of osteo-differentiation (i.e. weeks 1 and 2) showed the presence of bands
(Fig. 27). It must be taken into account that the time of the onset of differentiation might
differ from cell line to cell line and a retardation in the differentiation program of LW28 cells
could tentatively explain this discrepancy. Although this hypothesis is still to be tested, in
positive case this result will further support the concept that expression of this splicing
isoform can be considered a stemness marker. Concerning LW36 cells (negative control of
osteogenesis), expression of this isoform could be found in all preparations from both control
and differentiating cells (data not shown).
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Figure 27 - Histograms showing the average time-dependent modulation of the expression levels of PTHrP 1139 in cDNA preparations from a) LW28 and b) LW40 MSCs cultured without and with osteogenic
differentiation medium. The intensities of the bands of interest, evaluated with SigmaScan software, were
normalized for those of 18S. In all samples the s.e.m. is less than 5%. No band was observed in cDNA
preparations from differentiating LW40 MSCs.

As for adipo-differentiated cells, when the expression of 1-173 isoform was analyzed a 242 bp
amplification product was found in all the analyzed samples, from both control and osteodifferentiated cells thereby being the dominant product also for this model system. In
differentiated cells, especially of the LW28 line, we observed a higher expression of the
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transcript than in undifferentiated cells, thereby suggesting that the up-regulation of this
isoform, when such result is confirmed in other cell preparations, could be considered as a
novel marker of osteo-induction (Fig. 28). A different results was obtained with LW36 cells
(negative control of osteogenesis) where the transcript, which was present in all preparations
from both control and differentiated cells, appeared to be down-regulated in the second, third
and fourth week of culture (data not shown).
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Figure 28 - Histograms showing the time-dependent modulation of the expression levels of PTHrP 1-173 in
cDNA preparations from a) LW28 and b) LW40 MSCs cultured without and with osteogenic differentiation
medium. The histograms indicate the ratio of intensities of the bands of interest normalized for those of 18S in
differentiated cells vs. controls. In all samples the s.e.m. is less than 5%.

Subsequently, as for adipo-differentiation, the expression of isoforms arising from P1, P2 and
P3 transcriptional start sites was examined in control and osteo-differentiating cells.
As shown in fig. 29, even in this case no band of 468 bp indicative of the transcript isoform
produced from P2 promoter could be observed, thereby indicating that P2 is a
transcriptionally-inactive start site for this cytotype.
By analogy with previous results on adipo-differentiating cells, when the utilization of P1 was
examined, we found a band of 520 bp, indicative of a transcript obtained with the exclusion of
exon II, present in all LW28 and LW40 MSC-derived cDNA preparations, thus confirming
that this variant represents the predominant form synthesized by untreated and differentiated
MSCs (Fig. 30). Also in this case, a prominent variability was found among the two different
cell lines (Fig. 31).
In LW36 cDNA preparations (negative control of osteogenesis) the expression of this isoform
was not detectable in the first two weeks of differentiation (data not shown).
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Figure 29 - Expression of PTHrP isoform produced starting from P2 promoter during in vitro osteogenesis. The
MSCs were cultured with (+) and without (-) induction factors over a period of 4 weeks and analyzed for the
expression of the isoform. PTHrP isoform mRNA is expressed in 8701-BC breast cancer cells culured on
collagene type I substrate, which served as control for this gene expression [197]. 18S served as internal
control. (2% agarose gel; red gel staining).

-1

+1

-2

+2

-3

+3

-4

+4

8701-BC

18S
495 bp
Figure 30 - Expression of the PTHrP isoform produced starting from P1 promoter during in vitro osteogenesis.
The MSCs were cultured with (+) and without (-) induction factors over a period of 4 weeks and analysed for the
expression of the indicated isoform. PTHrP isoform mRNA is expressed in 8701-BC breast cancer cells cultured
on collagen type I substrate, which served as control for this gene expression [197]. 18S served as internal
control. (2% agarose gel; red gel staining).
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Figure 31 - Histograms showing the time-dependent modulation of the expression levels of the PTHrP isoform
produced starting from P1 promoter in cDNA preparations from a) LW28 and b) LW40 MSCs cultured without
and with osteogenic differentiation medium. The histograms indicate the ratio of intensities of the bands of
interest normalized for those of 18S in differentiated cells vs. controls. In all samples the s.e.m. is less than 5%.

Also in the case of utilization of P3 promoter, the results obtained were similar to the previous
ones on adipo-differntiating cells, since the 242 bp band was present only in cDNA
preparations obtained from “aged” undifferentiated stem cell (fig. 32). In LW36 cDNA
preparations (negative control of osteogenesis), the band could be detected in all experimental
conditions (data not shown).
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Figure 32 - Histograms showing the average time-dependent modulation of the expression levels of the PTHrP
isoform produced starting from P3 promoter in cDNA preparations from a) LW28 and b) LW40 MSCs cultured
without and with osteogenic differentiation medium. s.e.m. bars cover the range of variability of three different
preparations on the chart. The intensities of the bands of interest, evaluated with SigmaScan software, were
normalized for those of 18S. No band was observed in cDNA preparations from differentiating MSCs
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Since undifferentiated MSCs appeared to utilize both P1 and P3 promoters as transcriptional
start sites, I examined the PCR efficiency of amplification of the isoform-specific cDNA
fragments in order to evaluate whether one of the two promoters might be more prominently
committed for PTHrP transcription. The results obtained with LW28 cell-derived samples
indicate that the transcript derived from P1 promoter was more expressed than that from P3,
because the correspondent band was already detectable after 35 cycles of amplification, while
that from P3 after more than 40 cycles, following normalization of the data with amplification
of 18S.

Culture of DFCs and Expression of PTHrP Transcript Isoforms in DFCs

Intensity of normalized bands

Intensity of normalized bands

DFCs 11 and DFCs 18 were previously isolated from dental follicle tissue in the laboratory of
Prof. Edda Tobiasch. After thawing stock aliquots frozen at passage 1, I proceeded to expand
them in culture to passage 2. The cells showed fibroblastoid morphology typical for MSCs.
Total RNA was isolated from cell preparations and gene expression compared to that of fat
tissue-derived MSCs in order to check whether differences could be found in MSCs obtained
from diverse sources.
Concerning the isoforms arising from splicing at 3’ end, we found the expression of that
encoding for 1-139 PTHrP in both DFCs 11 and DFCs18 cell lines, whereas the expression of
the isoform encoding for 1-173 PTHrP was detected only in DFCs11 (fig. 33).

Cells

Cells

a)

b)

Figure 33 - Histograms showing the expression levels of a) PTHrP 1-139 and b) PTHrP 1-173 in cDNA
preparations from DFCs 11 and DFCs 18. The intensities of the bands of interest, evaluated with SigmaScan
software, were normalized for those of 18S. In all samples the s.e.m. is less than 5%.

Concerning the isoforms arising from the utilization of the three different promoters, we
found only the expression of the product of P3 transcriptional start site in both cell types (fig.
34).
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Cells

Figure 34 - Histograms showing the expression levels the PTHrP isoform produced starting from P3 promoter
in cDNA preparations from DFCs 11 and DFCs 18. The intensities of the bands of interest, evaluated with
SigmaScan software, were normalized for those of 18S. In all samples the s.e.m. is less than 5%.

This result indicate that MSCs from different tissue sources, such as fat tissue and dental
follicle, may be endowed with differing transcriptional programmings and therefore caution
must be exercised in generalizing the data arising from experiments on MSCs that should not
be considered as a single homogeneous cytotype.

PTHrP Gene Expression Correlates with the Methylation State of Its Promoters
As already reported, the obtained data on PTHrP isoform expression had shown that no band
of 468 bp, indicative of the transcript isoform produced from P2 promoter, could be observed
after electrophoresis of the amplification products in a 2% agarose gel, and that the 242 bp
band, indicative of the expression of the transcript isoform derived from P3 promoter, was
present only in cDNA preparations obtained from “aged” undifferentiated stem cell.
Therefore, in collaboration with the group of Prof. Caradonna, we performed a study on the
methylation status of some internal sites of CpG island of P2 promoter, and of CpG sites of
P3 promoter, in order to check if the promoters were hypermethylated and therefore the
splicing variants downregulated, or whether the presence of insulators could be supposed.
MSRE-PCR was performed on genomic DNA isolated at Day 7, Day 14, Day 21 and Day 28
from LW40 MSCs cultured with and without osteogenic differentiation medium.
In particular three sites S-II, S-III e S-IV located within the CpG island of PTHrP P2
promoter were analyzed with the specific primers listed in table 4.
Concerning undifferentiated MSCs at day 7 (week 1), the 215 bp amplification product for SII and the 502 bp amplification product for S-III were visualized after electrophoresis in a
polyacrylamide gel only in the undigested DNA sample, while no bands were present in
digested DNA preparations (fig. 35). This demonstrated that S-II and S-III sites were
unmethylated, since HpaII and MspI enzymes cut the DNA thereby making the amplification
impossible. Regarding S-IV site, it was possible to find a 456 bp band in both undigested and
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digested DNA samples; this gives evidence that this site was strongly methylated, since both
MSRE did not found their site available for cutting.
In differentiated MSCs at day 7, instead, S-II, S-III and S-IV sites of the P2 CpG island were
heavily methylated, in fact the amplification bands of the correct bp were present in both
undigested and digested DNA preparations.

Figure 35 - Methylation analysis of S-II, S-III and S-IV sites of PTHrP P2 promoter in LW40 MSCs cultured
without (-) and with (+) osteoogenic differentiation medium at day 7 (I week). ND = undigested, H = digested
with HpaII, M = digested with MspI. (12% acrylamide-bisacrylamide (29:1 ratio) gel electrophoresis. SYBR
safe staining).

In undifferentiated and differentiated MSCs at day 14 (week 2), S-II and S-III sites of CpG
island were strongly methylated, since the bands of amplification products could be observed
in both the undigested and restricted DNA samples (fig. 36).
S-IV site was partially methylated, since in undifferentiated MSCs the amplification product
was found also in the preparation of genomic DNA restricted with MspI, and in differentiated
MSCs in that restricted with HpaII (fig. 36).
When S-II and S-III sites were analyzed in genomic DNA samples isolated from
differentiated cells at day 21 (week 3), they showed a partial methylation and a strong
methylation state, respectively (fig. 37). The presence of 215 bp fragments in both the
undigested and the HpaII-digested sample (for S-II site), and of all three 502 bp bands (for the
S-III site) were seen. S-II and S-III sites in undifferentiated cells at day 21 appeared to be
strongly methylated, as demonstrated by the presence of all bands after electrophoresis in
polyacrylamide gel.
S-IV site was shown to be hypermethylated in all the examined preparations.
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Figure 36 - Methylation analysis of S-II, S-III and S-IV sites of PTHrP P2 promoter in LW40 MSCs cultured
without (-) and with (+) osteogenic differentiation medium at day 14 (week 2). ND = undigested, H = digested
with HpaII, M = digested with MspI. (12% acrylamide-bisacrylamide (29:1 ratio) gel electrophoresis. SYBR
safe staining).

Figure 37 - Methylation analysis of S-II, S-III and S-IV sites of PTHrP P2 promoter in LW40 MSCs cultured
without (-) and with (+) osteogenic differentiation medium at day 21 (week 3). ND = undigested, H = digested
with HpaII, M = digested with MspI. (12% acrylamide-bisacrylamide (29:1 ratio) gel electrophoresis. SYBR
safe staining).
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Finally, undifferentiated and differentiated MSCs at day 28 (week 4), were proven to have
strongly methylated S-II and S-III sites of CpG island, since the amplification bands could be
observed in both the undigested and digested DNA preparations (fig. 38).
S-IV site was partially methylated, since in undifferentiated MSCs the amplification product
was found in the preparation of genomic DNA restricted with HpaII, while in differentiated
MSCs in that restricted with MspI.

Figure 38 - Methylation analysis of S-II, S-III and S-IV sites of PTHrP P2 promoter in LW40 MSCs cultured
without (-) and with (+) osteogenic differentiation medium at day 28 (week 4). ND = undigested, H = digested
with HpaII, M = digested with MspI. (12% acrylamide-bisacrylamide (29:1 ratio) gel electrophoresis. SYBR
safe staining).

For P3 promoter, the data of the amplification of genomic DNA from undifferentiated and
osteo-differentiated LW40 cells, at the end of each of the four weeks are shown in figure 39.
The PCR was initially performed with all three primer pairs. The higher reaction efficiency
was achieved using the pair U1/L3, whose sequence was previously reported in Table 4. This
pair of primers used, according to the sequence deposited in the database (NCBI Gene Bank
nucleotide), should produce a fragment of 324 bp, but in all cases, after amplification and
analysis by polyacrylamide gel electrophoresis, a band of about 370 bp was present. To make
sure that the primers, specifically designed, actually amplified the right fragment, and also to
check the presence of the restriction site of enzymes within the amplified DNA, a sequencing
reaction of the amplified fragment was carried out, and it confirmed that the fragment belongs
to the P3 promoter of PTHrP and contains the restriction site for HpaII /MspI enzymes. This
ensures that any result obtained with the MSRE-PCR can be attributed exclusively to
methylation state of P3 promoter. This study also provides an initial starting point for an
investigation about this discrepancy of the size of P3 promoter, which is reported to be about
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50 bp, by using the same pair of primers for amplification of DNA isolated from other cell
lines or peripheral blood lymphocytes of healthy subjects, even in consideration of a possible
proposal for revision of the deposited sequence.
Regarding undifferentiated MSCs at day 7, in agreement with gene expression data, after
electrophoresis in polyacrylamide gel, a band of about 370 bp was found both in undigested
DNA and in that digested with HpaII and MspI. This indicated that CpG sites were
methylated, since the enzymes were unable to cut the DNA thereby allowing its amplification.
Even in preparations from cells cultured with osteogenic differentiation medium, the bands
were present in undigested and digested DNA.
The genomic DNA of differentiated MSCs at days 14 and 28 was methylated, whereas at day
21 it was partially methylated.
In the undifferentiated cells, the sites under study were not methylated at day 21 and 28, while
an hypermethylation of cytosines was observed at day 14, this being the only result in
disagreement with gene expression data.
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Figure 39 - Methylation analysis of sites of PTHrP P3 promoter in LW40 MSCs cultured without (-) and with
(+) osteogenic differentiation medium at days 7, 14, 21 and 28 (weeks 1, 2, 3, 4). ND = undigested, H = digested
with HpaII, M = digested with MspI. (12% acrylamide-bisacrylamide (29:1 ratio) gel electrophoresis. SYBR
safe staining).
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Evaluation of the Levels of Intracellular Accumulation and Extracellular Secretion of
PTHrP Protein Product

MICE index

Once gene expression in MSCs induced towards adipogenic and osteogenic differentiation
was checked and compared to that of their non-differentiated counterparts, the levels of
intracellular accumulation of the protein product of PTHrP were studied, using the MICE
Assay. The analysis was performed at the Day 7, Day 14, Day 21 and Day 28 in LW40 MSCs
cultured in the presence of the inducers of adipogenic and osteogenic differentiation and in
undifferentiated controls.
The comparative analysis of the MICE index in control and osteo-differentiating LW40 cells,
suggested that the accumulation of PTHrP protein product during the four weeks of treatment
with inducers of differentiation was always lower than that found in undifferentiated cells
(fig. 40). On the other hand, when the same cells were induced towards adipogenic
differentiation the intracellular accumulation of the protein did not differ significantly to
control (data not shown).

Weeks
Figure 40 - Histograms showing the mean +- s.e.m. of the MICE indices indicative of the intracellular levels of
PTHrP in LW40 MSCs cultured in the presence of the inducers of osteogenic differentiation and in plain
DMEM.

In LW36 cells used as negative control of correct osteogenic differentiation, the intracellular
accumulation of PTHrP paralleled that of LW40 cells in the early stages, but increased after
the third week, reaching higher values than those found in non-differentiated stem cells in the
fourth week (data not shown).
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In a second set of assays the levels of extracellular secretion of PTHrP protein product were
studied by Dot Blot experiments on extracts from LW40 and LW28 MSCs cultured in control
conditions or in the presence of inducers of osteogenic differentiation at the Day 7, Day 14,
Day 21 and Day 28.
The data obtained showed that in the conditioned medium of both control and induced LW40
MSCs the protein product was always present, but the secreted amounts were always higher
in treated compared to untreated cultures, except for day 7 (fig. 41). A similar situation was
found for LW28 cells, which, on the other hand showed a secretion peak at the third week of
differentiation.
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Figure 41 - Histograms showing the time-dependent modulation of the extracellular protein levels of PTHrP in
conditioned media from a) LW28 and b) LW40 MSCs cultured in osteogenic differentiation medium and in
control conditions. The histograms indicate the ratio between the amount secreted by differentiating vs. control
cells. In all samples the s.e.m. is less than 5%.

Differentially-Expressed Genes by MSCs During in Vitro Osteogenesis
To search for additional novel markers of osteo-differentiation induction on MSCs, DD-PCR
was performed on enriched mRNA samples isolated from undifferentiated and differentiating
cell preparations, kindly donated by Prof. Edda Tobiasch and different from those utilized in
this thesis, in the presence of primer combinations as listed previously. In particular, my
experiments were focused on the third week of differentiation, that is when phenotypic osteodifferentiation begins to be visible. After polyacrylamide gel electrophoresis and silver stain,
several bands appeared differently expressed in either osteogenically-induced (+) or control
(-) MSCs, and they were cut from the gel (fig. 42).
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Figure 42 - 6% polyacrylamide gel of cDNA preparations from singol donor MSCs cultured with (+) and
without (-) induction factors of osteogenic differentiation and obtained at day 21. AB, BC, DE, FG, and HI
indicate the different primer pairs. M = 100 bp DNA marker. The arrows indicate the differentially-displayed
bands that have been identified. Silver stain.

Two bands, i.e. nr. 1 and 5 of fig. 42, were submitted to further analysis. To this purpose, the
cDNA contained in the bands was purified, re-amplified until purity and adequate yield, and
then the material was submitted to sequencing. This revealed a homology for band 1 with a
portion of cDNA of Indian Hedgehog (Ihh) (acc. nr. NM_002181.2) and for band 5 with a
portion of cDNA of the α1 chain of type V collagen (COL5A1, gene id: 1289 COL5A1); for
the latter product, the analysis by FASTA also showed homology with a patented sequence
called "stem cells specific markers" (acc. nr. DM149324). Therefore, experiments were
carried out to confirm the data obtained by DD-PCR which is not a much stringent technique.
To this purpose, semiquantitative “multiplex” PCR assays were performed on LW40 and
LW28 cDNA preparations at day 7, 14, 21 and 28 in the presence of primers specific for Ihh
and COL5A1. As reported in the histograms of fig. 43, in osteo-differentiated cells Ihh
expression remained always lower than the corresponding control cells except for LW40 cells
at the third week of differentiation. This discrepancy will be the subject of further
investigations in order to understand whether Ihh down-regulation can be considered as an
actual osteo-differentiation marker, or is subjected to some individual variability.
In LW36 cells (negative control of osteogenic differentiation), an amplification band was
found only in preparations from control MSCs at day 7, 14 an 21 and from osteodifferentiating cells at day 21 and 28 (data not shown).
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Figure 43 - Histograms showing the time-dependent modulation of the expression levels of Ihh in cDNA
preparations from a) LW28 and b) LW40 MSCs cultured without and with osteogenic differentiation medium.
The histograms indicate the ratio of intensities of the bands of interest normalized for those of 18S in
differentiated cells vs. controls. In all samples the s.e.m. is less than 5%.

Subsequently, in order to check whether COL5A1 could be considered as a marker of stem
cells, the expression levels of this gene were specifically-evaluated, and the obtained results
showed that at days 21 and 28 of differentiation COL5Α1 was down-regulated compared
to undifferentiated stem cells (Fig. 44).

COL5A1 LW 40 O

Differentiated / not differentiated sample ratio

Differentiated / not differentiated sample ratio

COL5A1 LW 28 O

a)

Weeks

Weeks

b)

Figure 44 - Histograms showing the time-dependent modulation of the expression levels of COL5A1in cDNA
preparations from a) LW28 and b) LW40 MSCs cultured without and with osteogenic differentiation medium at
days 21 and 28 (III and IV weeks). The histograms indicate the ratio of intensities of the bands of interest
normalized for those of 18S in differentiated cells vs. controls. In all samples the s.e.m. is less than 5%.
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MSCs Culture and Osteogenic Differentiation on Collagene Type V Substrate
Assuming that the down-regulation of COL5A1 might be considered essential to the
acquisition of a mature osteogenic phenotype, I wanted to check if collagen type V, used as a
substrate for MSC cultures submitted to exposition to osteogenic inducers, could restrain this
differentiation process, due to the continuous adhesion of MSCs to such potential promoter of
stemness. Preliminary assays were performed by monitoring the deposition of extracellular
calcium by Alizarin Red S staining. The obtained results indicate that in the presence of
collagen type V substrate, cells induced to osteogenic differentiation deposited a much lower
quantity of extracellular calcium than those plated on uncoated plastic (figg. 45-47), thereby
prompting to set up new future experiments to investigate the molecular aspects of osteodifferentiation of MSCs on this extracellular matrix substrate.

LW 28 Osteo -

LW 28 Osteo +

Day
21

Day
28

Figure 45 - Alizarin Red S staining of LW28 MSCs induced to osteogenic differentiation (Osteo +) on Collagene
type V substrate at days 21 and 28. Osteo- is the undifferentiated control. (20x objective magnification).
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LW 40 Osteo -

LW 40 Osteo +

Day
21

Day
28

Figure 46 - Alizarin Red S staining of LW40 MSCs induced to osteogenic differentiation (Osteo +) on Collagene
type V substrate at days 21 and 28. Osteo- is the undifferentiated control. (20x objective magnification, except
for Day 21 Osteo-: 10 x objective magnification).

Figure 47- Alizarin Red S staining of LW40 MSCs induced to osteogenic differentiation at days 28. (10x
objective magnification).
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Discussion
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Human Fat-Derived MSCs are a Suitable Model for the Study of Differentiation
Human adipose tissue constitutes an alternative source of MSCs compared to bone marrow,
due to the possibility to obtain an high number of cells, avoiding pain and discomfort for the
patient and furthermore without ethical problem for their use.
To be validated as MSCs, cells have to meet the criteria suggested by the International
Society for Cellular Therapy [15]. First, cells must be able to adhere to plastic in standard
culture, and, furthemore, have to show expression of specific markers of stemness, such as
CD73, CD90 and CD105, and be silent for the expression of CD14, CD34 and CD45. Finally,
MSCs must display the capacity for multilineage differentiation, thereby being able to
differentiate into adipocytes, osteoblasts and chondroblasts in vitro.
The cells used in this study, isolated from adipose tissue from three different donors, have
been proven positive to these three criteria; in fact, they were able to adhere to cell culture
plates, expressed characteristic stemness markers and, after a period of 4 weeks in culture
with inducers of adipocyte and osteogenic differentiation, differentiated in both the
adipogenic and osteogenic lineages as shown by lipid droplets and calcium deposits and by
expression of specific lineage markers put in evidence with histochemical and molecular
techniques, respectively.
Furthermore, the technique of isolation of these stem cells, allows to obtain an "in vitro"
model system of primary cultures that mimics closely the stem cell population present "in
situ". These characteristics of MSCs coupled to the fact that they are self-renewable, make
them an attractive tool in regenerative medicine and human tissue engineering. Although the
differentiation of stem cells from adipose tissue into the adipogenic and osteogenic
phenotypes are standard procedures, the precise molecular mechanisms involved are still
unclear, making the study of the differentiation pathways of these cells of basic scientific
interest to identify new putative markers of stemness or differentiation.
Full understanding of the mechanisms of adipo- and osteo-differentiation represents a major
opportunity on the one hand to develop a strategy to prevent and treat obesity, one of the bestknown risk factors for insulin resistance, non-insulin-dependent diabetes and cardiovascular
disease, and on the other hand to develop a strategy to reconstruct bone defects using these
cells to colonize and differentiate in size- and shape-controlled structures on bioactive
scaffolds suitable for tissue engineering.

The Expression of PTHrP Isoforms is Tissue-Specific in Normal and Tumoral
Histotypes and Regulated by the Extracellular Micro-Environment
As previously mentioned, PTHrP is a widely-distributed polyprotein coded by a complex
transcriptional unit, variously involved in several tissue-specific differentiation events, apart
from other metabolism-related roles. For this reason, and also because the pattern of PTHrP
isoform expression during MSC differentiation is mostly unknown, my PhD work was mainly
focussed onto this topic.
Literature data indicate that splicing pattern expression of PTHrP mRNA has been
extensively studied via RT-PCR in different cell lines derived from both tumoral and normal
tissues.
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For example, in normal human amnion P2 promoter was proven to be preferentially used and
PTHrP 1-139 to result the major PTHrP mRNA expressed [201]. In another study on 39 cases
of tumours classified as infiltrating ductal carcinoma of the breast, renal cortical carcinoma
and lung tumour, and 7 samples of normal tissues (renal, lung and tyrhoid samples), Southby
and coworkers demonstrated that all breast tumor, and normal and tumor renal samples, used
each of the three 3’ splicing patwhays and therefore expressed mRNA specifying each of the
three PTHrP isoforms. Furthemore all tissues examined contained mRNA specifying the 141
aminoacid isoform, and the mRNA encoding the 139 aminoacid isoform, was always present,
except in one normal lung sample and in one parathyroid adenomas. On the other hand, the
production of the 173 aminoacid isoform was more variable. When the use of the PTHrP
promoters was checked, in contrast to the more restricted utilization of P1 and P2 promoters,
P3-initiated transcripts were detected in all tissue samples [145]. Also 8701-BC breast cancer
cells were proven to utilize different start sites and mRNA splicing patterns for PTHrP
transcription when they are cultured onto different substrates such as reconstituted basement
membrane (Matrigel) or representative collagen components of the breast tumor stroma (type
I, V and OF/LB). These cells utilized each of the three different transcriptional start sites and
the three 3’ splicing pathways with different arrays in the presence of the substrates examined.
In particular, in the presence of type I collagen all the promoters were used with a P3 > P2 >
P1 pattern, whereas in cells plated onto the other substrates P2 promoter was silent and P1
and P3 promoters were used with different efficiency. When cells were seeded onto Matrigel,
only P3 promoter was transcriptionally active. Also for the isoforms obtained from splicing at
the 3’ end, a different pattern of expression was observed. In fact, only the 1-139 variant was
present in all the cDNA preparations and was the only species synthesized by cells onto type I
collagen substrate, whereas the 1-173 isoform was found in the cDNA preparation from cells
cultured onto the other substrate and the 1-141 isoform only in type V collagen-derived
samples and in smaller amount than the other two species [197].
Further data were collected on 8701-BC breast cancer cells when exposed to different
extracellular Ca2+ concentrations and treated with differentiation agents for breast cells. In
these conditions, PTHrP 1-139 splicing variant was the major one present [200].

During the Osteo- and Adipodifferentiation Processes the Expression of PTHrP by
MSCs is Subject to Variation
Instead little is known about the expression and the accumulation of PTHrP transcript
isoforms in adult MSCs either undifferentiated or differentiated towards osteo- and
adipogenic lineages, literature data being focussed, almost exclusively, on the effect of
different PTHrP protein domains on the osteogenic and adipogenic potential of MSCs [202].
The data obtained during my PhD work indicate that PTHrP splicing isoforms are expressed
in both stem cells and committed cells towards osteogenic and adipogenic lineages. In
particular, on the basis of the data obtained on three different cell preparations cultured in
control conditions and submitted to differentiation, and also on a non-correctly-differentiated
cell preparation used as an internal negative control for comparison with osteo-differentiating
cells, a panel of expression of PTHrP transcript isoforms in the different experimental
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conditions was developped, indicating that from the stemness condition to that of osteo- and
adipogenic differentiated cells, the expression of isoforms becomes increasingly selective, as
shown in the following table 6.
Table 6 - Summary of the obtained results about PTHrP splicing isoforms in undifferentiated and Osteo- and
Adipo- differentiating cells.

Cells

Promoter

Exons
included for
splicing at
the 5’

Always
present
exons

P1

I-III

V-VI

VII 139 aa

VIII  173 aa

P3

IV

V-VI

VII 139 aa

VIII  173 aa

Exons included for splicing at
the 3’  Protein isoform

Stem cells

Osteo
differentiating
cells

P1

I-III

V-VI

Adipo
differentiating
cells

P1

I-III

V-VI

VII 139 aa
first stages

VIII  173 aa

VIII 173 aa

Results

Four types of
transcripts,
potentially two
protein
isoforms
Two types of
transcripts,
potentially two
protein
isoforms
One type of
transcript, one
protein isoform

The cells isolated from dental follicles show common features to fat-derived MSCs, such as
the expression of specific markers, but in contrast to the latter ones, these cells are not capable
of differentiating into adipocytes, but have a high potential for differentiation toward the
osteogenic cell type [31]. For this peculiar characteristic, DFCs have been enclosed in my
study as MSCs from a different tissue source, to check whether differences in the pattern of
PTHrP splicing isoform expression could be found. As previously reported, these cells
showed the use of the sole P3 promoter for the expression of splicing variants. In these cells,
therefore, the expression pattern found is summarize in table 7.
Table 7 - Summary of the obtained results about PTHrP splicing isoforms in DFCs 11 and 18.

Cells

DFCs 11

DFCs 18

Promoter

P3

P3

Exons
included for
splicing at
the 5’

IV

IV

Always
present
exons

V-VI

V-VI
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Exons included for splicing at
the 3’  Protein isoform

VII 139 aa

VIII  173 aa

VII 139 aa

Results

Two types of
transcripts,
potentially two
protein isoform
One type of
transcript,
potentially one
protein isoform

Thus, this result further supports the observation that MSCs from different tissue sources,
such as fat tissue and dental follicle, may be endowed with differing transcriptional
programmings and therefore caution must be exercised in generalizing the data arising from
experiments on MSCs depending on their origin, since they should not be considered as a
single homogeneous cytotype.

The Changes of PTHrP Isoform Expression in Undifferentiated and Differentiating
MSCs are Related to Promoter Methylation
The role of epigenetic modifications for PTHrP expression has been the object of a limited
number of literature reports. Using normal and neoplastic lung cells as model system, the
study of the methylation status of CpG dinucleotides in the 5' region of the gene showed that
in the former ones the CpG island was completely unmethylated, whereas in BEN squamous
carcinoma cells, two-thirds of the CpG island was substantially methylated. RT-PCR analysis
showed that this heavy methylation did not prevent expression of any of the three PTHrP
gene promoters, highlighting that in this case methylation was not associated with inhibition
of gene activity [203].
Results obtained from a human model of mammary epithelial cell lines differing in
tumorigenicity and PTHrP expression, have suggested that the methylation status of specific
CpG dinucleotides in P2 promoter is the dominant mechanism involved in silencing of
PTHrP expression rather than the overall methylation of the CpG island. Methylation of the
PTHrP P2 promoter might represent a potential marker of breast cancer progression and be
used to evaluate the metastatic potential of breast tumors [204].
In light of the results obtained during my PhD work, the analysis by MSRE-PCR of the
methylation status of S-II, S III and S-IV sites in CpG island of P2 promoter in LW40 cells
either control or induced to osteogenic differentiation, showed a predominant
hypermethylation or partial methylation at these sites, as demonstrated by the presence of
amplification bands in undigested DNA and in that digested with both enzymes, or in
undigested DNA and in that digested with a single enzyme. A summary of the data obtained
is shown in Table 8.
Table 8 - Summary of the methylation status of CpG sites in the P2 promoter in LW40 cells both induced to
osteogenic differentiation and untreated, during four weeks of culture.

LW40 cells
- 1
+ 1
- 2
+ 2
- 3
+ 3
- 4
+ 4

S-II
demethylated
hypermethylated
hypermethylated
hypermethylated
hypermethylated
partially methylated
hypermethylated
hypermethylated

S-III
demethylated
hypermethylated
hypermethylated
hypermethylated
hypermethylated
hypermethylated
hypermethylated
hypermethylated
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S-IV
hypermethylated
hypermethylated
partially methylated
partially methylated
hypermethylated
hypermethylated
partially methylated
partially methylated

These data, therefore, may be related to those obtained on P2 promoter-derived splicing
isoform expression in LW40 cells, which had demonstrated that this transcript was not
expressed by such cells both induced to osteogenic differentiation and cultured in control
conditions. In conclusion, these results, although preliminary, show that the CpG island
contained in P2 promoter is of prime importance in regulating gene expression and
consequently exclude the hypothesis that these sites can accommodate a sequence insulator.
The data obtained on the methylation of the CpG sites of P3 promoter are summarized in
Table 9, and compared with the previously-obtained expression data.
Table 9 – Summary of the methylation status of CpG sites in P3 promoter in LW40 cells induced to osteogenic
differentiation and untreated, during four weeks of culture.

LW40 Cells

Sequence examined

Gene expression
(ratio gene/18S)

-

1

hypermethylated

0

+ 1

hypermethylated

0

-

2

hypermethylated

0,39

+ 2

hypermethylated

0

demethylated

0,542

partially methylated

0

demethylated

0,483

hypermethylated

0

-

3

+ 3
-

4

+ 4

Concerning the CpG site of P3 promoter, in agreement with gene expression data, we found a
condition of hypermethylation in all four weeks of differentiation, whereas, in the
undifferentiated cell counterpart, hypermethylation was present in the I week, while
demethylation in the III and IV weeks.
The only result that does not agree with the previously-obtained gene expression data is
related to the hypermethylation of P3 promoter in undifferentiated cells at day 14; although
further validation of this result is necessary, if confirmed this means that such
hypermethylation is unable to inhibit the expression of the splicing isoform in this stage of the
cell culture.
Additional studies will be therefore performed to understand the true role of P3 CpG sites,
even testing the hypothesis that can accommodate sequences insulator.

The Intracellular and Secreted Amounts of PTHrP Protein Products Change During
Osteodifferentiation of MSCs
Regarding the study of the protein product of PTHrP, the data obtained from Mice assay have
showed that its intracellular accumulation in the osteo-differentiating cells is always lower
than that in undifferentiated cells. In the extracellular medium a higher level of secretion by
differentiating cells have been observed with respect to stem cells, except that in the first
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week of osteo-induction. When adequately confirmed, these variations of the intracellular and
extracellular levels of PTHrP could potentially be enclosed in the list of the available protein
markers of osteogenic differentiation.

Ihh and Col5A1 are Down-Regulated Genes During Osteodifferentiation of MSCs
Preliminary experiments of differential display-PCR were performed in collaboration with the
group of Prof. Tobiasch on cDNA samples obtained from control and osteo-differentiating
MSCs from a single donor. After electrophoresis on polyacrylamide gel and subsequent
silver-staining, several bands were found, and among these, two were selected to begin the
studies on differential gene expression. The cDNA contained in the bands was homologous to
portions of those of Ihh and Col5A1, and, consequently, their expressions were studied in
MSC preparations from different donors induced to osteogenic differentiation or cultured in
control conditions, to check whether the data were reproducible, or they were indicative of
gene expression patterns solely characteristic of the single donor from which the primary
cultures were derived.
Hh signaling is known to be required for osteoblast differentiation from mesenchymal
progenitors during endochondral bone formation, in fact, it is expressed by prehypertrophic
chondrocytes and coordinates their growth and differentiation.
In rodents, Ihh is involved in osteoblast differentiation. In humans, mutation in the Hh
pathway are associated with skeletal malformations [205]. However, the effect of
homozygous mutation of Ihh seems is thought to be associated chiefly with a deregulation of
chondrocyte homeostasis [206], although bone ossification displays no particular defect. The
effect of Hh signaling pathway on human MSCs was investigated by Plaisant et al. [207], who
analyzed human MSCs from adipose tissue and bone marrow, showing that osteoblast
differentiation of human MSCs was associated with a decrease in Hh signaling coupled with
down-regulation of Smoothened. Therefore, in contrast to what has been observed in rodent
cell lines, activation of Hh signaling appears to inhibit human osteoblast differentiation.
In our samples Ihh expression was shown to be down-regulated in osteo-differentiating cells
vs. control. Therefore it is plausible that the downregulation of Ihh I observed in almost all
preparations from induced MSCs is linked to the implementation of the differentiation
process.
Similarly, when the expression of COL5A1, i.e. the gene coding for α1(V) collagen chain, was
tested via specific PCR experiments, the results showed that a down-regulation of such gene
expression occurred between the third and fourth week of osteogenic differentiation when the
mineralized matrix accumulates.

Osteodifferentiation of MSCs Appears Restrained by Culture Onto Type V Collagen
Substrate
It is generally acknowledged that the ECM is not to be regarded as a mere passive scaffold for
connective tissues within organ architecture, but that cell-ECM interactions may influence a
number of biological activities. Type V collagen, which belongs to the category of the fibril- 94 -

forming collagens, is a homo- and heterotrimeric molecule which can be predominantly found
in pericellular areas [208]. The cellular responses elicited by this collagen appear
heterogeneous, suggesting differences among the model systems examined (e.g. tissue and
cell types). For example, adhesion- and motility-promoting activity has been observed for
glomerular endothelial cells, Schwann cells, and osteosarcoma cells [209-211]; on the other
hand, anti-adhesive, anti-proliferative and/or anti-locomotory effects have been observed on
cytotypes such as fibroblasts, colorectal adenocarcinoma cells, and lung epithelial cells [212214]. In addition, a putative “anti-cancer” activity has been found when used as a substrate for
8701-BC breast cancer cells, determining slow-down of growth rate, inhibition of motility and
invasion “in vitro”, loss of membrane integrity, oligonucleosomal DNA fragmentation,
changes in the expression levels of genes coding for apoptosis-linked factors, calpain,
caspases and stress response proteins, and enhancement of caspase enzymatic activity [215219].
In light of the previously-mentioned down-regulation of Col5A1 in the terminal stages of
osteodifferentiation, MSCs were put in culture on substrates of type V collagen and their
osteogenic differentiation induced, in order to determine whether their continued and
prolonged adhesion to this matrix component could influence the differentiation process. The
data obtained at the fourth week of differentiation showed a drastic decrease in the
accumulation of extracellular calcium compared to cells induced to differentiation in the
absence of collagen type V substrate. This represents, to my knowledge, the first evidence
that type V collagen, whose α1 chain is encoded by a gene that in the databases is also defined
“stem cell marker” (acc. no. DM149324), is likely to constitute a component of the ECM that
counteracts the effect of osteo-differentiation factors, allowing the maintenance of the
undifferentiated state by human adult MSCs. Further detailed analyses also at molecular level
will be necessary to validate this hypothesis. Interestingly, the only similar data found in the
literature concerns adipogenic induction of cattle pre-adipocytes whose level of synthesis of
collagen type V shows a decrease in the terminal stages of differentiation [220].
A future goal of our experiments with DD-PCR will obviously be to analyze and sequence
also the other obtained bands to identify novel differentially-expressed genes that, if
adequately validated, can expand the list of markers of osteo- and adipo-differentiation.

Conclusion and Perspectives
In conclusion, the collective data obtained during my PhD work have examined different
molecular aspects of the complex and widely-regulated biological process of adipogenic and
osteogenic differentiation by adult MSCs.
Further investigations of these aspects will be useful to improve and extend the knowledge
about the molecular processes that regulate the differentiation events. Therefore the use of
MSCs from adipose tissue, due to easy and repeatable access, uninvolvement of ethical and
immunogenic issues, their abundance and multilineage differentiation potentiality, is one of the
most promising areas of research about tissue regeneration application. Technical-scientific
advances in the areas of cellular and molecular biology, facilitated by studies about human
somatic stem cells, may positively influence the advance of clinical research with these cells.
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The knowledge of the basic mechanisms of differentiation may thus help the development of
new therapies and the evaluation of biosecurity issues in future clinical protocols.
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