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Abstract

The use of stem cells is a promising therapeutic approach for tissue engineering by their ability
to boost tissue regeneration, and to model in vitro human genetics disorderssince it provides
continuous supplies of cells with differentiation potential. Our study has been focused in the
identification of molecules or mechanisms that could contribute to a better osteogenesis in
mesenchymal stem cells (MSC). To achieve our goals we have explored the osteopontential
differences of stem cells from different sources. In this regard, we have observed that MSCs
from human exfoliated deciduous teeth (SHED) presented higher in vitro osteogenic
differentiation potential (OD) as compared to MSCs derived from human adipose tissue
(hASCs). Through microarray analysis and cell sorting, we have shown that IGF2 and CD105
expression levels contribute to these osteopontential cell differences, that is, higher 1GF2
expression levels and lower CD105 expression levels were associated with the increased
osteogenic potential of SHED as compared to hASCs. The molecular mechanisms associated
with the diferent expression levels of IGF2 and CD105 in these cells were also investigated.
Despite the advantages of adult MSCs they can exhibit drawbacks such as restricted self-
renewal and limited cell amounts. Induced Pluripotent Stem Cells (iPSC) technology has
emerged as an alternative cell source, as they provide more homogeneous cellular populations
with prolonged self-renewal and higher plasticity. We verified that the OD of MSC-like iPSC
differs from MSCs and it depends on the iPSCs originating cellular source. Comparative in vitro
osteogenesis analysis showed higher osteogenic potential in MSC-like cells derived from iPS-
SHED when compared with MSC-like cells from iPS-FIB and SHED. iPSCs can be also used as a
tool to model genetic disorders. We have thus proposed to verify if it could be possible to in
vitromodel Treacher-Collins syndrome, a condition with deficient craniofacial bone
development. We have compared the effects of pathogenic mutations in TCOF1 gene in cell
proliferation, differentiation potential between MSCs, dermal fibroblasts, neural-crest like and
MSC-like cells differentiated from iPSCs.TCS cells showed changes in cell properties
anddysregulated expression of chondrogenesis markers during osteogenic and chondrogenic
differentiation. In summary, the comparative analysis of stem cells of different sources allow
us to identify markers that may facilitate osteogenesis and that it is possible to establish an in
vitro model to Treacher-Collins syndrome.



Resumo

O uso de células-tronco trata-se de uma abordagem terapéutica promissora para a engenharia
de tecidos, devido a sua capacidade na regeneracao de tecidos, e para modelamento in vitro
de disturbios genéticos humanos, uma vez que fornece um abastecimento continuo de células
com potencial de diferenciacdo. Nosso estudo se propos a identificar moléculas e mecanismos
qgue contribuem na otimizacdo da osteogénese de células-tronco mesenquimais (MSCs). Para
atingir nossos objetivos exploramos as diferencas no potencial osteogénico (PO) de MSCs de
diferentes fontes. Observamos que MSCs de polpa de dente deciduo humano (SHED)
apresentaram maior PO em comparacao com as MSC derivadas de tecido adiposo humano
(hASCs). Através de analise de microarray de expressao e cell sorting, demonstramos que os
niveis de expressdo de IGF2 e CD105 contribuem para as diferencas do PO, onde a maior
expressao de IGF2 e menor expressdo de CD105 estdo associadas a maior PO em SHED quando
comparado as hASCs. Também investigamos os mecanismos moleculares associados aos
diferentes niveis de expressdo de IGF2 E CD105 em ambas as fontes celulares. Apesar das
vantagens, as MSCs podem apresentar pontos negativos como restrita auto-renovagdo e
menor quantidade de células. Células-tronco pluripotentes induzidas (iPSC) surgem como uma
fonte celular alternativa, proporcionando popula¢des celulares homogéneas com auto-
renovagdo prolongada e maior plasticidade. O PO de MSC-like iPSC difere de MSCs, e este
potencial é dependente da fonte celular em que as iPSCs sdo obtidas. Andlise comparativa de
PO in vitro demonstrou maior osteogénse em células MSC-like derivadas de iPS-SHED quando
comparada as células MSC-like de iPSCs-fibroblastos e SHED. iPSCs também podem ser
utilizadas como ferramenta para investigar doengas genéticas humanas. Propomos a
modelagem in vitro da sindrome de Treacher-Collins (TSC), doenga que acomete as estruturas
craniofaciais durante o desenvolvimento désseo. Comparamos os efeitos de mutagdes
patogénicas no gene TCOF1 na proliferacdo celular, potencial de diferenciacdo entre MSCs,
fibroblastos dérmicos, neural-crest like e células MSC-like diferenciadas de iPSCs. Células de
pacientes TCS exibiram alteragdes em propriedades celulares e na expressao de marcadores
osteogénicos e condrogénicos. Em resumo, a andlise comparativa de células-tronco de
diferentes fontes permitiu a identificagdo de marcadores e mecanismos que podem facilitar a
osteogénese e tambem demonstramos que é possivel modelar in vitro a sindrome de
Treacher-Collins.
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1- Introduction

1. Tissue Engineering and Regenerative Medicine

Bone tissue is the supporting structure of our organism responsible for blood
cell production and it is an important source of minerals (Freyschmidt, 1993). Due to
the importance of this tissue for our organism the development of new therapies in
bone tissue engineering and regenerative medicine rises from the necessity to obtain
more efficient and satisfactory results in bone reconstruction procedures, particularly
in situations that involve large regions to be reconstructed. The current golden
standard in bone tissue engineering is the transplantation of autologous bone graft to
repair bone loss due to disease, malformation or trauma, but this approach is
associated with critical shortcomings, such as pain and morbidity in the graft site, and
limited tissue supply (Amini et al., 2012; Bose et al., 2012; Grayson et al., 2015; Healy
et al., 2007; Holzwarth & Ma, 2011; Huang et al., 2015).

Tissue engineering can be described as a multidisciplinary area, including
knowledge from the fields of engineering, biology and medicine. Langer and Vacanti
(1993) proposed that three main pillars conceptually support tissue engineering:
progenitor cells, biomaterials/scaffolds and factors/signaling molecules (Casser-Bette
et al., 1990; Langer & Vacanti, 1993; Glotzbach et al. 2011). It is essential to
understand and characterize each one of these pillars to optimize and enhance bone

reconstruction and regenerative processes. Below we describe the importance of



progenitor cells to the establishment of a functional bone with compatibility and

integration to the bone tissue environment (Badylak & Nerem, 2010).

1.1 Stem Cells

Stem cells have emerged as a promising tool for regenerative medicine and
tissue engineering mainly because of their ability to replicate themselves and originate
the same non-specialized cell type over long periods (self-renewal) and due to their
differentiation potential capacity (Bianco et al, 2013; He et al, 2009).

Stem cells can be classified depending on their differentiation plasticity (Figure
1) that can be divided in two broad types: pluripotent stem cells (human embryonic
stem cells - hESCs and induced pluripotent stem cells - iPSCs) that harbor the capacity
of differentiation in all three germ layers of the developing embryo and in all adult cell
types, and the adult multipotent stem cells (hematopoietic stem cells - HSCs,
mesenchymal stem cells - MSCs) that generate specific lineages or tissues and can be
found in different adult tissues (Bazley et al, 2015; Jung, et al. 2012; Phinney and
Prockop, 2007; Takahashi and Yamanaka, 2006).

Despite the potential of differentiation in all cell types of the adult body,
pluripotent stem cells (hESCs and iPSCs) face considerable obstacles to their use in
regenerative medicine and tissue engineering due to the intrinsic capacity of teratoma
formation when delivered in vivo, and the ethical issues related to the use of human
embryos to obtain hESCs (Miura et al, 2009; Okita et al, 2007; Takahashi and
Yamanaka, 2006; Takahashi et al, 2007). iPSCs have been shown to develop teratoma

more efficiently andmore aggresively in vivo when compared to hESCs (Gutierrez-



Aranda et al, 2010). There is still no effective method to circunvent and eliminate the

possibility of teratoma formation when using hESCs and iPSCs (Mohseni et al 2014).
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Figure 1.Classification of stem cells depending on their developmental potency (Adapted from Angeles et al, Nature,

Developmental potential

2015).

Mesenchymal Stem Cells - MSCs (Caplan, 1991) offer several advantages in
autologous cell therapy and tissue engineering field due to lower risk of tumorigenicity
(when compared with hESCs or iPSCs), immunomodulatory properties and easier
access and their easy obtainment when compared with ESCs (Bara et al 2014; Caplan
and Dennis, 2006).

MSCs can act in different and essential steps of bone maintenance (Bielby et al,
2007) and during bone regeneration after trauma. During the first moment (hours to
days after injury) MSCs contribute to the local immunomodulation process through
production of immunosuppressive factors (Grayson et al, 2015; Najar et al, 2016;

Nauta, et al, 2007). After days or weeks of injury, MSCs can supply osteo-



chondroprogenitor cells to repair the bone tissue due to their capacity of multipotent
differentiation (Bruder et al, 1994; Chamberlain et al, 2007; Guan et al, 2012).

These multipotent, plastic-adherent and colony-forming cell populations can be
characterized through an immunophenotype marker panel (positive staining for CD73,
CD90 and CD105, and negative for CD11B or CD14, CD19 or CD79a, CD34, CD45 and
HLA-DR), whichwas first characterized in bone marrow-derived stem cells-BMSCs
(Dominic et al, 2006; Friedenstein et al 1966, 1970; Pittenger et al, 1999).

In the last decades, MSCs have been isolated from several human adult tissues
such as peripheral blood (Zvaifler et al., 2000), umbilical cord blood (Erices et al.,
2000), fetal tissues (Campagnoli et al., 2001), adipose tissue (Zuk et al., 2001; Zuk et
al., 2002), amniotic liquid (In'tanker et al., 2003), umbilical cord (Sarugaser et al.,
2005), dental pulp (Gronthos et al., 2000; Miura et al., 2003), from orbicularis oris
muscle (Bueno et al., 2009), among others.

Despite the discovery of new sources, markers and use of stem cells, Bone
Marrow Mesenchymal Stem Cells (BMSCs) remained the most studied adult stem cells
(Friedenstein et al., 1966; Kadiyala et al., 1997; Nakagawa et al, 2016; Rada et al, 2011;
Seong et al., 2010). BMSCs and other stem cell sources have been used in clinical trials
specifically to skeletal regeneration and bone tissue engineering as exemplified in
Figure 2, demonstrating the importance and potential use of these cell sources for
regenerative medicine. In stem cell research field there are multiple avenues now
open including: stem cells as tools for modeling human diseases mechanisms,
identification of bioactive factors and regenerative medicine (Bianco et al, 2013).

After bone injury the organism initiates a cascade of key regenerative steps

including action of proinflammatory cytokines, homing of osteogenic progenitor cells



and immune cells. Thus, the introduction of progenitor cells/stem cells during these
events could be essential to achieve optimal osteogenesis (Dimitriou et al, 2005;

Grayson et al, 2015).

Clinical trials in which stromal cells were used for skeletal regeneration

Indication Cell source Cell processing and delivery  Clinical trial
MSC
Non-union of bone Autologous Direct injection NCT00512434
NCT01788059:
Implantation with carrier NCT00250302
NCT01626625
NCT01958502°
ONFH Autologous Direct injection NCT02065167,
Implantation with carrier NCT01605383'
Other (spine fusion, Autologous Direct injection NCT01210950
ostecarthritis) Implantation with carrier NCT01552707
Allogeneic Direct injection NCT01603836,
Implantation with carrier NCTO0001391,
ASC
Non-union of bone Autologous Implantation with carrier NCT01532076°
Allogeneic Direct injection NCT02140528'
ONFH Autologous Direct injection NCT01643655
Other (spine fusion, Autologous Direct injection NCT01501461
osteoarthritis) NCT01885819,
NCT02142842,
Implantation with carrier NCT01633892

Figure 2. Examples of Clinical trials in bone tissue engineering using BMSCs and hASCs as an alternative source of
mesenchymal stem cells for skeletal regeneration (Abbreviations: ASC, adipose-tissue derived stromal cell, MSC,
bone marrow-derived stromal cell; ONFH: osteonecrosis of the femoral head, NCT- clinical trial number) (Adapted

from Grayson et al, Nature, 2015).

1.2 Alternative MSC sources

Recently efforts to search alternative sources of adult MSCs for bone tissue
engineering and regenerative medicine arise due to some limitations presented by

BMSCs such as pain, morbidity, possibility of infection during the invasive extraction



process, and low quantity of mesenchymal stem cells obtained (Caplan, 2009; Derubeis
and Cancedda, 2004).

Two promissing MSC types are stem cells from human dental pulp cells
(Grontos et al., 2001; Miura et al, 2003) and human adipose tissue-derived stem cells-
hASCs (Zuk et al., 2002). These two cell sources have shown important characteristics
for regenerative medicine/bone tissue engineering such as: accessible source without
morbidiy and pain (Figure 3), multipotential differentiation and higher proliferation
capacity when compared with BMSCs (Gronthos et al., 2000; Kerkis et al., 2006; Laino
et al., 2006; Mizuno et al, 2010; Nakamura et al, 2009). Regarding human dental pulp
cells, we will focus on those obtained from exfoliated teeh (SHED, Miura et al., 2003)
instead of from adult human teeth (DPSC- Gronthos et al., 2001), as this represents

one the cell sources here studied.
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Figure 3.A- Scheme demonstrating the pulp localization in the teeth structure (Adapted from
http://www.studiodentaire.com/en/glossary/pulp.php); B- Localization of adipose tissue in which liposuction can be
performed to obtain ASCs (Adapted from http://drmathewplant.com/liposuction-toronto/). As the cells are
obtained from the discarded tissue, this procedure does not cause any additional morbidity or pain to the donor

individuals.



SHED exhibits important characteristics to achieve promising results in bone
regeneration such as maintenance of cellular plasticity and immunophenotype after
freeze-thaw cycles (d’Aquino et al. 2009; Laino et al., 2005; Laino et al., 2006; Huang et
al., 2009), in vivo bone formation in animal models (Alongi et al, 2010, de Mendonca
Costa et al, 2008), and this cell type was used in human clinical applications (D"Aquino
et al, 2009; Giuliani et al, 2013).

The international Fat Applied Technology Society adopted the term adipose-
derived stem cell (ASCs) to identify the alternative source of MSCs that were firstly
described by Zuk et al (2002) (Baer et al, 2012). The material extracted from human
subjects under local anesthesia (Mizuno et al, 2012) in which these cells can be
obtained is routinely discarded after aesthetics liposuction procedures, and it was
demonstrate that obesity incidence has increased substantially in the past years, thus
facilitating the obtainment of the necessary material to isolate ASCs (Bourin et al,
2013; Gimble et al., 2007; Witkowska-Zimny & Walenko, 2011).

The autologous use of ASCs facilitates the use of this source in clinical trials and
treatments of different kind of diseases as: peripheral vascular/cardiovacular diseases
(number clinical trial-NCT01211028), soft tissue augmentation of craniofacial structure
(Yoshimura et al, 2008), articular cartilage lesion (NCT01399749) and craniofacial bone
reconstruction (Lendeckel et al, 2004; Mesimaki et al, 2009), but despite the easiness
obtainemnt ASCs present lower osteogenic potential when compared with SHED
(Fanganiello et al., 2015).

Although SHED and hASCs show promising characteristics for regenerative
medicine, which is the best cellular source to bone tissue engineering remains to be

established. Stem cells from different sources cells might possess differences in their in



vitro differentiation potential towards osteoblastic cells (Al-Nbaheen et al 2013). These
differences are not completely understood, and they could be partly related to their
tissue of origin (Baksh et al., 2007; Huang et al., 2009; Kern et al., 2006). The selection
of the best cellular source, or the best subpopulation could be performed through the
dissection of possible markers or mechanisms related to enhanced osteogenesis.

The efficacy of treatments using MSCs are still unsatisfactory due to cellular
heterogeneity presented by the MSC populations leading to experimental variability,
compromising the proliferation and differentiation capacity. It is not possible to
morphologically distinguish MSCs from fibroblasts, the ex-vivo MSC cultures contain
phenotypically distinct cellular types in different commitment stages, and there is no
unanimity of intrinsic and specific surface molecules to distinguish MSCs and to

differentiate these cells from other cell types (Lv et al., 2014; Mizuno et al., 2012).

1.3 Different approaches to understand the osteogenic potential of MSCs

In order to find the best cellular source for bone tissue engineering and
regenerative medicine, different approaches are being used such as: Cell
reprogramming technology (Takahashi and Yamanaka, 2006), mesenchymal stem cells
differentiated from pluripotent stem cells (Barberi et al, 2005) and the study of specific
molecular markers and transcriptional pathways, and methodologies to obtain a more
homogeneous cellular population to understand the osteogenic potential differences
between MSCs (Chung et al, 2013; Levi et al, 2010).

The main methodology employed to this purpose is the use of surface markers

to isolate, characterize and compare different subpopulations of MSCs. Using different



surface markers, CD49 and STRO-1, Rada and collaborators (2011) isolated
subpopulations of rat adipose derived stem cells and observed differences in
osteogenic potential and mesenchymal stem cells markers. Other groups have isolated
from dental pulp stem cells a subpopulation called SBP-DPSC (Stromal bone producing-
dental pulp stem cell) positive for c-Kit, CD34 and negative for CD45, and this cell
population exhibited in vitro and in vivo osteogenesis and were highly clonogenic
(Laino et al, 2005; Papaccio et al 2006).

MSCs are expanded in monolayer plastic flasks and during this expansion
process a certain population of cells are selected leading to changes in their phenotype
(Bara et al, 2014). A significant immunophenotypic change in hASCs has been shown
during serial cellular passage with temporal alteration of mesenchymal stem cell
markers as: CD29 (Cluster of differentiation- Adhesion marker), CD34 (Hematopoietic),
CD73, 90 and 105 (Mesenchymal) (Mitchell et al. 2006, McIntosh et al. 2006).

CD90 (THY-1) is a mesenchymal stem cell marker associated with
osteoblastogenic lineages (Hosoya et al, 2012). Sorted subpopulations of hASCs with
higher expression of CD90 exhibited higher in vitro and in vivo osteogenic
differentiation when compared with subpopulations with lower CD90 expression and
the heterogeneous (unsorted) populations (Chung et al, 2013).

Another interesting surface marker that has been used to isolate
subpopulations of MSCs is the mesenchymal stem cell surface marker: endoglin
(CD105), a transmembrane co-receptor of TGFB1 that regulates the proliferation,
differentiation potential, immune response and angiogenesis as described in Figure 4
(Nassiri et al., 2011, Whitman, and Raftery 2005; Sanz-Rodriguez et al., 2004;

Warrington et al, 2005).
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Figure 4. Role of Endoglin acting as a co-receptor of TGFB1 in the regulation of angiogenesis (Adapted from

Whitman, and Raftery 2005)

Inhibition of TGFB1 by the receptor kinase inhibitor SB431542 (Figure 5) leads
to an acceleration of BMP signaling and consequently the maturation of osteoblastic
mesenchymal cells, with higher alkaline phosphatase activity and extracellular matrix
mineralization (Maeda et al., 2004). In a complementary assay, recombinant TGFB1
treatment repressed cellular proliferation and in vitro osteogenic differentiation in
adipose derived stem cells from humans and mice (Levi et al, 2010).

Subpopulations negative for the mesenchymal surface marker CD105 (Endoglin)
of murine bone marrow stem cells showed higher in vitro osteogenesis, adipogenesis
and capacity of immunomodulation when compared with positive CD105

subpopulation and heterogeneous (unsorted) population (Anderson et al, 2013).
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Figure 5. Scheme showing the BMP, SMADs and TGFB1 cross talk during osteogenesis. BMP induces the osteogenic
differentiation acting in the early and late maturation of osteoblasts. Due to TGFB signaling, inhibitory SMADs
suppress BMP and osteogenic differentiation. The presence of the TGFB1 receptor kinase inhibitor SB431542,
suppress the expression of TGFB1 leading to an acceleration of BMP signaling and enhancement of osteogenesis

(Adapted from Maeda et al, 2004).

Single-cell transcriptional analysis of hASCs, has demonstrated that different
expression levels of CD105 were correlated with osteogenic markers expression and
osteogenesis. Subpopulation of hASCs sorted for lower CD105 expression showed
higher in vitro and in vivo osteogenic potential when compared with higher CD105
expression subpopulation and with the heterogeneous-unsorted population (Levi et
al., 2011). Despite the important correlation between CD105 and osteogenesis, this
study did not explore which molecules are involved in the regulation of CD105
expression. It is still unexplored if this correlation can be observed in MSCs obtained
from other tissue sources.

Beyond the heterogeneity issue, MSCs differentiation potential can diverge
among tissue of origin (Robey, 2011), present cellular replicative senescence (after

long in vitro expansion somatic cells presents a restricted ability of self-renewal)

11



(Campis and Fagnagna, 2007; Ksiasek, 2009), and lower quantity of colony forming

units-fibroblastic (CFU-f) per tissue during aging as observed at Figure 6 (Caplan, 2007).

Human MSCs Decline With Age:
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Figure 6. The number of colony forming units-fibroblastic (CFU-f) decline with aging, and the quantity of MSCs in
bone marrow is reduced in adult and elderly subjects when compared to teens or newborn. (Adapted from Caplan,
2007).

1.4 iPSCs: an innovative technology

Cell reprogramming technology is an interesting way to bypass the lower
expansion capacity of MSCs that limit their use in regenerative medicine (Katsara et al,
2011; Yoshida and Yamanaka, 2010). For example, iPSCs allow the derivation of
countless cells with self-renewal capacity and pluripotential (Yu et al, 2007; Chin et al,
2009). In 2006 Takahashi and Yamanaka demonstrate that mature somatic cells could
be reprogrammed through a retrovirus-mediated transduction method using four
defined transcription factors (OCT4, SOX2, KLF4, and C-MYC). After transduction cells
acquire a “pluripotency state” with properties similar to ESCs, such as capacity of
differentiation into any cell type, gene expression profile of ESCs, high proliferation

rate and self-renewal (Aasen et al, 2008; Puri and Nagy, 2012).

12



The main advantage using iPSCs approach is the simplicity and reproducibility
of the technique that establish new avenues in regenerative medicine, basic research
and disease modeling (Haraguchi et al, 2012; Tabar and Studer, 2014; Yamanaka,
2012). IPSCs can be directly derived from somatic tissues of adult subjects, avoiding
the considerable concerns of ESCs use, such as ethical issues related to destruction of
human embryos (ESCs are derived from the inner cell mass of mammalian blastocysts)
and the probability of immunological rejections due to allograft ESCs use, and since the
demonstration of iPSCs technology the number of publications in this area has
considerably increased as illustrated in Figure 7 (Cahan and Daley, 2013; Stadtfeld and
Hochedlinger, 2010; Yamanaka, 2009). IPSCs can be obtained in a wide range of age,
from newborns up to 74 years old, (Hossini et al, 2015), differently from MSCs that
demonstrated limitation related to patient-age obtainment (Caplan, 2007).

The first strategy for cellular reprogramming was the use of retroviral and
lentiviral transduction of "Yamanaka factors" (OCT4, SOX2, KLF4, and C-MYC), but these
transgene insertions could disrupt the sequence of native genes leading to genetic

modifications (Yoshida and Yamanaka, 2010).
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Figure 7. Somatic cells reprogramming to iPSCs in mouse 2006 (Takahashi and Yamanaka, 2006) and human dermal

fibroblasts in 2007 (Yamanaka et al, 2007) increased and expanded the use of pluripotent stem cells for
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regenerative medicine, drug screening, and disease modeling (Park et al, 2008). The publications in iPSCs area

increased and the ESCs studies diminished (Adapted from Cahan and Daley, 2013).

Thus, laborious efforts and new methodologies have been developed to
increase the reprogramming efficiency and reduce the needs of genetic modifications
such as adenovirus, plasmid vector, removable transposon and episomal vector
systems (Kaji et al, 2009; Okita et al, 2008 Okita et al, 2011; Stadtfeld et al, 2008;
Woltjen et al, 2009; Yusa et al, 2009). Different human cell types derived from several
somatic tissues can be used to obtain iPSCs. Human dermal fibroblasts were the first
cell type used to obtain iPSCs (Takahashi et al., 2007) and thereafter several other
somatic cell types as keratinocytes (Aasen et al, 2008), primary fetal tissues and adult
MSCs (Park et al, 2008), fresh peripheral blood (Loh et al, 2009 and 2010), SHED (Yan
et al, 2010), BMSCs (Megges et al, 2015) and hASCs (Zapata-Linares et al, 2016) have
been successfully used. Mesenchymal stem cells derived from iPSC, called MSC-like
cells, have been investigated as a good alternative cell source for bone regeneration. It
is possible that these cells can better recapitulate bone development and being an
intermediate cell-type between iPSCs and a fully specialized and differentiated lineage
limit the drawbacks related to teratoma formation and open the possibilities to clinical
use (Barberi et al, 2005; Jung et al, 2012; Guzzo et al, 2012).

There are diverse methods to obtain mesenchymal-like cells from pluripotent
stem cells such as: isolating cells that migrate from embryoid bodies (EBs) formed via
suspension culture (Hwang et al, 2008), monolayer differentiation through epithelial-
mesenchymal transition that derives mesenchymal progenitor cells (Boyd et al, 2009),

single-cell plating of iPSCs in gelatin-coated plates with mesenchymal induction media
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(Nakagawa et al, 2009), culturing iPSCs on thin fibrillar type-I collagen coating (Liu et al,
2012) and the use of a small molecule inhibitor - transforming growth factor pathway
inhibitor SB431542 (Chen et al, 2012).

MSC-like cells show the same characteristics of MSCs extracted from adult
tissues without displaying in vivo tumor formation (Hematti et al, 2011; Gruenloh et al,
2011; Villa-diaz et al, 2012). MSCs differentiated from iPSCs exhibited greater
regenerative potential, higher survival rate, telomerase activity and less senescence
when compared with BMSCs (Diederichs and Tuan, 2014), and showed in vitro
immunomodulatory properties (Giuliani et al 2011).

MSC-like cells also showed important properties in animal models such as:
survival and commitment when differentiated to the chondrogenic lineage (Hwang et
al 2008), potential utility in periodontal regeneration due to a considerable increment
of mineralized tissue and bone regeneration in a periodontal defect animal model
(Hynes et al 2013), enhancement of the vascular and muscle regeneration ameliorating
severe limb ischemia (Lian et al 2010) and new bone formation process in calvarial
defects in immunocompromised mice (Villa-diaz et al, 2012). However, it is still unclear
if the osteopotential properties vary depending on the cell source used for cell

reprogrammation by the pluripotency factors.

1.5 iPSCs as tool for in vitro disease modeling

Most of the knowledge on the mechanisms of human genetic diseases has
been based on mouse models. This biological system approach have been considered

the golden standard for modeling in vivo human disease, but the species-specific
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differences between mice and humans related to physiological, biochemical, molecular
and anatomical aspects have prompt the search for new methods to model human
diseases (Tiscornia et al. 2011).

iPSCs have recently arisen as a new promising option to model human diseases
in vitro and there are currently several successful examples such as studies of
mechanisms related to Alzheimer’s disease (Israel et al, 2012; Yagi et al, 2011),
Cardiotoxicity (Cohen et al, 2011), Down syndrome (Shi et al, 2012), Fragile X
syndrome (Sheridan et al, 2011), Parkinson’s disease (Byers et al, 2011; Devine et al,
2011; Sanchez-Danes et al, 2012), Diabetes, Types 1 and 2 (Maehr et al, 2009; Ohmine
et al, 2012), Multiple sclerosis (Song et al, 2012), Rett syndrome (Ananiev et al, 2011),
autism spectrum disorders (Griesi-Oliveira et al., 2013; Machado et al.,, 2016) and
many others. It would be also invaluable to model craniofacial disorders, as cranial
human development is quite peculiar and might involve species-specific signaling.

One main advantage of cell reprogramming is that it enables the study and
analysis of a specific disease (Figure 8), including rare disorders and syndromes in
which the involvement of the individual’s genome containing disease-specific
alterations is mandatory (Trounson et al, 2012). Further, iPSCs can be differentiated
towards cell types affected by the disease, under optimal conditions to observe
relevant phenotypes. For example Miller and collaborators (2013) developed a
strategy to induce aging features in iPSCs to model in vitro Parkinson’s disease. Thus,
the advent of iPSCs from patients paved the way to obtain different cell types from the
same subject, which was previously not possible, revealing disease-relevant cellular
pathology and enlightening human disease at the molecular and cellular level (Grskovic

et al 2011).
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Figure 8. Applications of iPSCs. Cellular reprogramming technology allows the use of patient-specific cells from skin
biopsy for example, and through the generation of iPSCs they can be used in the treatment of diseases (tissue
engineering/Regenerative medicine) or to model and study some specific disease (Adapted from Robinton and
Daley, Nature, 2012).

Here we describe the use of iPSC technology to model human developmental
disease in which the pathogenic mutation is associated with craniofacial bone
malformation. We selected the Treacher-Collins syndrome, an autosomal dominant
rare mandibulofacial dysostosis that affects the craniofacial structures during human
development. The main objective of this approach is to contribute to the
comprehension and elucidation of new pathways and important mechanisms to bone
neoformation and differentiation, more specifically the craniofacial bone formation.
Despite the great advance in the field of stem cells in bone regeneration, as listed in
Figure 2, the number of clinical trials in this area is still limited. Therefore, we expect
that the in vitro recapitulation of craniofacial bone development can fill some missing

lacuna in this field. This knowledge will possibly contribute to new molecules and
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pathways associated to this process, which in turn allow the development of better

protocols in human bone reconstruction and therapies.

1.6 Treacher-Collins Syndrome

Treacher-Collins  syndrome (TCS) is a rare autosomal dominant
mandibulofacialdysostosis present in 1:50,000 live births (Online Mendelian
inheritance in Man (OMIM) TCS1, OMIM #154500; TCS2, OMIM#613717; TCS3, OMIM
#248390) affecting facial morphogenesis (Phelps et al, 1981; Jones et al, 2008). The
classic findings of this syndrome present variable expressivity such as antimongoloid
slanting of the palpebral fissures, colobomas of the lower eyelids, hypoplasia of the
facial bones, alteration of the external and middle ear ossicles resulting in some cases
in conductive hearing loss, and cleft palate (Edwards et al, 1997; Mittmadn and
Rodman, 1992; Trainor et al., 2009). Most patients require distraction osteogenesis
during their rehabilitation in order to correct facial bone hypoplasia, but such
interventions often do not provide good, long-lasting results (Kobus & Wodjcicki, 2006;
McCarthy & Hopper, 2002; Plomp et al 2016). Therefore, both craniofacial
development and regeneration are compromised in these patients. Understanding the
role of TCOF1 in these process possibly will shed new light on bone reconstruction.

TCS results from genetic alterations in TCOF1, POLR1C and POLR1D, that lead to
nonsense-mediated mMRNA decay or truncations, and the vast majority of TCS cases are
caused by loss-of-function mutations in TCOF1 (Splendore et al.,, 2000). The gene
TCOF1 encodes the TREACLE protein, a 144 kDa nucleolar phosphoprotein associated

with ribosome biogenesis, (Gonzales et al., 2005), being essential for proper cell
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growth and proliferation (Sakai et al, 2016). On the other hand, mutations in POLR1C
and POLRI1D are associated with deterioration of RNA polymerase I/Ill also leading to
deficiency in ribosome biogenesis (Dauwerse et al., 2011; Trainor and Merrill, 2014).

This deficiency in ribosome biogenesis leads to lower cell proliferation, higher
neuroepithelial apoptosis and insufficient formation of migrating cranial neural crest
cells, that prompt the hypoplasia of craniofacial elements such as bone, cartilage and
connective tissue, therefore the most affected cellular type in TCS is the neural crest
cells, and the severe TCS cases needs major reconstructive surgeries that are rarely
fully corrective (Jones et al 2008).

Understanding embryonic development is important to unravel the
mechanisms that lead to the phenotype. NCCs emerge from the neuroepithelium and
migrate into the pharyngeal arches, and then in the next step they proliferate and
differentiate in important craniofacial structures such as cartilage, facial bones and
connective tissue (Bhatt et al., 2013; Gong et al., 2014; Twigg & Wilkie, 2015).

In animal models for TCS, TCOF1 knockout leads to impairment of ribosome
biogenesis resulting in higher apoptosis rate and deficit in the NCCs proliferation,
culminating in cartilage and facial bone hypoplasia (Dixon et al., 1997; Jones et al.,
1999; Dixon et al., 2006; Jones et al., 2008; Weiner et al.,, 2012). The use of animal
models does not always reveal all mechanisms and cellular types affected in human
TCS subjects, thus the use of iPSC technology with the capacity of differentiation in a
wide range of cell types is essential to study human pathogenic mutations in TCOF1.

The possibility to recapitulate human embryogenesis through the use of iPSC
technology is a promising strategy to study human craniofacial diseases, including TCS.

Since NCCs are the most affected cellular type in TCS animal models, the
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differentiation of iPSCs in iPSC-derived NCCs (iNCCs) is essential to observe if cells
derived from TCS subjects present alterations related to important cellular properties
like cell proliferation, apoptosis and differentiation potential (Menendez et al., 2013;
Sakai et al., 2016).

Therefore the generation of iINCCs from iPSCs from TCS and control subjects
will be essential to compare and observe alteration of cellular properties, and
complement data acquired from animal models. The in vitro modeling and derivation
of human iPSCs, iINCCs and MSC-like cells could further elucidate the underlying
pathogenetic mechanism of TCS, especially in regards to the osteodifferentiation of
craniofacial bones affected by the syndrome. This knowledge may provide foundation

for the improvement of bone therapeutic strategies in the future.
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Objectives

The main objectives of this work are:

e To compare the osteogenic potential of mesenchymal stem cells derived from
exfoliated deciduous teeth and human adipose tissue and dissect the factors that
lead to the differences related toin vitro osteogenesis in these mesenchymal stem

cells;

¢ To verify if the osteogenic differentiation potential of mesenchymal cells derived

from induced pluripotent stem cells depends on the somatic cell source.

e To verify if iPSCs can be used to model Treacher-Collins Syndrome.
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CHAPTER I

Increased In Vitro Osteopotential in SHED
Associated with Higher IGF2 expression

When Compared with hASCS
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Abstract Mesenchymal stem cell (MSC) osteogenic differ-
entiation potential varies according to factors such as tissue
source and cell population heterogeneity. Pre-selection of cell
subpopulations harboring higher osteopotential is a promising
strategy to achieve a thorough translation of MSC-based ther-
apies to the clinic. Here, we searched for novel molecular
markers predictive of osteopotential by comparing MSC pop-
ulations from two sources harboring different osteogenic po-
tentials. We show that MSCs from human deciduous teeth
(SHED) have an intrinsically higher osteogenic potential
when compared with MSCs from human adipose tissue
(hASCs) under the same in vitro controlled induction system.
Transcriptome profiling revealed /GF2 to be one of the top
upregulated transcripts before and during early in vitro osteo-
genic differentiation. Further, exogenous IGF2 supplementa-
tion enhanced alkaline phosphatase activity and matrix min-
cralization, and inhibition of IGF2 lessened these parameters
in SHED and hASCs, validating /GF2 as an osteogenic factor
in these MSCs. Further, we found /GF2 to be biallelically
expressed in SHED, but not in hASCs. We observed a 4 %
methylation increase in the imprinting control region within
the /GF2-H19 locus in SHED, and this is mainly due to 2
specific CpG sites. Thus, we suggest that /GF2 upregulation
in SHED is due to loss of imprinting. This study unravels
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osteogenic properties in SHED, implying /GF2 as a potential
biomarker of MSCs with higher osteopotential, and unveils
IGF2 loss-of-imprinting in SHED.

Keywords SHED - hASCs - In vitro osteopotential - /GF2 -
Imprinting - Biallelic expression

Introduction

Studies on the use of mesenchymal stem cells (MSCs) for
cellular therapies with the ultimate goal of bone regeneration
are mainly based on their capacity of self-renewal, direct dif-
ferentiation toward the osteogenic lineage and the ability to
secrete trophic factors that may contribute to bone repair [ 1,
2]. These characteristics have been firstly explored in bone
marrow mesenchymal stem cells (BMSCs) both in the lab
and in different clinical scenarios [3-5]. However, BMSCs
are scarce, and bone marrow harvesting remains painful and
laborious. Therefore, there is an increasing interest in studying
osteogenic cells from more convenient tissue sources, such as
dental pulp and adipose tissue.

Stem cells from human exfoliated deciduous teeth (SHED),
aspecific type of dental pulp stem cell (DPSC), are potentially
useful due to their differentiation plasticity, noninvasive iso-
lation process, and similarity to osteoprogenitor cells [6-9].
SHED have been used to repair cranial defects in immuno-
compromised mice [ 10], to reconstruct trabecular bone in sys-
temic lupus erythematosus-like MRL/Ipr mice [8], and to aid
critical-size calvarial defect regeneration in Wistar rats [11].
Human adipose tissue-derived stem cells (hASCs) represent
another promising MSC type since they can be harvested from
the stromal-vascular fraction of adipose tissue in abundant
quantities by a simple surgical procedure. Their osteogenic
potential has been demonstrated by the use of different culture
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conditions containing osteoinductive factors [12-15] and
hASCs were used in clinical trials, however, with a limited
number of cases [16, 17].

In spite of these reports, evidence for sound clinical effica-
cy of the use of MSCs for bone regeneration has been chal-
lenging to confirm, and the therapeutic mechanisms suppos-
edly leading to bone formation are incompletely understood
and increasingly speculative. In addition, no therapy based on
MSCs has yet had FDA approval [18]. Despite many studies
examining SHED- and hASC-mediated osteogenesis and
bone formation [6, 8-10, 19-23], the molecular rules that
govern their osteopotential are still under debate. Variable dif-
ferentiation potential is seen both in MSCs from different
tissue sources and in cellular populations from the same tissue
source, the latter being attributed to cell heterogeneity [24],
and success of MSC-based bone regenerative medicine could
be improved with pre-selection of cells harboring higher oste-
ogenic potential [23, 25-27]. Therefore, this study has three
main aims: 1) to compare the in vitro osteopotential of SHED
and hASCs under the same induction system; 2) to identify
molecular mechanisms governing osteogenic properties in
these MSCs; 3) to identify predictive markers of osteogenic
potential in these MSCs.

Material and Methods
Ethics and Financial Interest Statement

This study was approved by the Institute of Biosciences"Human
Research Ethics Committee (permit number 104.120.09). We
certify that no financial support or benefits have been received
by any co-author or from any commercial source directly or
indirectly related to the work reported in this article.

Isolation of Dental Pulp and Adipose-Tissue Derived Stem
Cells

SHED populations were isolated from donated deciduous
tecth obtained upon signed informed consent by the
subjects‘legal guardians. Dental pulps were extracted from
normal deciduous teeth of six subjects (aged from 6 to
10 years). Donors were previously evaluated for systemic dis-
cases and oral infections and subjects with these conditions
were excluded. Dental pulp fragments were retrieved with a
barbed nerve broach instrument and cells were isolated ac-
cording to the protocol described in Miura et al., 2003 [6].
hASCs were isolated from sub-abdominal adipose tissue
obtained after liposuction procedures upon informed consent.
Adipose tissue was obtained from six subjects (aged from 24
to 68 years) undergoing elective liposuction procedure. The
unprocessed lipoaspirate was washed with equivalent volume
of PBS supplemented with 1 % Pen Strep (Life Technologies,
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CA., USA) and enzymatically dissociated with 0.075 % col-
lagenase type I (Sigma-Aldrich, St. Louis, USA). Enzyme
activity was neutralized with DMEM/F 12 (Life Technologies,
CA., USA) containing 10 % fetal bovine serum (FBS; Life
Technologies, CA., USA). Infranatant was centrifuged at 1,
200xg for 5 minutes to pellet cells. Cells were seeded in 6-well
culture plates (Corning, N.Y., USA) containing MSC growth
medium (DMEM/F 12 supplemented with 15 % FBS, 1 % Pen
Strep and 1 % MEM non-essential aminoacids (Life Technol-
ogies, CA., USA).

After 14 days, SHED and hASCs cultures were washed
with Ix PBS, dissociated with TrypLE (Life Technologies,
CA, USA) and seeded at a 10 [4] cells/cm [2] concentration
onto 25 c¢m (2] culture flasks (Corning, N.Y., USA). Cells
were kept in MSC growth medium at 37 °C in a § % CO2
humidified incubator and maintained in semi-confluence to
prevent differentiation. Passages were done every 4-5 days
and medium was refreshed every 3 days. All experiments
were performed between the third and fifth subculture, with
n=6 for the SHED and the hASCs groups and samples were
not pooled.

Immunophenotyping

Immunophenotype characterization of cultured SHED and
hASC populations was done by flow cytometry analysis. Cel-
lular populations were harvested with TrypLe (Invitrogen,
CA, USA), washed with 1x PBS and incubated with BSA
for 1 hour at 4 °C with the following anti-human antibodies:
CD29-PECy5, CD34PerCP, CD31-PE, CD45-FITC, CD90-
R-PE, CD73-PE, CD105-PE (Becton, Dickinson and Compa-
ny, NJ, USA). Matched control samples were incubated with
PBS free of antibodies. Cell suspensions were washed with
PBS, and 10,000 labeled cells were analyzed using a Guava
casyCyte flow cytometer running the Guava ExpressPlus soft-
ware (Merck Millipore, Darmstadt, Germany). Experiments
were done in technical triplicates for each cell sample and
for each antibody.

In vitro Osteogenic Differentiation Experiments

Subconfluent cell populations of SHED and hASCs were
treated with osteogenic induction medium containing
DMEM-Low Glucose (Life Technologies, CA., USA) supple-
mented with 10 % FBS (Invitrogen, CA., USA), 501M ascor-
bate-2-phosphate, 10 mM -glycerophosphate, 0.1:M dexa-
methasone (Sigma-Aldrich, St. Louis, USA), 100 U/ml peni-
cillin, 100 g/ml streptomycin (Invitrogen, CA., USA) with
media changes every three days. Alkaline phosphatase activ-
ity was assessed through a biochemical assay on the 9th day of
in vitro osteogenic differentiation (SHED: n=6; hASCs: n=
6). Briefly, cells were provided with phosphatase substrate
(Sigma-Aldrich, St. Louis, USA) and the resulting p-
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nitrophenol was quantified colorimetrically using a Multiskan
EX ELISA plate reader (Thermo Scientific, MA., USA) at
405 nm. Calcium matrix production was analyzed after
21 days of in vitro osteogenesis by Alizarin Red-S staining
(SHED: n=6; hASCs: n=6). Cells were washed three times
with 1xPBS, fixed with a 70 % ethanol solution for 30 minutes
at room temperature, followed by three distilled water washes
and finally stained with a 0.2 % Alizarin Red-S solution (Sig-
ma-Aldrich, St. Louis, USA) for 30 min at room temperature.
Staining was removed with a solution of 20 % methanol /
10 % acetic acid and measured colorimetrically using a
Multiskan EX ELISA plate reader at 450 nm. As a negative
control for both assays we used the same cells cultivated in
regular proliferation medium. Experiments were done in tech-
nical triplicates for each time point and for each cell line.

RNA Extraction, Microarray and qRT-PCR Experiments

SHED and hASCs at 80 % confluence seeded in 25 cm [2] cell
culture flasks were used for in vitro osteoinduction followed
by RNA extraction and microarray / RT-qPCR assays. Total
RNA was isolated from osteogenic medium-treated cells and
untreated cells using a Nucleospin RNA 11 kit (Macherey-
Nagel, Duren, Germany), following manufacturer’s instruc-
tions. RNA quality and concentration were measured by 2 %
agarose gel electrophoresis and Nanodrop ND-1000 (Thermo
Scientific, MA., USA), respectively.

Gene expression microarray assays were performed at
three time points of early in vitro osteogenesis: immediately
before induction (day 0) and at days 4 and 6 of osteoinduction.
¢DNA was prepared with Affymetrix GeneChip WT ¢cDNA
Synthesis and Amplification Kit (Affymetrix, CA., USA), fol-
lowing manufacturer’s instructions. cDNA fragmentation and
labeling was performed with Affymetrix GeneChip WT Ter-
minal Labeling Kit (Affymetrix, CA., USA) and 5.5 ug of
labeled ¢DNA target was used to hybridize Affymetrix
GeneChip Human Gene 1.0 ST array chips (Affymetrix,
CA., USA) for 16 h at 45 °C, following manufacturer’s in-
structions. Chips were washed and stained using an
Affymetrix GeneChip Fluidics Station 450 and scanned using
an Affymetrix GCS 3000 scan (Affymetrix, CA., USA). Raw
microarray data were normalized through Robust Multichip
Average preprocessing method [28] and the ComBat method
was applied for the batch effect corrections [29]. Only genes
showing high expression variance among arrays were retained
through the use of interquartile range (IQR=1). Multi-class
Significance Analysis of Microarrays (SAM, p<0.05 [30],)
adjusted by False Discovery Rate [31] was used to detect the
differentially expressed genes (DEGs) for each time-point
(immediately before induction and at days 4 and 6 of
osteoinduction) in each stem cell group (BMSCs, SHED and
hASCs). Ingenuity Pathway Analysis (IPA®, QIAGEN Red-
wood City, www.qiagen.com/ingenuity) software was used

for gene interaction analysis and functional classification of
differentially expressed genes. Hierarchical clustering was
performed with EXPANDER (EXpression Analyzer and
DisplayER - http://acgt.cs.tau.ac.il/expander/), under
standard parameters.

Gene expression of osteogenic markers (DLXS, RUNX2,
BGLAP and ALP) and IGF2 was quantified before (T0) and
after one, two and three days (T1, T2 and T3) of in vitro
osteogenic induction by qRT-PCR (SHED: n=3; hASCs: n=
3). Briefly, one microgram of total RNA extracted from SHED
and from hASCs populations (SHED: n=3; hASCs: n=3) was
converted into cDNA using Superscript I1, according to man-
ufacturer’s recommendations. cDNAs from each cell type
were pooled and used as a calibrator. qRT-PCR reactions were
performed in triplicates with final volume of 25 pL, using
20 ng ¢cDNA, 2X SYBR Green PCR Master Mix, and 50
nM -200 nM of each primer. Fluorescence was detected using
ABI Prism 7500 Sequence Detection System, under standard
temperature protocol. Primers were designed with Primer-
BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/;
see Table SI for primer sequences). Primers’ amplification
efficiencies (E) were determined by serial cDNA dilutions
expressed in log, o in which E=10""°", Expression of target
genes was assessed relative to a calibrator cDNA pool (ACt).
GeNorm v3.4 [32] was used to calculate normalization factors
for each sample, considering GAPDH, HPRT! and SDHA
endogenous expression. The final expression values were de-
termined based on a previous method [33] dividing Bt by
the corresponding normalization factor. Primers and reagents
were supplied by Life Technologies.

Western Blotting

SHED and hASCs were plated at a density of 4000 cells/cm
[2] in 75 cm [2] flasks and cultured until 80 % confluence in
MSC growth medium and serum-starved in DMEM/F12 with-
out FBS for 48 h. Total protein lysates were obtained using
RIPA Buffer (1 % NP-40, 0.5 % SDS, 0.5 % Sodium
Deoxycholate, 50 mM Tris-HCI, 150 mM NaCl and | mM
EDTA) containing protease and phosphatase inhibitor cock-
tails (Sigma-Aldrich, St. Louis, USA). Protein concentration
was determined using a bicinchoninic acid assay kit according
to manufacturer’s instructions (Thermo Fisher Scientific, IL.,
USA). Total cell lysates (20 pg) were separated by SDS-
PAGE and dry-transferred to nitrocellulose membranes with
the iBlot system (Life Technologies, CA., USA) according to
manufacturer’s recommendations. Membranes were blocked
in buffer TBS-T (1 M Tris-HCI pH 7.5, 5 M NaCl, 0.1 %
Tween-20) 5 % BSA under constant stiring for 1 h at room
temperature, washed 4x with TBS-T, and incubated with anti-
IGF2 (1:1000 dilution in TBS-T/BSA; SAB1408589 — Sig-
ma-Aldrich, St. Louis, USA) primary antibody overnight at
4 °C. Detection was performed using anti-rabbit 1gG, HRP-
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linked Antibody (1:2000 dilution in TBS-T/BSA; Cell Signal-
ing) under constant stirring for 1 h at room temperature, ECL
Prime substrate (GE Healthcare), and Image Quant LAS 4000
Mini (General Electrics). 3-actin was used as a loading con-
trol (HRP-linked anti-3-actin, Abcam). The intensity of the
bands was determined by densitometry using NIH Imagel
software (http:/rsbweb.nih.gov/ij/). IGF2 protein levels were
quantified and normalized to the corresponding {3-actin levels.

IGF2 and Chromeceptin Treatments

To test the effects of IGF2 supplementation and chromeceptin
treatment (CO868 — Sigma-Aldrich, St. Louis, USA) on SHED
and hASCs osteogenic potential, we added IGF2 (ProsPec,
CYT-265) and chromeceptin (Sigma-Aldrich, St. Louis,
USA) to the osteogenic medium at a concentration of 2x10
[2] ;M and 0.3 1M respectively, in independent experiments.
Alkaline phosphatase activity was assessed after 9 days of
in vitro osteogenesis and alizarin red-S staining was per-
formed after 21 days of osteoinduction for both treatments.
These experiments were performed in 3 SHED and 3 hASC
independent populations.

IGF2 Genotyping

Genotypes of 10 SHED and 10 hASCs populations for poten-
tial IGF2 polymorphisms were determined by PCR and Sang-
er sequencing of genomic DNA and ¢cDNA. Optimal anneal-
ing temperatures for each primer pair was determined by PCR
on a gradient thermal cycler (Table 1).

Bisulfite Sequencing

Bisulfite treatment was used to convert unmethylated cyto-
sines to uracil. Two micrograms of genomic DNA were bisul-
fite treated using the Epitect Bisulfite Kit (QIAGen), follow-
ing manufacturer’s recommendations. From 20 ul of eluted
converted DNA, 1 pl was used for subsequent PCR. Primers
sequences TGAGATTTTTTTTGTAGGGTTTATG and A4AA
CACCTCATTATTCCCCTAATAT were used to amplify the
IGF2 converted region, with the following cycling conditions:
95 °C for 5 min followed by 40 cycles of 94 °C for 30 sec,
54 °C for 3 min, 72 °C for 1 min and one cycle of 72 °C for

5 min. PCR products were cloned using the TOPO TA Clon-
ing kit (Life Technologies, CA., USA) and 10 clones per sam-
ple were submitted to sequencing reaction using the BigDye®
Terminator v3.1 Cycle Sequencing Kit (Life Technologies,
CA., USA) and sequenced in the ABI 3730 DNA Analyzer.
Finally, CpG methylation levels in each clone were calculated
using the BISMA (Bisulfite Sequencing DNA Methylation
Analysis) online tool.

Statistical Analysis

Continuous variables were expressed by mean and standard
deviation, and groups were compared by Student’s t-test. A p-
value<0.05 was considered statistically significant. Tests
were done using the GraphPad InStat software (GraphPad)
[34].

Results

After isolation, both SHED and hASCs displayed spindle-
shaped fibroblastoid morphology. They showed a similar
and homogeneous immunophenotype regarding the panel of
cell surface markers: SHED and hASCs expressed similarly
high levels of mesenchymal markers (>95 % for CDs 29, 73,
90, 105) and low levels of endothelial (<2 % for CD31) and
hematopoietic (<2 % of CDs 34 and 45) markers. Thus, these
results attest their mesenchymal origin (figure S1).

Both cell groups showed increased expression of osteogen-
ic markers after three days of in vitro osteogenesis (RUNA2,
ALP and BGLAP in SHED and RUNX2, ALP and DLXS in
hASCs). Alkaline phosphatase (ALP) activity was higher and
mineralized matrix was produced, respectively, after 9 and
21 days of osteoinduction in SHED and hASCs (Fig. 1a-d).
Even though SHED and hASCs responded positively to
osteoinduction, gene expression of osteogenic markers was
generally higher in SHED when compared with hASC popu-
lations (Fig. la). Additionally, ALP activity after 9 days of
osteoinduction and extracellular matrix mineralization after
21 days of in vitro osteogenesis were increased 1.61-fold
(p<0.05) and 2.24-fold (p<0.0001), respectively, in SHED
when compared with hASCs (Fig. 1b-d). These results

Table 1  Primers used for real-time quantitative PCR experiments

Gene NCBI reference sequence code Forward sequence Reverse sequence

RUNX2 NM_001024630.3 AGTGGACGAGGCAAGAGTTTC GTTCCCGAGGTCCATCTACTG
ALP NM_000478.4 GATACAAGCACTCCCACTTCATCTG CTGTTCAGCTCGTACTGCATGTC
GAPDH NM_001256799.1 TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA
HPRTI NM_000194.2 TGACACTGGCAAAACAATGC GGTCCTTTTCACCAGCAAGCT
SDHA NM_004168.2 TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCA
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Fig.1 Analysis of early osteogenesis in SHED and hASCs (n=6 per cell
type). a) QRT-PCR results for DLX5, RUNX2, ALP and BGLAP during
the first 3 days of osteoinduction. Quantification of alkaline phosphatase

suggest that SHED present increased in vitro osteogenic po-
tential as compared to hASCs.

In order to investigate the molecular mechanisms behind
the osteogenic differences between SHED and hASCs, we
performed global gene expression profiling during three
time points of early in vitro osteogenesis: immediately be-
fore induction (day 0) and at days 4 and 6 of osteoinduction
in SHED and hASCs, using human BMSCs (hBMSCs) as a
positive control. By comparing the expression profiles in
these three time points for each cell group, we identified 34
differentially expressed genes (DEGs) in SHED, 87 in
hASCs and 198 in hBMSCs. We first tested if DEGs exclu-
sively shared by SHED and hBMSCs groups during early
osteogenesis contribute to enrichment in pathways associ-
ated with osteogenesis. Eleven differentially expressed
transcripts were common between hBMSCs and SHED,
but they were not identified as DEGs in hASCs; further,
through the use of the Ingenuity Pathway Analysis soft-
ware, we observed that Interleukin 17A (p<6.13 e-4) and
RXR/RAR pathways (p<1.85 e-4), both previously associ-
ated with osteogenesis, were the most enriched in SHED
and hBMSC groups. On the other hand, 43 DEGs were
shared exclusively by hBMSCs and hASCs, and using
IPA we observed that Serine biosynthesis (p<4.75 e-5)
and Superfamily of Serine and Glycine Biosynthesis

2

Time (Days)

B SHED (n=6)
([ hASCs(n=6)

control

activity (b) and alizarin red-S staining (c), respectively at the 9™ and 21%
day of in vitro osteogenic differentiation. d) Representative micrographs
of the alizarin red-S staining after 21 days of in vitro osteoinduction

(2<9.94¢-5), none of them involved in osteogenesis, were
identified as the most enriched pathways in this group. The-
se data, together with the osteogenic differentiation com-
parison, show an overall increase in SHED osteopotential
when compared with hASCs.

In a second analysis aiming to identify molecular
markers predictive of osteodifferentiation capacity, we per-
formed a hierarchical clustering of each cell population
grouped per time point. /GF2 and /ITGAS were revealed as
the top upregulated transcripts in SHED and hBMSCs in
comparison with hASCs at day 0 (before osteoinduction),
and /GF2 remained upregulated in these MSCs until day 6
of early osteogenesis (Fig. 2a). Considering the important
role played by /GF2 during bone formation, remodeling
and homeostasis [35, 36], and the upregulated pattern of
IGF2 in early osteogenesis in SHED and hBMSCs, we se-
lected /GF2 for validation of mRNA and protein expression
in SHED cultures in comparison with hASCs cultures. Both
IGF2 mRNA upregulation and higher IGF2 protein produc-
tion were observed in SHED as compared to hASCs before
osteoinduction (day 0, average of 32.2-fold upregulation in
IGF2 mRNA, p<0.01, n=10 per cell group, and p<0.05,
n=11 per cell group for IGF2 protein expression) (Fig. 2b-
¢). We also validated /GF2 mRNA upregulation during the
first 8 days of in vitro osteogenesis (Fig. 2c).
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differentially expressed transcripts during early in vitro osteogenesis in
SHED, hASCs and hBMSCs (n=2 per cell type, days 0, 4 and 6). /GF2
upregulation in SHED and hBMSC is indicated by the blue arrows. b)

To characterize the effect of IGF2 signaling during osteo-
genesis in SHED and hASCs we added exogenous IGF2 to the
osteogenic medium used for in vitro osteoinduction. This
treatment intensified osteogenesis both in SHED and in hASC
cultures, shown by enhanced ALP activity after 9 days of
osteoinduction (1.19 times in SHED, p<0.01; 1.30 times in
hASCs, p<0.001, n=3 per cell group, Fig. 3a) and mineral-
ized matrix production after 21 days of in vitro osteogenesis
(3.04 times in SHED, p<0.05; 4.41 times in hASCs, p<0.001,
n=3 per cellular group, Fig. 3a). Next, we administered
chromeceptin, an IGF2 inhibitor at both the transcriptional
and signaling levels, during in vitro osteoinduction.
Chromeceptin treatment led to a significantly lower ALP ac-
tivity (2.43 times in SHED, p<0.001; 2.482 times in hASCs,
p<0.001, n=3 per cell group, Fig. 3b) and matrix mineraliza-
tion (1.351 times in SHED, p<0.01; 1.572 times in hASCs,
p<0.05, n=3 per cell group, Fig. 3b) both in SHED and
hASCs. These results show a direct correlation between
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Western blotting for IGF2 detection in SHED and hASCs (n=11 for each
sample, day 0), anti 3-actin antibody was used as loading control. ¢) gRT-
PCR of IGF2 during the first 8 days of in vitro osteoinduction in SHED
and hASCs (n=3 per cell type)

IGF2 pathway activation and in vitro osteogenesis in these
MSCs.

We hypothesized that /GF2 upregulation in SHED
may be due to an increase in methylation of the CpG-
rich imprinting controlling center within the /GF2-H19
intergenic region [37, 38] or deviations from the
monoallelic expression accounted for this locus. First,
we determined the methylation status of 17 CpG sites
in the IGF2-H19 intergenic region (n=10 per cellular
population and n=10 clones per sample) by bisulfite
sequencing. SHED samples had 50.9 % of methylated
CpGs in comparison with 46.9 % in hASCs (p<0.0001).
Since this difference could be due to site-specific in-
creased methylation, we next compared the differences
in methylation per site and verified that sites 3 and 16
have significantly higher methylation on SHED samples
when compared with hASCs (20.1 % increase, p=0.014
and 18.3 % increase, p=0.023, respectively).
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Additionally, to investigate whether allelic transcription-
al imbalances could be leading to the higher /GF2 ex-
pression observed in SHED, we genotyped the /GF2
polymorphism rs3168310 in SHED and hASCs (n=10
per cell population) by sequencing their genomic DNA
as well as ¢cDNA. Four SHED and one hASC popula-
tion were informative (heterozygous at one or more
polymorphisms at the genomic level — Fig. 4). In this
group, the hASC population was homozygous at the
cDNA level, thus displaying /GF2 monoallelic expres-
sion, as expected. Conversely, the informative SHED
populations were heterozygous at the ¢cDNA level,
which indicates /GF?2 biallelic expression in these cells.

Fig. 4 Electropherograms of
DNA and cDNA sequencing of
153168310 (C/G) IGF2
polymorphism in SHED and
hASC samples (2=10 per cell
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Sequencing of an additional polymorphism (rs2230948)
confirmed these results (data not shown).

Discussion

Even though it is well established that SHED and hASCs are
capable of undergoing osteogenesis in vitro, we show in this
study that SHED have higher osteogenic potential when com-
pared with hASCs under the same in vitro controlled condi-
tions: SHED populations display higher gene expression of
four hallmark osteogenesis markers (RUNX2, DLXS, ALP
and BGLAP) during the first three days of in vitro
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osteodifferentiation, higher alkaline phosphatase (ALP) activ-
ity after 9 days of osteoinduction and produce more mineral-
ized matrix after 21 days of in vitro osteogenesis, when com-
pared with hASCs.

To better understand the molecular underpinnings of these
variations in osteogenic differentiation efficiency, we per-
formed microarray-based genome-wide expression profiling
in three time points spanning early SHED and hASC in vitro
osteogenesis. Interleukin-17A (IL-17A) and Retinoid X Re-
ceptor / Retinoic Acid Receptor (RXR/RAR) pathways, the
most enriched pathways in SHED and hBMSCs during early
osteogenesis, are recognized as important mediators of bone
metabolism and homeostasis [39-41]. However, no enrich-
ment of osteogenesis pathway was observed in hASCs. These
results endorse that enrichment of these pathways during early
in vitro osteogenesis of SHED and hBMSCs are in line with
the higher in vitro osteogenic potential displayed by them as
compared with hASCs.

The comparative transcriptome analysis grouping each cel-
lular population per time point (0, 4 and 6 days of in vitro
osteoinduction) led to the identification of /GF2 as a differen-
tially expressed transcript before and during early
osteoinduction in SHED and hBMSCs. We demonstrated that
both IGF2 mRNA and protein are upregulated in SHED when
compared with hASCs, suggesting that IGF2 plays an impor-
tant role in the increased in vitro osteogenesis observed in
SHED when compared with hASCs.

We validated IGF2 as an osteogenic factor in SHED by
verifying that supplementation with exogenous IGF2 en-
hanced alkaline phosphatase and matrix mineralization both
in SHED and hASCs while treatment with chromeceptin effi-
ciently inhibited osteogenesis in both cell types. Moreover,
hASCs supplementation with IGF2 during in vitro osteogen-
esis rescues their osteogenic potential, which becomes very
similar to SHED osteopotential. In fact, IGF2 is known to be
highly expressed in bone tissue and is recognized to promote
bone formation and remodeling [35, 42-44]. It has also been
shown that upregulation of IGF2 is implicated in priming
MSC differentiation into osteoprogenitor cells, in in vivo os-
teogenesis and in adult bone remodeling in mice [45].

The finding of endogenous upregulation of /GF2 before
osteoinduction in a MSC population with intrinsically higher
osteopotential suggests that this molecule can be a candidate
predictive biomarker of bone formation. In this regard, with
the purpose of identifying differentiation-stage specific
markers defining ex vivo osteoblastic phenotype, Twine
etal. 2014 studied the gene expression profile of immortalized
hMSC-TERT cells during different time-points of in vitro os-
teogenesis and identified /GF2 as a late-stage osteogenic dif-
ferentiation gene, with peak expression at 9 days of
osteoinduction [46]. Even though /GF2 upregulation was
not reported in time points earlier than 9 days of in vitro dif-
ferentiation, we do not believe this is in discordance with our
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results since the authors used only one type of MSCs to in-
vestigate temporal variations in gene expression during
in vitro osteogenesis.

It is possible that the upregulation of /GF2 in SHED is
related to a different pre-differentiation state, to an enrichment
of osteolineage progenitor cells or to an altered regulation
pattern, which could be linked to the cell source niche. In this
manuscript we report a global increase of 4 % in methylation
of the /GF2-H19 intergenic imprinting controlling region
(ICR) in SHED, in comparison with hASCs, and these differ-
ences were mainly due to significantly higher methylation in
two CpG sites in SHED populations, where methylation was
increased at least more than 18 % for each site, compared with
hASCs. We speculate that this mechanism could be associated
with the biallelic /GF2 expression found in SHED populations
but not in hASCs. Although the differences in methylation are
not more than two fold, it is well known that the stoichiometry
of IGF2 loss of imprinting leading to a doubling of /GF2
mRNA abundance does not always occur [47]. Even though
IGF?2 is maternally imprinted in most human tissues and tran-
scribed exclusively from the paternally inherited chromosome
[48], loss of imprinting has been observed in several situa-
tions. For example, /GF2 overexpression due to dysregulation
of /GF2 imprinting is a hallmark of many human malignant
tumors, including osteosarcoma, lung neoplasms, ovarian
cancers and Wilms tumor, and it also occurs in Beckwith-
Wiedemann Syndrome, a human genetic disease characterized
by fetal overgrowth, organomegaly and tumor predisposition
[49]. Loss of imprinting of /GF2 has also been reported in
normal human tissues, such as fetal and adult liver [50, 51],
brain [52], newborn cord blood [53] and cervical tissue [54].

We suggest that /GF2 upregulation in SHED is thus related
to loss of imprinting. We cannot rule out that the /GF2 expres-
sion differences between SHED and hASCs are due to the age
difference of the primary donor tissues; however, in that case
we would have observed the opposite, that is, older cells
would be more likely to lose /GF2 imprinting. In line with
our findings, there is an increasing body of literature implicat-
ing epigenetic regulation as an important modulator of MSC
osteogenesis [55-59].

As demonstrated in several studies, mesenchymal stem
cells isolated from the dental pulp tissue of adult teeth
(DPSCs) harbor a robust osteogenic potential [23, 25-27]
and their use in clinical scenarios has commenced [60, 61].
In light of that, the findings outlined in this report help to
provide a more solid ground to the use of SHED in stem-cell
based tissue engineering and regenerative medicine.

Conclusion

In summary, this study contributes to the elucidation of intrin-
sic osteogenic properties associated with SHED and hASCs,
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indicates /GF2 as a potential biomarker to pre-select cells with
increased osteogenic potential and reveals loss of /GF2 im-
printing in SHED. We expect that our findings will be helpful
for a more thorough translation of the stem cell-based bone
regeneration technology to the clinic. We also believe that our
findings will contribute to the challenging issue of attaining
better reproducibility and clinical efficacy in MSC-mediated
bone formation.
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Introduction

Transplantation of autologous bone grafts is considered the golden
standard procedure in osteogenic bone replacement (Amini et al, 2012; Healy et
al, 2007). Although this strategy has been important to regenerate bony structures
lost or damaged due to trauma, diseases, or congenital malformations, difficulties
such as morbidity and lack of tissue supply have placed tissue engineering based
on adult mesenchymal stem cells (MSCs) as a promising approach for bone
reconstruction (Bose et al, 2012; Holzwarth & Ma, 2011).

Thorough translation of MSC-based therapy to clinical practice faces
significant challenges such as poor understanding of the molecular mechanisms
governing differences in osteogenic plasticity of MSCs from different tissues of
origin (Bakshet al, 2007; Huang et al, 2009; Kern et al, 2006). A better
understanding of these mechanisms can guide the selection of an optimal source or
sub-population of MSCs to be used in cell-based bone repair, as well as to help
disentangle the molecular pathways responsible for these differences. This
knowledge may also lead to the discovery of novel molecular markers to be used to
select cells for bone biology research and/or therapy.

Stem cells from human exfoliated deciduous teeth (SHED) are an
invaluable MSC type to investigate osteogenic potential and a promising cell source
for cellular and/or translational studies, as they exhibit stable immunophenotype
during long-term cultivation, maintain in vitro and in vivo plasticity after several
passages and freeze-thaw cycles, and display fast population doubling and high in
vitro and in vivo differentiation potential (d’Aquino et al. 2009; Lainoet al., 2005;
Laino et al,, 2006; Huang et al., 2009). Moreover, we have shown that SHED exhibit
higher osteopotential when compared with human adipose-tissue derived stem
cells (hASCs) under the same in vitro conditions, which is at least in part correlated
with increased IGF2 levels (Fanganiello et al., 2015).

Expression of CD105 (endoglin), a transmembrane TGFB1 co-receptor, was
shown to be inversely correlated with osteogenic potential in hASCs. Even though
diminished TGFB1/SMADZ signaling in hASCs with low CD105 expression
(CD105w) was suggested to be associated with osteogenic potential, the

molecular mechanisms involved in regulation of CD105 expression and
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osteogenesis are currently unknown (Levi et al 2011). Chung et al (2012)
suggested that higher expression of CD90 presented a positive correlation with
osteogenic differentiation in hASCs (Chung et al.,, 2012).

In the present manuscript, we have tested if CD105 is also a predictive
marker of osteogenic potential in SHED. To achieve this goal, we conducted several
experiments comparing CD105 expression levels and osteogenic differentiation in
populations and subpopulations of SHED and hASCs. The results suggested a
strong correlation of CD105 low levels and increased osteogenic potential also in
SHED. We next investigated the involvement of IGF2 and microRNAs in the

regulation of CD105 expression in SHED cells.
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Material andMethods
Ethics statement

This study was approved by the Institute of Biosciences Human Research
Ethics Committee (permit number 104.120.09) of the University of Sao Paulo.
SHED populations were isolated from donated deciduous teeth obtained upon
signed informed consent by the subjects’ legal guardians. hASCs were isolated from
sub-abdominal adipose tissue, obtained from liposuction procedures. Signed

informed consent was also obtained from the subjects.
Harvesting of SHED and adipose tissue-derived stem cells

Human sub-abdominal adipose tissue was obtained from 9 subjects (aged
from 24 to 68 yearsold) undergoing elective liposuction procedure. Unprocessed
lipoaspirates were washed with equivalent volumes of PBS supplemented with
100 U/ml of penicillin and 100 pg/ml of streptomycin (Life Technologies) and
enzymatically dissociated with 0.075% collagenase type I (Sigma-Aldrich). Enzyme
activity was neutralized with Dulbecco’s Modified Eagle’s Medium/Ham’s F12
(DMEM/F12; Invitrogen, CA., USA) containing 10% Fetal Bovine Serum (FBS; Life
Technologies). Infranatant was centrifuged at 1,200xg for 5 minutes to pellet cells.
Cells were seeded in 75 cm? culture flasks (Corning) containing DMEM/F12
supplemented with 15% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM

L-glutamine, and 2 mM nonessential amino acids (Life Technologies)

Dental pulps were extracted from normal deciduous teeth from nine
subjects (between 6 and 10 years of age). Donors had been previously evaluated
for systemic diseases and oral infections, and subjects with these conditions were
excluded. SHED were obtained by enzymatic digestion as described in Miura et al,
2003. SHED were maintained in 6-well culture plates containing DMEM/F12
supplemented with 15% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 2

mML-glutamine, and 2 mM nonessential amino acids.

After 14 days, cells were washed with PBS, dissociated with TrypLE (Life
Technologies) and 104 cells were seeded in 25 cm? culture flasks (Corning). Cells

were kept at 37°C in a 5% COz incubator and maintained in semi-confluence in
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order to prevent differentiation. Passages were done every 4-5 days and medium
was refreshed every 3 days. All experiments were performed between the third

and the fifth subculture.
Immunophenotyping

Immunophenotype characterization of hASCs and SHED populations was
done by flow cytometry analysis. Cells were harvested with TrypLE (Life
Technologies, and resuspended to 10> cells in 100uL of PBS containing 1% BSA.
Cells were separately labeled with FITC, PE, PE-Cy5, PERCP-Cy5.5 or APC-H7
conjugated rat anti-human antibodies CD29, CD31 (Biolegend), CD34, CD45, CD73,
CD90 and CD105 (Becton Dickinson) on ice and protected from light for 40 min. An
isotype-matched mAb was used as a control (Becton Dickinson). Cell suspensions
were washed with PBS, and 10,000 labeled cells were analyzed using a Guava
EasyCyte flow cytometer running the Guava Express Plus software (EMD
Millipore). The immunophenotyping experiments were done in technical

triplicates for each cell sample and for each antibody.
Fluorescence Activated Cell Sorting (FACS)

Staining with anti-CD105-PE (Becton Dickinson) was performed on 107
cells, followed by acquisition in a FACSAria II cytometer (Becton Dickinson),
according to manufacturer’s recommendations. Briefly, after exclusion of debris
and doublets, cells positively stained for CD105 were separated into
subpopulations, based on fluorescence: cells with the lowest CD105 expression,
below the 20t percentile (CD105!°%), and cells with the highest CD105 expression,
above the 80t percentile (CD105hi8h). We sorted four cell cultures of each type
according to these parameters (hASC-CD105!"w and hASC-CD105high; SHED-
CD105v and SHED-CD105high). After expansion, cells were seeded in 12-well
plates (Corning) and assessed for in vitroosteogenic differentiation through

alkaline phosphatase activity and Alizarin Red staining assays.
Analysis of in vitro osteogenic differentiation

Subconfluent ASC and SHED populations were treated with StemPro®
Osteogenesis Differentiation Kit (Life Technologies), 100 U/ml penicillin, 100
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ug/ml streptomycin with media changes every three days through 21 days of

osteogenic differentiation.

Alkaline phosphatase activity was quantified on the 9th day of in vitro
osteogenic differentiation. Cells were treated with phosphatase substrate (Sigma-
Aldrich) and the resulting p-nitrophenol was quantified colorimetrically using a

Multiskan EX ELISA plate reader (Thermo Scientific) at 405 nm.

Mineralized matrix production was assessed after 21 days of in vitro
osteogenesis with Alizarin Red staining. Briefly, cells were washed three times
with PBS, fixed with a 70% ethanol solution for 30 minutes at room temperature,
followed by three distilled water washes and finally stained with a 0.2% Alizarin
Red solution (Sigma-Aldrich) for 30 minutes at room temperature. Staining was
removed with a solution of 20% methanol / 10% acetic acid and measured
colorimetrically using a Multiskan EX ELISA plate reader (Thermo Scientific) at
450nm.

As a negative control for both colorimetric assays, cells maintained in
regular culture medium were used. Experiments were done in technical triplicates

for each time point and for each cell line.
MicroRNA target prediction analysis

Identification of microRNAs potentially regulating CD105 expression was
carried out with two software: Ingenuity Pathway Analysis (IPA®, QIAGEN
Redwood City, www.qiagen.com/ingenuity). Putative microRNAs identified with
IPA were confirmed with TargetScan Human v6.2 (http://www.targetscan.org). All

analyses were performed using standard parameters.
RNA and microRNA extraction

Total RNA isolation was performed with NucleoSpin RNA II kit (Macherey-
Nagel), following manufacturer’s recommendations. RNA quality and
concentration were assessed using Nanodrop 1000 and agarose gel
electrophoresis. Only RNA samples with absorbance ratio 260/280>1.8, preserved
rRNA ratio (28S/18S) and no signs of degradation were used. MicroRNA fractions
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were extracted using the mirVanamiRNA Isolation Kit (Life Technologies),

following manufacturer’s recommendations.
Real-Time Quantitative PCR (RT-qPCR)

One microgram of total RNA was converted into cDNA using Superscript II,
according to the manufacturer’s recommendations. cDNAs from each cell type
were pooled. RT-qPCR reactions were performed in triplicates with final volume of
20 pL, using 20 ngcDNA, 2X Fast SYBR Green PCR Master Mix, and 50 nM - 200 nM
of each  primer. Primers were designed with  Primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/; see Table S1 for primer
information). Primer amplification efficiencies (E) were determined by serial cDNA

dilutions expressed in logio in which E = 10-1/slope,

Reverse transcription and quantification of microRNAs were performed,
respectively, with Tagman microRNA Reverse Transcription Kit and qPCR Master

Mix (Life Technologies), following manufacturer’s recommendations.

Fluorescence was detected using the Applied Biosystems 7500 Fast Real-
Time PCR System (Life Technologies), under standard temperature protocol.
Expression of target genes and microRNAs was assessed relative to a calibrator
cDNA (ACt). Finally, GeNorm v3.4 was used to calculate normalization factors for
each sample (Vandesompele et al, 2002), considering endogenous expression of
GAPDH, HPRT1 and SDHA for mRNA assays, and RNU58A, RNU66 and RNU6B for
microRNA assays. Final expression values were determined by dividing E-2¢t by the
corresponding normalization factor (Pfaffl, 2001). Primers and reagents were

supplied by Life Technologies.
IGF2 treatment

As previously described by Fanganiello et al. (2015) we supplemented basal
medium of SHED and hASCs with IGF2 (ProsPec, CYT-265) at a concentration of
2x102nM, in independent experiments. After 24 hours RNA were extracted using a
Nucleospin RNA II kit (Macherey-Nagel, Duren, Germany), following
manufacturer's instructions, RNA quality and concentration were measured by 2%

agarose gel electrophoresis and Nanodrop ND-1000 (Thermo Scientific, MA., USA),
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respectively. Gene expression assays of RT-qPCR were performed as previously

described.

MicroRNA mimic and inhibitor assays

SHED were nucleofected with the Human MSC Nucleofector Kit (Lonza) in
an AmaxaNucleofector II device (Lonza), applying program U-23, and following
manufacturer’s recommendations. Synthetic hsa-mir-1287 mirVANA mimic and
inhibitor oligonucleotides (Life Technologies) were nucleofected in parallel with a
pmaxGFP positive control plasmid (Lonza) to evaluate transfection efficiency,
following manufacturer’s recommendations. Forty-eight hours after transfection,
cells were submitted to total RNA and microRNA extraction to assess hsa-mir-1287

and CD105 expression.

Statistical analysis

Continuous variables were expressed by mean and standard deviation, and
the groups were compared by Student’s t-test. A p-value < 0.05 was considered

statistically significant. Tests were done using the GraphPad software (GraphPad).
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RESULTS
Characterization of SHED and hASC populations

Both hASCs and SHED populations showed typical MSC immunophenotype
(= 95% staining for CD29, CD73, CD90, CD105 and < 5% staining for CD31, CD34,
CD45, n=9 per cell group) at the 3rd passage.

In general, all assessed osteogenesis-associated transcripts were
upregulated in SHED in comparison with hASCs during the first 6 days of
osteoinduction (Supplementary figure 1A, B, C and D). Further, after 9 days of
differentiation, alkalyne phosphatase (ALP) activity was 2.29 times higher in SHED
(p<0.001) and, after 21 days of differentiation, alizarin red staining showed a 2.37-
fold increase in calcium deposition in SHED, when compared with hASCs (p<0.001;
Supplementary Figure 1E, F and G). These results confirm that the SHED show
increased in vitro osteopotential in comparison with hASCs (Fanganiello et al,

2015).

CD105 expression is inversely correlated with SHED's and with hASCs’
osteogenic potential

Quantification of CD105 gene expression by real-time quantitative PCR (RT-
gPCR) and of CD105 protein expression by flow cytometry revealed that
undifferentiated SHED showed lower CD105 mRNA (6.3 fold, p<0.05) and protein
(7.56 fold, p<0.001) expression compared with hASCs (Figure 1A and B). SHED
and hAScs did not present protein and mRNA expression differences for CD90
(Figure 1C and D). Also, undifferentiated SHED displayed higher expression of
osteogenic markers (ALP, RUNX2, DLX5 and IGF2) compared with hASCs (p<0.001)
(Figure 1E). After 4 days of osteoinduction, CD105 was downregulated in hASC in
comparison with day 0 (p<0.01) while CD105 was upregulated in SHED (p<0.05).
After 6 days of in vitro osteogenesis, CD105 was consistently upregulated in hASC
in comparison with SHED (Figure 1F).
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Figure 1- A. CD105 immunophenotype in SHED and hASCs (n=9 per lineage); B. Relative
expression of CD105 in hASCs and SHED in undifferentiated cells; C. CD90 immunophenotype
in SHED and hASCs (n=6 per lineage); D. Relative expression of CD90 in hASCs and SHED in
undifferentiated cells; E. Relative expression of CD105, ALP, RUNX2, DLX5 and IGF2 at basal
state in SHED and hASCs (n=3 for each cell type). F. Relative expression of CD105during in vitro
osteoblastogenic differentiation at 0, 2, 4 and 6 days (hASC n=3 and SHED n=3). The
comparison between different times in hASCs were TO-T2 (**), TO-T4 (*) and TO-T6 (*), and in
SHED TO-T4 (*) TO-T6 (**). ACTb, TBP and HMBS were used as endogenous control. Tests with
p<0.05 were considered to be statistically significant.

The results thus far prompted us to investigate if lower CD105 expression is
correlated with the higher osteogenic potential exhibited by SHED. We sorted
subpopulations of SHED and hASCs with high and low CD105 expression
(CD105high and CD105!ow, respectively). Sorted subpopulations from both cell types
kept their low and high enrichment expression of CD105 even after one week in
culture (Supplementary Figure 2).

Next, we subjected both sorted and unsorted cell populations to in vitro
osteogenic differentiation. For both SHED and hASCs, CD105!w cells showed
higher ALP activity (p<0.01) compared with CD105high cells. (Figure 2A). Alizarin
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red staining (Figure 2B) showed more matrix mineralization in SHED-CD105'w
compared with SHED-CD105high (p<0.01) and the same pattern was observed in
hASCs subpopulations: hASCs-CD105w displayed higher calcium deposition
compared with hASCs-CD105Phigh (p<0.001). Finally, SHED-CD105!% showed higher
alkaline phosphatase activity (p<0.01) and matrix mineralization (p<0.01)
compared with hASCs-CD105"w (Figures 2A and B). These results show that
CD105 expression is inversely correlated with osteopotential in SHED, and that the

hASCs and SHED share this inverse correlation of CD105 expression and

osteogenesis.
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Figure 2- Quantification of (A) alkaline phosphatase activity (absorbance of 405 nm) at 9 days
and (B) Alizarin Red Staining (absorbance at 450 nm) at 21 days of osteogenic differentiation of
CD105 low and high expression populations of SHED (n=4) and hASCs (n=4). Tests with p<0.05
were considered to be statistically significant (**p<0.01, ***p<0.001).

To acessed if the differential expression of CD105 between hASCs and SHED
could modify the downstream protein expression of SMADs we quantify through
western blotting the expression and phosphorylation of SMADs 1/5 and 2. Since
CD105 may act as a co-receptor in the TGF-§ pathway, we sought to determine the
basal activation status of the BMP pathway in undifferentiated SHED and hASCs.
Albeit we did not observe any obvious correlation between phospho-SMAD1/5 and
CD105 expression, total SMAD1 and SMAD5 associated with the activation of BMPs
(Horbelt et al, 2012; Xiao et al., 2007) were increased in SHED as compared to

hASCs (Supplementary Fig. 3)
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hsa-mir-1287 regulates CD105 expression in SHED and in hASCs

Transcriptional regulation of key osteogenic genes by miRNAs is considered
to be an important mechanism controlling osteogenic differentiation in MSCs
(Wang et al,, 2013 Eskildsen et al.,, 2011 Li et al., 2008 Deng et al.,, 2013). We used
Ingenuity Pathway Analysis and Target Scan softwares to search for microRNAs
possibly involved in downregulation of CD105 and potentially associated with
osteogenic potential regulation (Figure 3A). After using both softwares, four
microRNAS were predicted to suppress CD105 expression: hsa-mir-1287, miR-
1207-5p, miR-4751-5p and miR-4649-5p (Figure 3B). miR-1207-5p and miR-
4649-5p were neither expressed in SHED nor in hASCs, and miR-4751-5p
expression was not significantly different between hASCs and SHED. hsa-mir-1287

was found to be significantly upregulated in SHED (Figure 4A and B).

To confirm the involvement of hsa-mir-1287 in CD105 regulation, we
performed loss-of-function and gain-of-function assays by transfecting SHED with
a synthetic hsa-mir-1287 mimic and inhibitor. Synthetic inhibitor lea to decreased
expression of hsa-mir-1287 (p<0.01), which resulted in a 1.90-fold increase in
CD105 mRNA (p<0.001) (Figure 4C). Conversely, addition of the synthetic miR-
1287 mimic led to increment of total miR-1287 (p<0.001), resulting in a 1.86-fold
decrease in CD105 mRNA expression (p<0.001) (Figure 4D).
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We next tested if has-mir-1287 expression was correlated with its host
gene, PYROXDZ (Intragenic microRNA database- miRIAD). PYROXDZ2's mRNA

expression was not significantly different between SHED and hASCs (p=0.1723,
Figure 4F).
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Figure 3 A: Scheme showing molecules predicted to negatively regulate CD105 (ENG) through
in Silico analysis of CD105 (ENG) pathway using Ingenuity Pathway Analysis Software.
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TargetScanHuman

Prediction of microRNA targets Release 6.2: June 2012

Search for predicted microRNA targets in mammals

MicroRNA CD105 (ENG)
miR-1207-5p Predict to regulate
miR-1287 Predict to regulate
miR-3083-5p Non-predict to regulate
miR-3090-3p Non-predict to regulate
miR-326-5p Non-predict to regulate
miR-4421 Non-predict to regulate
miR-4649-5p Predict to regulate
miR-4651 Non-predict to regulate
miR-4781-5p Predict to regulate
miR-762 Non-predict to regulate

Figure 3 B: List of ten microRNAs predicted to regulate CD105 (ENG) selected in Ingenuity
Pathway Analysis that were reanalyzed using a second in silico prediction software specific for
microRNA (Target Scan Human software). Blue color microRNAs indicate positive regulatory
pairing for CD105 at the 3'UTR region and Red color microRNAs indicate negative regulatory
pairing for CD105.
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Figure 4- Quantification through gRT-PCR of A-hsa-mir-1287 and B-Mir-4651 predicted to bind
CD105 in SHED and hASCs (n=6 per cell population); Quantification of C-Mir-1287 and D-CD105
through qRT-PCR after 48 hours after transfection of SHED with Mimic and Inhibitor of
microRNA hsa-mir-1287. A scrambled sequence of microRNA was used as negative control.
RNUS58A, RNA U66 and U6 were used as endogenous controls for hsa-mir-1287 and ACTb, TBP
and HMBS for CD105. E- Correlation analysis of IGF2 and CD105 relative expression (p=0.3021
and R value=0.1311) F- RelativeExpression of PYROXD2 host-gene of has-mir-1287 in SHED and
hASCs (n=6 per cell population). Tests with p<0.05 were considered to be statistically
significant (**p<0.01, ***p<0.001)
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IGF2 exogenous treatment does not downregulate CD105 in SHED and
hASCs.

In Fanganiello et al, 2015 we show that the SHED higher osteogenic
potential is associated with higher IGF2 expression. Through qRT-PCR we verified
that SHED (Figure 5A) and hASCs (Figure 5B) presented an inverse correlation
between IGFZ and CD105 expression before in vitro osteoinduction. In order to test
if the activation of IGF2 pathway could downregulate CD105 expression, we
treated SHED and hASCs with exogenous IGF2. After treatment SHED and hASCs
showed higher expression of IGFZ, ALP and RUNX2, but CD105 was not

consistently downregulated (Figure 5C).
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Figure 5- Correlation analysis of IGF2 and CD105 expression in A— SHED (n=5) and B-hASCs
(n=5) at basal state. ACTb, TBP and HMBS were used as endogenous controls. Two-tailed
Pearson’s correlation test was used to observe the correlation between IGF2 and CD105. C-
Fold-change between IGF2 treated and non-treated cells (SHED and hASCs). Tests with p<0.05
were considered to be statistically significant (**p<0.01, ***p<0.001)
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Discussion

It is already established that MSCs from different sources, such as bone
marrow (Cheng et al, 1994; Egusa et al.,, 2007), adipose tissue (Zuk et al, 2001;
Levi et al,, 2010) dental pulp (Miura et al, 2003; De Mendonga et al, 2008) and
many other tissues are capable of in vitro and in vivo osteogenic differentiation, but
the understanding of the molecular mechanisms governing osteodifferentiation
potential in MSCs is still not fully characterized (Augello and De Bari 2010; Satija et
al. 2007; Siddappa et al. 2007).

After confirming SHED higher in vitro osteogenic potential, previously
reported in Fanganiello et al, (2015) and CD105 expression’s inverse correlation
with hASCs osteopotential, first reported in Levi et al (2011), analysis of CD105
expression levels in SHED showed that these cells present lower expression of
mRNA and protein levels of CD105 when compared with hASC. In addition, SHED-
CD105"w subpopulations exhibited the highest in vitro osteodifferentiation
potential, when compared to all other groups, including hASCs. These results
support the hypothesis that the inverse correlation between CD105 expression
and increased osteopotential is not restricted to hASCs. In line with this finding,
down-regulation of CD105 was also associated with multipotential MSCs derived
from umbilical cord blood (Jim et al., 2009). On the other hand, this association
may be restricted to MSCs, since we did not observe correlation between low-
CD105 expression levels and MSC-like cells increased osteogenic potential (Ishiy et
al, 2015) Despite the differential expression of CD105 we did not observed
statistical differences between hASCs and SHED of protein and phosphorylation of
SMADs.

We have shown previously that the intrinsically higher osteogenic potential
in SHED when compared with hASCs was positively associated with augmented
IGF2 expression, which in turn seem to involve epigenetic regulation (Fanganiello
et al, 2015). However, the lower expression of CD105 exhibited by SHED was not
found to be correlated with the differential IGFZ expression. To reinforce this
hypothesis we observed an inverse expression correlation between IGFZ and
CD105 in SHED and hASCs, but IGF2 treatment did not homogeneously alter the
expression of CD105, thus the differential expression of CD105 in SHED and hASCs

could not be associated with the expression of IGFZ. Therefore, CD105 expression
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levels in SHED and hASC might be regulated by other pathways and thus suggest
that osteogenic potential in adult MSCs may be a multifactorial process, as already
previously suggested by others (Chung et al. 2012; Dragoo et al. 2003; Gohet al.
2007).

In silico analysis suggest that more than 30% of human genes are regulated
by microRNAs (Lewis et al, 2005) and in mammals miRNAs are predicted to
control the activity of 50-60% of all protein coding genes (Friedman et al., 2009;
Krolet al., 2010). Moreover, the relationship between microRNAs and osteogenic
potential has been demonstrated in several studies: miR-346 acts as a positive
regulator of osteogenic differentiation in hBMSCs by targeting the Wnt/3-catenin
pathway (Wang et al, 2013) and miR-138 inhibits osteogenesis in hBMSCs
(Eskildsen et al, 2011). Moreover, miR-31 improved the osteogenic potential of rat
ASCs both in vitro and in vivo (Deng et al., 2013) and miR-22 was identified as an
important regulator of the balance between osteogenic and adipogenic
differentiation of hASCs (Huang et al,, 2012).

Among the microRNAs predicted in silico to regulate CD105 expression,
miR-1287 was significantly higher expressed in SHED when compared with hASC.
In addition, we observed that higher expression of hsa-mir-1287 leads to CD105
downregulation, and inhibition of hsa-mir-1287 promoted upregulation of CD105.
These findings suggest for the first time that hsa-mir1287 is associated with
CD105 regulation and osteogenic differentiation in MSCs. The role of has-mir-
1287 were not yet explored in humans and apparently expression of this
microRNA was found in human carcinoma tissues, but its role in this process is still
not understood (Nygaard et al., 2009; Wang et al., 2013).

hsa-mir-1287 is located in the exonic region (exon 8) of PYROXDZ (pyridine
nucleotide-disulphideoxidoreductase domain 2, chromosome 10), which is
associated with oxidoreductase activity [provided by RefSeq, Sep 2009]. We found
no correlation between hsa-mir-1287 and PYROXD2 expression in SHED and
hASCs, in agreement with data available in the microRNA dabatase (MIRIAD).
These observations suggest that the regulation of hsa-mir-1287 is not dependent
on PYROXDZ expression and might have an independent promoter which regulates

its expression autonomously from its host gene PYROXDZ.
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Tissue of origin has been proposed as a critical factor that could influence
the differentiation potential in MSCs (Kolf et al, 2007) and the differential
expression of mir-1287 between SHED and hASCs could be explained by the fact
that these two cell sources are obtained from different tissues. Adipose tissue is
derived from mesoderm and it is composed of different cell types such as
endothelial cells, fibroblastoid cells, and adult stem cells (Luzi et al, 2008;
Tholpady et al, 2006). On the other hand, SHED are obtained from specialized
tissues formed mainly by neural-crest cells, harboring high plasticity and showed
to be associated with higher expression of osteogenic markers (Graziano et al.,
2008; Huang et al,, 2009; Mayo et al, 2014; Trubiani et al,, 2006, Fanganiello et al.,
2015).

CD105 has been used as a mesenchymal marker in the MSCs
characterization panel (Dominic et al, 2005), and were recently described as an
important osteogenic marker in hASCs. In this study we demonstrated that
differences in the in vitro osteogenesis between hASCs and SHED are related to the
differential expression of CD105, and due to the easiness use of CD105 to the
isolation of populations with different expression reinforce the importance of
CD105 to the osteogenic potential of MSCs. hASCs and SHED shared similar
expression of CD90, a protein membrane with positive correlation with the
osteogenic potential of MSCs (Chung et al., 2012), which allows us to speculate that
the osteogenic differences between these two cell sources is not correlated with
CD90 expression.

Modulation of BMP pathway by TGF-f is involved in proper specification of
osteoblast fate, and lower expression of CD105 should lead to increased
phosphorylation of SMAD2 (Whitman, and Raftery 2005; Maeda et al., 2004; Levi
et al, 2010), and consequently to induction of osteogenesis by TGFB/BMP. BMP
pathway activation is not influenced by CD105 expression in undifferentiated cells.
However, the increment in SMAD1 and SMADS5 expression in SHED suggests that
lower CD105 expression may be associated with increased osteogenic potential
upon differentiation, which may take place due to greater availability of BMP
pathway SMADS, facilitating osteodifferentiation. Although, in a preliminary
experiment we did not observe obvious correlation between CD105 levels and

SMADs phosphorylation, we observed higher expression of SMAD5 in
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undifferentiated SHED. However, this should be tested during the differentiation
stage.

In summary, we showed here that CD105 could be used to select SHED cells
with increased osteogenic potential and the CD105 expression in these cells might
be regulated by microRNA hsa-mir-1287. Cell sorting based methodologies could
enhance cell quality/quantity for a specific phenotype, and this knowledge allows
the improvement of cell selection for MSC-based skeletal defect treatments. Our
findings also point towards the possibility to control osteogenic potential in MSCs,
particularly in SHED, by manipulation of hsa-mir-1287 levels to regulate
CD105/TGF-B pathway, a strategy that not necessarily require cell sorting.
However, further studies are necessary considering the observation of has-mir-

1287 expression in cancer cells.
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Table S1
Target NM Forward primer Reverse Primer
RUNXZ (Runtsrelated NM_001024630.3 t tt tt tecatctact
transcription factor 2) - : agtggacgaggcaagagtttc gttcccgaggtccatctactg
ALP (Alkaline phosphatase) NM_000478.4 gatacaagcactcccacttcatetg ctgttcagctcgtactgcatgtc
DLX5 (Distal-less homeobox 5) NM_005221 accagccagaagaagtgac ccttctetgtaatgeggeca
CD105 (Endoglin) NM_001144950 tgcacttggcctacaattcca agctgcccactcaaggatet
BGLAP (Osteocalcin) NM_199173 ggcgctacctgtatcaatgg gtggtcagccaactcgtca
NM_001101
ACTB (Endogenous Control) tgaagtgtgacgtggacatc ggaggagcaatgatcttgat
TBP (Endogenous Control) NM_001172085 gtgacccagcatcactgtttc gcaaaccagaaacccttgeg
HMBS (Endogenous control) NM_001024382 agcttgctegeatacagacg agctccttggtaaacaggctt

Table S1. Primers used for Real-Time PCR experiments.
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Figure S1
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Figure S1: Relative expression of osteoblastogenic markers through qRT-PCR during in vitro
osteoblastogenic differentiation at 0, 2, 4 and 6 days in SHED and hASCs (n=3 per cell type) A-
ALP (alkaline Phosphatase), B- RUNX2 (runt-related transcription factor 2), C- DLX5 (distal-less
homeobox 5) and D- BGLAP (osteocalcin). ACTb, TBP and HMBS were used as endogenous
control. Tests with p<0.05 were considered to be statistically significant (* p<0.05, **p<0.01,
***p<0.001). E. Quantification of Alkaline Phosphatase activity (absorbance at 405 nm) after 9
days of in vitro osteogenic differentiation in SHED and hASCs (n=9 per cell type). F.
Quantification of extracellular matrix mineralization (absorbance at 450 nm) after 21 days of in
vitro osteogenic differentiation in SHED and hASCs (n=9 per cell type). G. Pictures of Alizarin
Red S staining after 21 days of osteogenic differentiation in SHED and hASCs. Bars represent
mean absorbance with respective standard deviations (OM- osteogenic media). Tests with
p<0.05 were considered to be statistically significant (* p<0.05, **p<0.01, ***p<0.001).
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Figure S2
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Figure S2: Fold-Change of CD105 of subpopulations sorted for CD105low/high in SHED and
hASCs (n=3). ACTb, TBP and HMBS were used as endogenous control. Tests with p<0.05 were
considered to be statistically significant
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Figure S3: Western Blotting experiments quantifying the expression of SMADs and pSMADs in
SHED and hASCs (n=3). GAPDH was used as endogenous control.
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CHAPTER IV

Improvement of In Vitro Osteogenic Potential
though Differentiation of Induced Pluripotent
Stem Cells from Human Exfoliated Dental Tissue

towards Mesenchymal-like Stem Cells
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Constraints for the application of MSCs for bone reconstruction include restricted self-renewal and limited cell amounts. iPSC
technology presents advantages over MSCs, providing homogeneous cellular populations with prolonged self-renewal and higher
plasticity. However, it is unknown if the osteogenic potential of iPSCs differs from that of MSCs and if it depends on the
iPSCs originating cellular source. Here, we compared the in vitro osteogenesis between stem cells from human deciduous teeth
(SHED) and MSC-like cells from iPSCs from SHED (iPS-SHED) and from human dermal fibroblasts (iPS-FIB). MSC-like cells
from iPS-SHED and iPS-FIB displayed fibroblast-like morphology, downregulation of pluripotency markers and upregulation of
mesenchymal markers. Comparative in vitro osteogenesis analysis showed higher osteogenic potential in MSC-like cells from iPS-
SHED followed by MSC-like cells from iPS-FIB and SHED. CDI105 expression, reported to be inversely correlated with osteogenic
potential in MSCs, did not display this pattern, considering that SHED presented lower CDI105 expression. Higher osteogenic
potential of MSC-like cells from iPS-SHED may be due to cellular homogeneity and/or to donor tissue epigenetic memory. Our
findings strengthen the rationale for the use of iPSCs in bone bioengineering. Unveiling the molecular basis behind these differences
is important for a thorough use of iPSCs in clinical scenarios.

1. Introduction potential of MSCs may vary depending on the tissue of origin
[5].

Generation of human induced pluripotent stem cells
(hiPSCs) was first achieved using dermal fibroblasts [6,
7]. Thereafter, hiPSCs have been derived from an ample
variety of starting cells, including MSCs. Reprogramming
MSCs to hiPSC is an attractive approach to circumvent

Clinical demand for bone tissue is evident to supplant bony
structures lost due to trauma, disease, or congenital mal-
formation. Cell replacement therapies represent a promising
strategy for bone engineering, and human mesenchymal
stem cells (MSCs) isolated from various adult tissues have

been extensively investigated as a potential cell source for
bone regenerative treatments [1, 2]. However, large-scale
applications are constrained since MSCs are found in limited
amounts, are highly heterogeneous, and their long-term
in vitro expansion can lead to senescence and sponta-
neous differentiation [3, 4]. Additionally, the differentiation

issues associated with the direct use of MSCs since it allows
the production of cells with robust in vitro self-renewal
capacity and with differentiation multipotential. Controlling
differentiation cues in vivo is a significant challenge and direct
transplantation of pluripotent stem cells may result in tumor
formation [8]. Therefore, derivation of MSC-like cells from

62



pluripotent stem cells has been pursued by a number of
researchers [9-11].

Most types of MSCs are not easily obtained using min-
imally invasive procedures. Stem cells from human exfoli-
ated deciduous teeth (SHED) can be easily isolated from
a readily accessible tissue source, expanded under simple
culture conditions, and banked. Even though SHED have
been reported to be especially useful to restore bone [12, 13],
as mentioned above, their inherent population heterogeneity
and limited expansion capacity restrict their use for thera-
peutic purposes. While hiPSCs have been generated from
SHED (iPS-SHED) [14], there is no report exploring the in
vitro osteogenic potential of MSC-like cells derived from
iPS-SHED populations. Therefore, the goal of this study is
threefold: (1) to verify if MSC-like cells from iPS-SHED
and SHED isolated from the same donors exhibit similar
in vitro osteogenic potential; (2) to compare the osteogenic
potential of MSC-like cells from iPS-SHED with MSC-like
cells from hiPSCs derived from mature dermal fibroblasts
(iPS-FIB), considered the most accessible cell source for
iPSC generation; (3) to compare the expression of CD105
between these cellular populations, which has been inversely
correlated with an increased osteogenic potential [15].

2. Materials and Methods

2.1. Isolation of Stem Cells from Human Exfoliated Dental
Tissue (SHED), Human Dermal Fibroblasts, and Generation of
Human Induced Pluripotent Stem Cells (hiPSCs). SHED were
obtained from teeth of 6 independent subjects by enzymatic
digestion of pulp from deciduous teeth as described in Miura
et al,, 2003 [12]. Human adult dermal fibroblasts, the most
accessible and feasible cell source for iPSC generation [14],
were obtained according to the protocol detailed in Aasen and
Belmonte 2010, adapted for fibroblast isolation [16]. hiPSCs
were obtained from SHED from 2 independent subjects (3
clones derived from each) and fibroblast cell populations
from 3 independent subjects (2 clones each). SOX2, ¢-MYC,
OCT4, and KLF4 ectopic expression were induced through
retroviral transduction, as originally reported in Takahashi
et al., 2007 [6]. Two days after transduction, SHED and
fibroblasts were cocultivated with irradiated murine embry-
onic fibroblasts (Millipore) in embryonic stem cell medium
Dulbeccos modified Eagle/F12 medium (DMEM/F12) sup-
plemented with 2mM GlutaMAX-1, 0.1mM nonessential
amino acids, 55 uM 2-mercaptoethanol, 30 ng/mL of bFGE
and 20% of knockout serum replacement all provided by Life
Technologies. Typical hiPSC colonies formed on feeder cells
were transferred to matrigel (BD-Biosciences) coated plates
and expanded in Essential 8 Medium (Life Technologies) sup-
plemented with 100 ug/mL of normocin (Invivogen). hiPSCs
displayed embryonic stem cell-like morphology, expressed
pluripotency markers (NANOG, OCT3, OCT4), and dis-
played trilineage differentiation potential after embryoid
body differentiation and in vivo teratoma formation (see
Supplementary Figure 1in Supplementary Material available
online at http://dx.doi.org/10.1155/2015/249098). This project
was approved by the local ethical committee (Protocol num-
ber 121/2001-FR. 435054).
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2.2. Derivation of MSC-Like Cells from iPS-SHED and
iPS-FIB. iPS-SHED and iPS-FIB colonies from confluent
plates were detached with accutase (Life Technologies).
hiPSC colonies were partially dissociated via manual pipet-
ting and the cells were plated onto matrigel-coated tissue
culture dishes at 1 x 10" cells/cm® in MSC differentia-
tion culture medium (Dulbecco’s modified Eagle medium
High Glucose—DMEM with 10% fetal bovine serum, 1%
penicillin/streptomycin, 1% nonessential amino acids, and
5ng/mL of bFGF) for 14 days with media changes every 3
days. For subsequent passages, single-cell suspensions were
prepared using TrypLE reagent (Life Technologies) and cells
were passaged with a 1: 3 split ratio in standard culture flasks
(Corning) without matrigel coating.

2.3. Characterization of MSC-Like Cells from iPS-SHED and
from iPS-FIB. SHED and MSC-like cells from iPS-SHED
and from iPS-FIB were harvested and resuspended to 10°
cells in 100 ul. of PBS containing 1% BSA. Cells were sep-
arately labeled with FITC, PE, PE-Cy5, PERCP-Cy5.5, or
APC-H7 conjugated rat anti-human antibodies CD29, CD31
(Biolegend), CD34, CD45, CD73, CD90 CD105, and CD166
(Becton Dickinson) on ice and protected from light for
40 min. An isotype-matched mAb was used as a control
(Becton Dickinson). Data were acquired and analyzed with
the FACSAria II cytometer and CellQuest software (Becton
Dickinson). Multipotential differentiations of MSC-like cells
from iPS-SHED and from iPS-FIB were performed as pre-
viously described by de Mendonga Costa et al., 2008 [13],
and representative pictures of adipogenesis, osteogenesis, and
chondrogenesis were included as supplementary Figure 2.

2.4. Real-Time Quantitative PCR. Total RNA was obtained
from cell populations with the use of Nucleospin RNA II
extraction kit (Macherey-Nagel) following manufacturer’s
recommendations. Briefly, one microgram of total RNA
was converted into ¢cDNA using Superscript 1I (Life Tech-
nologies), according to the manufacturer’s recommenda-
tions. Real-time quantitative PCR reactions were performed
with 2x SYBR Green PCR Master Mix (Life Technolo-
gies) and 25nM-200nM of each primer. Fluorescence was
detected using ABI Prism 7500 Sequence Detection Sys-
tem, under standard temperature protocol. Primer pairs
were designed with Primer-BLAST (http://www.ncbi.nlm
.nih.gov/tools/primer-blast/; primer sequences are listed in
Table 1, and their amplification efficiencies (E) were deter-
mined by serial ¢cDNA dilutions log,,-plotted against Ct
values, in which E = 10~/5°P¢_ Expression of target genes was
assessed relative to a calibrator cDNA (ACt). Finally, GeNorm
v3.4 [17] was used to determine the most stable endogenous
controls (among ACTB, TBP, and HMBS) and calculate
normalization factors for each sample. The final expression
values were determined based on a previous method [18],
dividing E*“ by the corresponding normalization factor.

2.5. In Vitro Osteogenic Induction. For osteogenic induction,
MSC-like cells from iPS-SHED and from iPS-FIB were
plated in 12-well plates (4 x 10* cells per well) and after
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TaBLE 1: Primers used for real-time quantitative PCR experiments.
Target NM Forward primer Reverse primer
OCT3 (pluripotency) NM_001173531.1 gtggtcagccaactegtca Ccaaaaaccctggeacaaact
OCT4 (pluripotency) NM_002701.3 ccteacttcactgeactgta caggttttctttccctaget
NANOG (pluripotency) NM_024865 tggacactggctgaatccttc cgttgattaggctccaaccat
RUNX2 NM_001024630.3 agtggacgaggcaagagttic gltcccgaggtcecatctactg
ALP NM_000478.4 gatacaagcactcccacttcatctg ctgttcagetcegtactgeatgtce
BGLAP NM_199173 ggegetacctgtatcaatgg gtggtcagecaactcegtca
COLIAI NM_000088.3 gggccaagacgaagacat caacacccttgeegttgteg
DLX5 NM_005221 accagccagaagaagtgac ccttctetgtaatgeggeca
CDI105 (ENG) NM_001144950 tgcacttggectacaattcca agctgeccactcaaggatct
ACTB (endogenous control) NM_001101 tgaagtgtgacgtggacatc ggaggagcaatgatcttgat
TBP (endogenous control) NM_.001172085 gtgacccagcatcactgtttc gcaaaccagaaaccettgeg
HMBS (endogenous control) NM_001024382 agcttgctegeatacagacg agctectiggtaaacaggett

3 days, medium was replaced with osteogenic induction
medium (Stem Pro Osteogenesis Kit-Life Technologies).
Culture medium was changed every 2-3 days and cultures
were maintained for 21 days. After 9 days of osteogenic induc-
tion, alkaline phosphatase activity was quantified through
a biochemical assay: cells were treated with phosphatase
substrate (Sigma-Aldrich), and the resulting p-nitrophenol
was quantified colorimetrically using a Multiskan EX ELISA
plate reader (Thermo Scientific) at 405nm. After 21 days
mineralization of extracellular matrix was assessed through
alizarin red staining. Briefly, cells were washed three times
with PBS, fixed with a 70% ethanol solution for 30 minutes at
room temperature, followed by three distilled water washes,
and finally stained with a 0.2% alizarin red S solution (Sigma-
Aldrich) for 30 minutes at room temperature. After three
washes with PBS, plates were air-dried at room tempera-
ture; pictures were taken. Staining was removed with 20%
methanol/10% acetic acid solution and measured colorimet-
rically using a Multiskan EX ELISA plate reader (Thermo
Scientific) at 450 nm. von Kossa staining was also performed
after 14 and 21 days of osteogenic induction: cell cultures were
washed once with PBS, a 1% silver nitrate solution was added,
and the plate was exposed to UV light for 40 minutes. After
UV light exposure the plate was rinsed with distilled water.
Sodium thiosulfate (3%) was added for 5 minutes, the plates
were then rinsed in water, and Van Gieson solution was added
for 5 minutes. Plates were washed with 100% ethanol and air-
dried for image analysis.

2.6. Statistical Analysis. All experiments were performed
in triplicate. Unpaired Student’s t-test was used for single
comparisons. Error bars in bar graphs represent standard
deviation. The level of statistical significance was set at P <
0.05.

3. Results

After 12 days of induction of iPS-SHED and iPS-FIB with
MSC medium under feeder-free conditions, MSC-like cells
derived from iPS-SHED and from iPS-FIB achieved 80%
confluence in 25cm? flasks and showed a spindle-shaped

fibroblast-like morphology (Figure 1(a)). OCT3, OCT4,
NANOG, and ALP mRNAs were significantly downregulated
in MSC-like cells from iPS-SHED and from iPS-FIB when
compared with the original hiPSC populations (P < 0.05,
Figures 1(b") and 1(b")). Moreover MSC-like cells from
iPS-SHED and from iPS-FIB expressed high levels of
mesenchymal markers (CDs 29, 73, 90, and 105 and CD 166)
and low levels of endothelial (CD 31) and hematopoietic
(CDs 34 and 45) markers (Figure 2).

Next, we assessed the in vilro osteogenic potential of
MSC-like cells from iPS-SHED, MSC-like cells from iPS-
FIB and SHED during early in vifro osteogenesis by quan-
tifying gene expression of key osteogenesis markers (DLX5
and RUNX2, two early transcription factors associated with
osteogenesis, ALP and COLIAL two early osteoblast markers,
and BGLAP, a late osteoblast marker). ALP gene expression
was upregulated in all cellular populations from day 2 to day
6 but showed higher expression in days 4 and 6 in MSC-
like cells from iPS-SHED and from iPS-FIB in comparison
with SHED (P < 0.001). DLX5 peaked at day 2 in MSC-like
cells from iPS-SHED and from iPS-FIB and was upregulated
in SHED at all time points (P < 0.001). RUNX2 was also
upregulated in SHED until day 6 of osteogenic induction, in
comparison with MSC-like cells from iPS-SHED and from
iPS-FIB (P < 0.001). COLIAI was upregulated in MSC-
like cells from iPS-SHED and in SHED from day 2 to day 6
(P < 0.001) but showed no significant upregulation in MSC-
like cells from iPS-FIB during this period. BGLAP was not
upregulated during this early stage of osteoinduction in any
cellular population, as expected for a late osteoblast marker
(Figure 3(a)).

ALP enzymatic activity was higher in MSC-like cells
from iPS-SHED when compared with MSC-like cells from
iPS-FIB (2.3-fold increase, P < 0.01) and with SHED
(2.54-fold increase, P < 0.001) after 9 days of in vitro
osteoinduction (Figure 3(b)). Alizarin red S staining revealed
more matrix mineralization in MSC-like cells from iPS-
SHED when compared with SHED (4.36- fold increase,
P < 0.001) and with MSC-like cells from iPS-FIB (1.45-
fold increase, P < 0.01) after 21 days of osteoinduction
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F1GuRE I: (a) Morphology of undifferentiated hiPSC colonies cultured on matrigel and MSC-like cells from iPS-SHED and iPS-FIB after
12 days of in vitro mesenchymal induction. Scale bar = 100 um. (b) Real-time quantitative PCR analysis of pluripotency markers in
undifferentiated hiPSCs ((b") SHED and (b") fibroblasts) and in MSC-like cells from iPS-SHED and from iPS-FIB. ACTB, TBP, and HMBS
were used as endogenous controls. Values represent means +/- SD, P < 0.05 ("), P < 0.01 (**),and P < 0.001 (***).

(Figure 3(c)). In this time point, MSC-like cells from iPS-
FIB showed a 2.99-fold increase (P < 0.001) in mineralized
matrix production when compared with SHED. These data
were validated by von Kossa staining after 14 and 21 days of in
vitro osteogenesis (Figure 3(e)).

Finally, we compared the expression of CDI05 mRNAs
between SHED, MSC-like cells from iPS-SHED and from
iPS-FIB and found a lower expression of this gene in SHED
when compared with the latter cellular populations (P <
0.001, Figure 3(d)).

4. Discussion

iPSC technology has gained attention to engender cellular
populations to be used in tissue engineering, displaying self-
renewal, pluripotency, and differentiation plasticity similar
to embryonic stem cells. Furthermore, the use of hiPSCs is
not hindered by the ethical issues associated with the use
of human embryos and permits the generation of therapeu-
tically relevant cell types genetically compatible to patients,
evading rejection drawbacks that may follow transplantation
of nonautologous cells [19].
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FIGURE 2: Representative surface antigen profiling of SHED, MSC-like cells from iPS-SHED and from iPS-FIB labeled with antibodies against
mesenchymal, endothelial, and hematopoietic antigens. White histograms represent isotype controls and grey histograms represent the
fluorescence of conjugated antibodies for each antigen. Mean expression rates are indicated above each graph and displayed as mean +/-

SD.

There is an increasing interest in investigating iPSCs for
bone regenerative therapies and a series of studies have gen-
erated murine iPSCs and assessed their direct differentiation
towards osteoblasts [20-23]. From a safety point of view,

the use of progenitor cells instead of undifferentiated iPSCs
for therapeutic purposes is advantageous since progenitor
cells are already primed for a specific differentiation pathway
and tumor formation risk is reduced [24]. Moreover, recent
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FIGURE 3: (a) Real-time quantitative PCR analysis of alkaline phosphatase (ALP), DLX5, RUNX2, BGLAP and COLIAI in MSC-like cells from
iPS-SHED, MSC-like cells from iPS-FIB and SHED. ACTB, TBP, and HMBS were used as endogenous controls. (b) Alkaline phosphatase
activity quantification in cells cultured for 9 days in osteogenic medium. Values represent means +/— SD, P < 0.01 (**),and P < 0.001 (***).
(c) Alizarin red S staining quantification in cells cultured for 21 days in osteogenic medium. Values represent means +/— SD, P < 0.001 (***).
(d) Real-time quantitative PCR analysis of CD105 in undifferentiated SHED and MSCs from iPS-SHED and from iPS-FIB. ACTB, TBP, and
HMBS were used as endogenous controls. Values represent means +/— SD, P < 0.001 ("""). (e) Representative pictures of alizarin red S (after
21 days of in vitro osteoinduction, with 5 and 10x magnification) and von Kossa staining (after 14 and 21 of in vitro osteogenic induction, with
5 and 10x magnification) of mineralized deposits in MSC-like cells from iPS-SHED, MSC-like cells from iPS-FIB and SHED. Basal growth
medium free of osteoinduction factors was used in the control group (with 5x magnification).

reports suggest that some of the reparative effects associated
with MSC transplantation are not mediated by cellular
differentiation per se but by paracrine factors secreted by
them [25]; Fanganiello et al., submitted.

The MSC differentiation from hiPSCs seemed to be
successful as both MSC-like cells from iPS-SHED and from
iPS-FIB displayed typical mesenchymal cell morphology,
downregulation of pluripotency markers and similar cell
surface antigen profiles and multipotential when compared
with SHED. After in vitro osteoinduction, upregulation of
osteogenesis markers DLX5 and RUNX2in SHED in compar-
ison with MSC-like cells from iPS-SHED and from iPS-FIB
may indicate a previous commitment of this cell population
towards the osteogenic lineage. However, in days 4 and 6

of osteoinduction, MSC-like cells from iPS-SHED and from
iPS-FIB presented upregulation of ALP, a metalloenzyme
known as a key early marker of osteogenesis. MSC-like cells
from iPS-SHED also had more ALP enzymatic activity when
compared with MSC-like cells from iPS-FIB and with SHED
in midstage osteogenesis. MSC-like cells from iPS-SHED
and from iPS-FIB produced significantly more mineralized
extracellular matrix when compared with SHED. Overall,
MSC-like cells from iPS-SHED were able to undergo induced
in vitro osteogenesis in a more efficient fashion than MSCs
from iPS-FIB or from the originating SHED populations.
One of the factors that could explain the higher efficiency
of the in vitro osteogenesis in MSC-like cells from iPS-SHED
and iPS-FIB in comparison with SHED might be related to
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the presence of a more homogeneous cellular population
attributed to the direct plating protocol adopted. We have
decided to choose the iPSC direct plating method over the
embryoid body (EB) protocol since EBs are known to contain
a heterogeneous mixture of cells with different degrees of
multipotency that may limit their net osteogenic potential
[26-28]. Accordingly, enhanced osteogenic differentiation
has been associated with direct plating [29-32], and this
method has been proposed to yield uniform batches of
osteoprogenitor cells [31].

We also tested if the difference in osteogenic potential
between the MSC-like cells from iPS-SHED from iPS-FIB
and SHED is related to CDI105 expression, as its lower
expression has been associated with a higher osteogenic
potential in MSCs harvested from human adipose tissue
(hASCs) when compared with MSCs with higher CD105
expression [15]. Interestingly we found CDI105 expression to
be significantly lower in SHED when compared with both
MSC-like cells from iPS-SHED and from iPS-FIB. Therefore,
the higher osteogenic potential in this case may be due to
other factors.

The difference in osteogenic potential here reported
between MSC-like cells from iPS-SHED and from-iPS-FIB
may possibly be related to a somatic epigenetic memory
of the tissue of origin [33]. Derivation of pure populations
of functionally differentiated cells from iPSCs is still chal-
lenging and different cell types show variable susceptibility
to reprogramming. In fact, MSCs derived from iPSC lines
from different tissues have been shown to exhibit variability
in their differentiation profiles. Hynes et al. 2014 reported
that MSC-like cells from iPSCs generated from periodon-
tal ligament displayed higher osteogenic capacity both in
vitro and in vivo when compared to MSC-like cells from
iPSCs generated from lung and gingival fibroblasts, which
was attributed to epigenetic memory of the donor tissue
[34]. In another study, Sanchez-Freire et al. 2014 reported
higher cardiac differentiation efficiency in MSC-like cells
derived from iPSCs generated from cardiac progenitors in
comparison with dermal fibroblasts from the same donor,
which was demonstrated to be due to the retention of residual
methylation signatures of the tissue of origin [35].

5. Conclusions

Our findings provide an important argument towards the use
of iPSCs in tissue bioengineering since MSC-like cells from
iPS-SHED and from iPS-FIB displayed higher osteogenic
potential than SHED. We also suggest that cellular homo-
geneity and tissue of origin are important factors to be
considered when planning to use iPSCs in bone regenerative
medicine. CD105 does not seem to be a main factor involved
in these differences. The dissection of the molecular basis
of osteogenic differentiation in MSC-like cells from iPSC-
derived cells may furnish insights into the clinical usefulness
of iPSCs from different sources.
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Supplementary figure 1: Hematoxylin and eosin staining of histopathological sections of the iPSC-
derived teratoma, containing tissues from the three germ layers. The representative ectodermal
tissues include (A) pigment epithelium containing melanin granules and (B) glial cells. The
representative mesodermal tissues include (C) hyaline cartilage (HC), connective tissue (CT) and (D)
adipose tissue (AT). The representative endodermal tissues include (E) respiratory ciliated
epithelium and (F) gastro-intestinal-like epithelium. (A-F) Scale bar= 100im (40x magnification).
Arrows indicate epithelial tissue.
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Neural crest-derived mesenchymal cells in the aetiology of Treacher-
Collins syndrome
Felipe A. A. Ishiy, Gerson S. Kobayashi, Camila M. Musso, Luiz C. Caires, Ernesto Goulart,

Roberto D. Fanganiello, Patricia Semedo-Kuriki, Naila Lourenco, Karina Griesi-Oliveira, Angela
M. Suzuki, Maria Rita Passos-Bueno.

Abstract

Apoptosis of pre-migratory cranial neural crest cells is considered to be the major
phenotypic driver of Treacher Collins syndrome (TCS), a mandibulofacial dysostosis caused by
loss-of-function mutations in TCOF1. However, the effect of these mutations on post-
migratory, neural crest-derived mesenchymal cells and their skeletogenic fate remains elusive.
To address this question, we report the establishment and phenotype assessment of neural
crest-derived mesenchymal cells (nMSCs) from TCS iPSCs. We show that TCS nMSCs display
both increased apoptosis and aberrant osteo-chondrogenic profiles in vitro. In comparison to
controls, TCS cells showed changes in osteogenic potential and dysregulated expression of
chondrogenesis markers during osteogenic and chondrogenic differentiation. These results
suggest that cellular properties of neural crest-derived mesenchymal cells are impacted by
TCOF1 loss of function, providing additional clues to unravel the pathogenesis of TCS.

INTRODUCTION

Treacher Collins Syndrome (TCS1, OMIM #154500; TCS2, OMIM#613717; TCS3, OMIM
#248390) is a rare mandibulofacial dysostosis present in 1:50,000 live births. Despite showing
overlap with other craniofacial syndromes, the clinical presentation of TCS is very typical and
includes hypoplasia of facial bones, particularly the zygomatic bones and the mandible,
external ear anomalies and conductive hearing loss (Trainor et al., 2009). Genetic alterations in
the genes TCOF1, POLR1C and POLR1D are the currently established underlying causes of TCS.
Loss-of-function mutations in TCOF1, responsible for the vast majority of cases (Splendore et
al., 2000), result in haploinsufficiency of its encoded protein, Treacle, which is involved in
ribosome biogenesis (Gonzales et al., 2005); concurrently, POLR1C and POLR1D mutations are
also linked to deficiency in ribosome biogenesis due to impairment of RNA polymerase I/Ill
(Dauwerse et al., 2011; Trainor and Merrill, 2014).

Human craniofacial development is a multi-stage process in which neural crest cells
(NCCs) play a major role. Initially, cranial NCCs emerge from the neuroepithelium at the
foremost region of the neuraxis and migrate to constitute the mesenchyme of the pharyngeal

arches. Subsequently, the neural crest-derived mesenchymal cells undergo proliferation and
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differentiation to generate a range of craniofacial components, including facial bones,
cartilage, and connective tissue (Bhatt et al., 2013; Gong et al., 2014; Twigg & Wilkie, 2015).
During this process, TCOF1 loss of function is considered to impair ribosome biogenesis leading
to increased apoptosis and proliferation deficit of NCCs, ultimately resulting in hypoplasia of
facial bone and cartilage, as reported in animal models (Dixon et al., 1997; Jones et al., 1999;
Dixon et al., 2006; Jones et al., 2008; Weiner et al., 2012). Still, the direct impact exerted by
TCOF1 pathogenic mutations in human post-migratory craniofacial mesenchymal cells is not

well characterised, nor is its effects on their differentiation properties.

Induced pluripotent stem cells (iPSCs) stand as an invaluable tool to model human
disease, as patient-specific iPSCs can be generated and differentiated towards affected cell
types. This possibility has recently embraced craniofacial diseases, as directed generation of
neural crest cells (iNCCs) from iPSCs is now attainable. iNCC cultures can, in turn, be induced
towards iNCC mesenchymal derivatives, such as osteoblasts, chondrocytes and adipocytes,
expanding possibilities for investigating disease-related phenotypes (Menendez et al., 2013;
Fukuta et al.,, 2014, Matsumoto et al., 2015). Although multipotent post-migratory neural
crest-derived mesenchymal cells have been successfully isolated from mouse embryos and
studied in vitro (Zhao et al., 2006), mouse neural crest development possess intrinsic features
not observed in other species (Barriga et al., 2015) and may not faithfully represent human
craniofacial development in every aspect. Furthermore, studies exploring the properties of
NCC-derived mesenchymal cells are scarce, especially regarding the effect of mutations

associated with craniofacial syndromes.

Here, we investigated cellular phenotypes of neural crest-derived mesenchymal cells
from TCS patients. These cells were obtained by inducing TCS iPSCs towards a neural crest
stage, in an attempt to recapitulate human craniofacial development in vitro. Our results show
the effectiveness of this approach in investigating craniofacial phenotypes, and they provide
insight into the impact of TCOF1 loss of function in human neural crest-derived craniofacial

mesenchymal cells.

75



RESULTS

Generation of TCS and control iPSCs

All iPSC cultures displayed embryonic stem cell-like morphology and expressed
pluripotency markers NANOG, OCT3/4, ALPL, and SSEA-4 (Fig. S1A), and subtelomeric MLPA
assays showed no chromosomal imbalances in either control or TCS iPSCs (Fig. S1B). Both TCS
subjects had been molecularly characterised in another work (Masotti et al.,, 2009) and
harboured the following genotypes: subject F2441-1 - c.4344dupA (p.Argld48fs); subject
F2625-1 - c.431delC (p.Thrl44fs). We generated 5 independent iPSC clones from the TCS iPSCs
(F2441-1c1-c2; F2625-1c1-c3). Control samples comprised 3 individuals and a total of 6 clones
(F7405-1-c1-c3, F7007-1c1-c2, and F9048-1c1; Table Sl); albeit F9048-1 was reprogrammed
with episomal vectors, it showed no differences in expression of pluripotency markers in
comparison to the other iPSCs, and it was therefore included in the experiments described
herein. Reduced expression of TCOF1 mRNA was confirmed in TCS iPSCs, as compared to

controls (Fig. 1).

iPSC-derived neural crest cells express neural crest markers

iPSC-derived neural crest cells (iNCCs) were induced from TCS and control iPSCs with a
methodology based on TGF-B/Activin pathway blockade and WNT pathway activation
(Menendez et al., 2013; Fukuta et al., 2014). After differentiation, TCS and control iNCC
populations displayed typical neural crest cell morphology and expressed neural crest markers
p75(NTR) and HNK1. Of note, the TCS iNCCs displayed decreased HNK1 expression, and the
proportion of HNK1" cells varied between 43.7% and 66.9%% (Fig. 2A). RT-qPCR assays
revealed upregulation of neural crest markers PAX3, TFAP2A, ZIC1 and SOX10, and
downregulation of pluripotency markers OCT3/4, NANOG, and ALPL, when compared with the
originating iPSCs (Fig 2B). Finally, reduction of TCOF1 transcript expression (~25% reduction)

was confirmed in TCS iNCCs, when compared to controls (Fig 1).
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Figure 1: Characterisation of TCOF1 expression in TCS cells. RT-gPCR assessment of TCOF1 transcript abundance in
iPSCs, iINCCs and nMSCs from controls and TCS subjects.(*) p< 0.05; Student’s t-test.
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Figure 2: Characterisation of iNCCs. A) Biparametric flow cytometry dot plots for HNK1 and p75(NTR) expression in TCS
and a representative control. Values in represent p75(NTR)" cell fractions either positively (upper right) or negatively
(lower right) stained for HNK1. B) RT-gPCR assessment of neural crest (upper panel) and pluripotency marker (lower
panel) expression between iNCCs and the originating iPSCs.(*) p< 0.05; (**) p< 0.01; (***) p< 0.001; Student’s t-test.
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Figure 3:Characterisation of nMSCs. A) Flow cytometry immunophenotype profiling of nMSCs showing positive staining for
mesenchymal markers CD73, CD90 and CD166, and negative staining for endothelial marker CD31. Histograms represent event
count (y-axis) vs. fluorescence (x-axis). Experimental data (blue) were plotted in overlay with data from isotype controls (light
blue). B) RT-gPCR assays showing upregulation of mesenchymal marker ENG (CD105) and downregulation of neural crest marker
TFAP2A in nMSCs compared to iNCCs; (***) p<0.001; (*) p<0.05; Student’s t-test. C) Example of osteogenic, chondrogenic, and
adipogenic differentiation of nMSCs, detected with Alizarin Red, Alcian Blue, and Oil Red staining, respectively.

Multipotent neural crest-derived mesenchymal stem-like cells (nMSCs) can be efficiently

generated from TCS iNCCs

In spite of the lower HNK1 expression in TCS iNCCs, they were submitted to

differentiation towards the mesenchymal lineage. Both TCS and control nMSC populations
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showed spindle-shaped fibroblast-like morphology (data not shown), and notably, surface
antigen profiling revealed a homogeneous mesenchymal immunophenotype, with positively
stained cells for mesenchymal markers CD73, CD166 and CD90, and negative staining for
endothelial marker CD31 (Fig. 3A). In agreement, nMSCs showed downregulation of OCT3/4,
NANOG and ALPL and upregulation of mesenchymal marker ENG (CD105), when compared
with the original iPSCs (Fig. 3B). These cells also displayed tri-lineage potential, being able to
undergo osteogenic, chondrogenic and adipogenic in vitro differentiation (Fig. 3C). Strikingly,
TCOF1 mRNA expression was greatly reduced in TCS nMSCs (~64% reduction) as compared to

controls (Fig. 1).

TCS nMSCs exhibit alterations in osteogenic and chondrogenic potential

During the first 6 days of osteoinduction, all nMSCs showed the expected
transcriptional behaviour, with upregulation of early osteogenesis markers RUNX2, ALPL and
COL1A1, and downregulation of late osteoblast marker BGLAP (Fig. S2). Further examination of
in vitro osteogenic differentiation revealed increased osteopotential in TCS nMSC populations:
in comparison to controls, these cells displayed higher alkaline phosphatase (ALP) activity after
9 days of osteoinduction and more deposition of mineralised matrix after 21 days (Fig. 4A, Fig.

s2).

During chondrogenic differentiation, we observed altered expression of key transcripts
involved in chondrogenesis in TCS nMSCs, which exhibited upregulation of ACAN and COL2A1
in comparison to controls at day 9 (Fig. 4B). Alcian blue staining of extracellular
glycosaminoglycans after 21 days of in vitro chondrogenic differentiation did not reveal

pronounced differences between TCS and control nMSCs (data not shown).
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Figure 4: TCS nMSCs and iMSCs show alterations in osteogenic and chondrogenic potential, in comparison to controls.
A) Colorimetric quantification of alkaline phosphatase (ALP) activity after 9 days and matrix mineralisation after 21 days
of osteogenic differentiation. B) RT-PCR assays showing the transcriptional profile of chondrogenesis-associated
transcripts after 9 days of chondrogenic differentiation. (***) p<0.001; (**) p<0.01; (*) p<0.05; Student’s t-test; n.s. = not
significant.

Basal apoptosis is increased in TCS nMSCs

Since increased apoptosis of NCCs is regarded as a major driver of the craniofacial
phenotypes seen in TCS (Dixon et al., 2006), we sought for differences in apoptotic events
between TCS and control iNCCs and nMSCs, as proof-of-principle evidence to support our
cellular model. While apoptosis in TCS iNCCs did not deviate from control iNCCs, augmented
early and late apoptosis was observed in TCS nMSCs. Unexpectedly, this observation was not
associated with detectable changes in proliferative potential of these cells, in relation to

controls (Fig. 5).
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Figure 5: Increased apoptosis in TCS nMSCs. A) 7-AAD/Annexin V flow cytometry results depicting the
fraction of live cells, and cells undergoing early and late apoptosis in nMSCs and iNCCs. Percentages
represent the sums of early and late apoptotic events. H,0,-treated cells were used as positive staining
controls. (***) p<0.001; Student’s t-test. B) XTT assay depicting the proliferation profile of control and TCS
nMSCs. No statistically significant differences were observed; two-way ANOVA with Bonferroni post-tests.

TCS non-neural crest mesenchymal cells partially reproduce the TCS nMSC phenotype

To evaluate if subjecting patients’ cells through a neural crest stage is necessary to
generate mesenchymal cells displaying disease-relevant phenotypes, we sought to replicate
the results obtained thus far in mesenchymal stem-like cells directly induced from iPSCs
(iMSCs). Akin to nMSCs, iIMSCs possessed a characteristic and homogeneous mesenchymal
immunophenotype (positive for CD105, CD73 and CD90; negative for CD31, CD34 and CDA45;
Fig. S3A); also, iMSCs showed transcriptional upregulation of ENG (CD105) and downregulation
of pluripotency markers OCT3/4, NANOG and ALPL, upon differentiation from iPSCs (Fig. S3B).
TCS iMSCs showed a 34% reduction in TCOF1 expression, when compared with controls (Fig.
S3C).

Osteogenic differentiation assays performed on iMSCs showed comparable results in

relation to nMSCs. ALP enzymatic activity and mineralised matrix deposition were significantly
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higher in TCS iMSCs at days 9 and 21 of osteoinduction, respectively (Fig. 4A). Furthermore,
the transcriptional profile of genes involved in chondrogenesis at day 9 of differentiation also
deviated from controls, with diminished COL2A1 expression and increased SOX9 expression in

TCS iMSCs (Fig. 4B).

Finally, no differences in either basal apoptosis or proliferation were detected

between TCS and control iMSCs (Fig. S3 D,E).
DISCUSSION

The development of iPSC technology has opened new possibilities to study human
craniofacial diseases, as neural crest-derived, patient-specific cell types harbouring pathogenic
mutations can be generated and studied in vitro under controlled conditions. Several studies in
animal models have consistently appointed insufficient NCC migration due to apoptosis as the
main determinant of the TCS phenotype (Dixon et al., 1997; Jones et al., 1999; Dixon et al.,
2006; Jones et al., 2008; Weiner et al., 2012). Here, we used iPSCs to generate an in vitro
equivalent of human neural crest-derived mesenchymal cells in order to evaluate the
phenotypical outcomes of TCOF1 haploinsufficiency on this cell type. We successfully
generated iPSCs from TCS patients, which, akin to control iPSCs, had no signs of chromosomal
imbalances and displayed high expression of pluripotency-associated genes; further, they
demonstrated the ability to give rise to iINCCs and nMSCs, and to be directly differentiated into

iMSCs. Hence, diminished TCOF1 expression had no apparent effect on iPSC generation.

The properties of the INCCs and nMSCs reported here are congruent with the expected
neural crest and mesenchymal phenotypes, as shown in other works (Menendez et al., 2011;
Menendez et al.,, 2013; Fukuta et al.,, 2014; Kreitzer et al., 2014). All iNCCs displayed
transcriptional upregulation of neural crest markers in comparison to the iPSCs. Of note, iNCC
cultures from TCS patients comprised a p75(NTR)"/HNK1 cell fraction, in contrast to the
double-positive control iNCCs here and to a TCS iNCC line reported elsewhere (Menendez et
al., 2013); still, other works have reported generation of iPSC-derived neural crest cells solely
based on p75(NTR) readout (Fukuta et al., 2014; Kreitzer et al., 2014), indicating that HNK1
expression is not entirely crucial to characterise this cell type. Nevertheless, we showed that
the mixed TCS iNCC populations here can be successfully converted to nMSCs: all nMSCs
displayed bona fide mesenchymal stem cell characteristics, possessed homogeneous
immunophenotype with high expression of mesenchymal markers, and showed plasticity to
generate osteoblasts, chondrocytes and adipocytes in vitro. These results show that the nMSCs

reported here are suitable for assessment of mesenchymal differentiation and other cellular
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parameters, and they suggest that lower HNK1 expression in iNCCs is not a limiting factor to

generate neural crest-derived mesenchymal cells in vitro.

According to previous observations in animal models (Dixon et al., 1997; Jones et al.,
1999; Dixon et al., 2006; Jones et al., 2008; Weiner et al., 2012), one expected finding for
TCOF1-deficient NCCswould be augmented apoptosis, but no deviations in this parameter
were detected when comparing TCS iNCCs to control iNCCs. This observation could be related
to the lower HNK1 expression detected in TCS iNCCs. HNK1 is an in vitro neural crest marker
solely found expressed in migratory NCCs in animal models (Bronner-Fraser, 1987; Sadaghiani
& Vielkind, 1990; Del Barrio & Nieto, 2004; Giovannone et al., 2015), arguably implying that
the mixture of HNK1*/HNK1 iNCCs from TCS patients comprises migratory and non-migratory
iNCCs, which may show different apoptosis rates in face of TCOF1 haploinsufficiency. In
agreement, in Tcofl*" mice, migratory NCCs are viable, while increased apoptosis is confined
to the neuroepithelial, pre-migratory NCCs (Dixon et al., 2006). Alternatively, since apoptosis
was assessed in iNCCs grown under normal culture conditions, differences in apoptosis
between TCS and control iNCCs may only be detectable after subjecting cells to additional

challenges or inductive signals.

The greater amount of apoptotic cells detected in TCS nMSCs here associates TCOF1
haploinsufficiency with cell death in neural crest-derived mesenchymal cells. The pathogenic
mechanism proposed for TCS predicts that insufficiency of TCOF1 transcripts upon high
demand for ribosome synthesis leads to cellular stress and apoptosis (Dixon et al., 2006). As
neural crest-derived mesenchymal cells must undergo rapid proliferation before
differentiation (Achileos & Trainor, 2012; Twigg & Wilkie, 2015), these results suggest that
mesenchymal apoptosis may occur prior to differentiation within the embryonic craniofacial
complex. However, such inference must be assimilated with caution, as increased apoptosis
did not result in observable proliferation deficits in TCS nMSCs, and whether the apoptosis
rates observed are sufficiently high to project measurable differences in proliferation remains
to be determined. Accordingly, akin to iNCCs, apoptosis was assessed in nMSCs under regular
culture conditions, which may not produce enough apoptotic cells to result in proliferation
changes in TCS samples. Nonetheless, it will be interesting to see if viability of TCOF1-deficient
neural crest-derived mesenchymal cells is compromised under high proliferative demand in

vitro or in TCS animal models.

The mesenchymal differentiation assays showed dissimilarities in the osteogenic and

chondrogenic potential between control and TCS samples, both in nMSCs and iMSCs. Although
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no peak expression of osteogenesis markers was observed in TCS cells within the first 6 days of
osteoinduction, ALP activity and matrix mineralisation were unmistakably increased in TCS
nMSCs and iMSCs, indicating enhanced osteopotential with peak expression of these markers
likely occurring beyond the assessed time window. Transcriptional dysregulation of key genes
involved in chondrogenesis was observed in TCS nMCs and iMSCs as compared to controls,
albeit with an apparent lack of difference in alcian blue-stained chondrocyte pellets. This
finding might be related to the limited sensitivity of the technique (Solchaga et al., 2011), and
more studies are necessary to confirm if the transcriptional alterations of chondrogenesis-
associated genes results in differences between TCS and control samples. Still, although NCC
apoptosis has been considered to be the major contributor to the craniofacial manifestations
of TCS, our results indicate association between mesenchymal differentiation and
TCOF1/Treacle function in humans. There is an unequivocal cross-talk between ribosome
biogenesis and osteo-chondrogenesis due to interactions amongst members of both pathways
(Trainor & Merril, 2014). For example, Runx2, a key transcription factor involved in osteo-
chondral differentiation, has been shown to interact with UBF-1 to downregulate rRNA
synthesis and cell proliferation during differentiation (Trainor & Merril, 2014; Pratap et al.,
2003; Galindo et al., 2005; Ali et al., 2008); notably, Treacle co-localises with UBF-1 and RNA
polymerase | in nucleolar regions (Valdez et al., 2004), further suggesting that functional
impairment of Treacle may influence osteo-chondral differentiation. Hence, better
understanding the relationship between TCOF1 haploinsufficiency and mesenchymal
differentiation not only provides insight into craniofacial development, but may also be
invaluable for the surgical rehabilitation of TCS patients, which often lacks long-term stable

results after mandibular distraction osteogenesis (Stelnicki et al., 2002; Gursoy et al., 2008).

Our results suggest that recapitulating craniofacial development by transitioning iPSCs
through a neural crest stage may be advantageous to study TCS and other Mendelian
craniofacial dysmorphologies. Increased apoptosis was only observed in nMSCs derived from
iNCCs, whilst the number of apoptotic cells in TCS iMSC cultures directly differentiated from
iPSCs was similar to that in controls; therefore, TCOF1 mutations may specifically affect neural
crest-derived mesenchymal cells in vitro. This is supported by the broader difference in TCOF1
MRNA expression detected between TCS patients and control subjects for nMSCs (~64%) in
comparison to iMSCs here (~34%) and adult mesenchymal cells described in a previous work
(~31%) (Masotti et al., 2009). The reasons for such dramatic reduction of TCOF1 transcripts in
TCS nMSCs as compared to other types of mesenchymal cells are unclear, but they may include

compensatory expression from the non-mutated allele, as previously proposed for TCS adult
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cells (Isaac et al., 2000), or cell type-specific differential expression of the mutated allele due to
epigenetic, environmental, or stochastic factors (Kaern et al., 2005; Gimelbrant et al., 2007).
Either way, the greater reduction in the amount of TCOF1 transcripts in TCS nMSCs suggest
that disruption of neural crest-derived mesenchymal cell development might play a role in the
aetiology of TCS in humans, attesting the importance of considering this cell type when

investigating craniofacial phenotypes.

In summary, here we describe an jn vitro model for studying neural crest-derived
mesenchymal cells from TCS syndrome patients. Our findings suggest apoptosis as a
phenotypical outcome of TCOF1 haploinsufficiency in neural crest-derived mesenchymal cells
and they suggest that mesenchymal differentiation towards osteoblast and chondrocyte
lineages may be altered in TCS. Future studies should focus on further dissecting how reduced
amounts of Treacle affect proliferation and differentiation of neural crest-derived

mesenchymal cells undergoing osteo-chondrogenic specification in vitro and in vivo.

METHODS

Biological samples and ethics statement

Facial periosteum fragments were obtained from TCS subjects submitted to
reconstructive plastic surgery at Hospital das Clinicas, University of Sdo Paulo, Brazil. Punch
biopsy skin fragments were obtained from 2 healthy control subjects from the lower back
region, under local anaesthesia. The study was approved by the ethical committee of Instituto
de Biociéncias, University of Sdo Paulo, Brazil (accession number 39478314.8.0000.5464), and
informed consent was obtained from both patients and control subjects or from their legal
guardians. Periosteal fibroblasts were extracted according to a previously published protocol
(Fanganiello et al., 2007). Dermal fibroblasts were isolated according to the methods described

in Aasen & Belmonte (2010).

Generation of human induced pluripotent stem cells (iPSCs)

Fibroblasts from two TCS patients were reprogrammed via SOX2, c-MYC, OCT4 and
KLF4 retroviral transduction, as originally reported in Takahashi et al, 2007. Two control
fibroblasts had also been reprogrammed with this method, as described elsewhere (Ishiy et al.,
2014). One additional control fibroblast sample was reprogrammed with the use of episomal
vectors (pCXLE-hOCT3/4-shP53-F, addgene plasmid 27077; pCXLE-hSK, addgene plasmid
27078; pCXLE-hUL, addgene plasmid 27080), as described in Okita et al (2011), with the use of
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Amaxa Nucleofector Il (program U-020) and NHDF nucleofection kit (Lonza), according to
manufacturer’s recommendations. Two days after transduction/nucleoporation, fibroblasts
were co-cultivated with irradiated murine embryonic fibroblasts (Millipore) in embryonic stem
cell medium (DMEM/F12 supplemented with 2mM GlutaMAX-I, 0.1mM non-essential
aminoacids, 100uM 2-mercaptoethanol, 30ng/ml of bFGF and 20% of knockout serum
replacement; all provided by Life Technologies). Typical iPSC colonies formed on feeder cells
were transferred to matrigel (BD-Biosciences)-coated plates and expanded in Essential 8™
Medium (Life Technologies) supplemented with 100ug/mL of Normocin (Invivogen). pCXLE-
hOCT3/4-shP53-F, pCXLE-hSK, and pCXLE-hUL were a gift from Shinya Yamanaka.

MLPA assays

Total DNA was extracted from iPSC cultures with the use of NucleoSpin Tissue
(Macherey-Nagel), following supplier’s instructions. Multiplex Ligation-dependent Probe
Amplification (MLPA) analysis was performed with subtelomeric kits (P036 and P070; MRC-

Holland) to detect chromosomal imbalances, as previously described (Jehee et al., 2011).

Differentiation of iNCCs from iPSCs

Procedures for iNCC derivation were based on previously published methodology
(Menendez et al., 2013; Fukuta et al.,, 2014). Before differentiation, iPSC colonies were
adapted to single-cell passaging by rinsing cells with PBS followed by dissociation with
Accutase (Life Technologies) for up to 5 minutes at room temperature, centrifugation at 200 g
for 4 min and seeding onto Matrigel-coated dishes. After 2 subcultures, single cells were
seeded onto 60-mm Matrigel-coated dishes at 5x10* cells/cm®. Two days post-seeding,
medium was changed to iNCC differentiation medium, composed of Essential 6™ Medium (Life
Technologies) supplemented with 8ng/mL bFGF (Life Technologies), 20uM SB431542 (Sigma-
Aldrich), 1uM CHIR99021 (Sigma-Aldrich), and 100ug/mL Normocin; differentiation medium
was changed daily. After ~2-4 days, neural crest-like cells were seen detaching from colony
borders. Before reaching confluence, cultures were rinsed once with PBS and briefly incubated
with Accutase at room temperature until differentiated cells detached and most
undifferentiated colonies were left on the dish. Cell suspensions were centrifuged at 200 g for
4 minutes and re-seeded onto new Matrigel-coated dishes in fresh iNCC differentiation
medium. With this method, passaging was performed whenever necessary, for 15 days,
whereby morphologically homogeneous iNCC cultures were obtained. Differentiated iNCCs
were cultivated for up to 8 passages in iNCC differentiation medium, replenished daily. In all

procedures involving single-cell passaging, media were supplemented with 5uM Rock inhibitor
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(Sigma-Aldrich) upon seeding and maintained for 24 hours; after about 10 days of iNCC

differentiation, Rock inhibitor was no longer needed to maintain cell viability.

Differentiation of nMSCs from iNCCs

nMSC populations were obtained through incubation of iNCCs with mesenchymal stem
cell medium, as previously described (Menendez et al., 2011). In brief, INCCs were seeded at
2x10* cells/cm? onto non-coated 60-mm tissue culture dishes in nMSC medium (DMEM/F12
supplemented with 10% FBS, 2mM GlutaMAX-I, 0.1mM non-essential aminoacids, and
100ug/mL Normocin) containing 5uM Rock inhibitor. Cells were differentiated for 6 days and
passaged with TrypLE™ Express (Life Technologies) when needed. nMSC cultures were

expanded in nMSC medium for up to 6 passages, with medium changes every 3 days.

Direct derivation of iMSCs from iPSCs

iMSCs were generated following published methods (Ishiy et al., 2015). Briefly, iPSC
colonies were treated with Accutase and cells were plated onto Matrigel-coated tissue culture
dishes at 1x10* cells/cm? in iMSC differentiation medium (DMEM/High Glucose with 10% FBS,
1% penicillin/streptomycin, 1% nonessential amino acids, and 5ng/mL of bFGF) for 14 days,
with media changes every 3 days. For subsequent passages, single-cell suspensions were
prepared using TrypLE Express and cells were passaged with a 1:3 split ratio in standard culture

flasks (Corning) without Matrigel coating.

Chondrogenic, osteogenic and adipogenic differentiation

For the osteogenic induction, cells were seeded in 12-well plates (4x10” cells per well),
and after 3 days, medium was replaced with osteogenic induction medium (StemPro
Osteogenesis Kit; Life Technologies). Differentiation medium was changed every 2-3 days.
After 9 days, alkaline phosphatase activity was quantified through incubation with
phosphatase substrate (Sigma-Aldrich), and the resulting p-nitrophenol was quantified
colorimetrically using a Multiskan EX ELISA plate reader (Thermo Scientific) at 405 nm. After 21
days, extracellular matrix mineralisation was assessed through alizarin red staining. Briefly,
cells were washed three times with PBS, fixed in 70% ethanol for 30 minutes at room
temperature, washed 3x with distilled water, and finally stained with a 0.2% Alizarin Red S
solution (Sigma-Aldrich) for 30 minutes at room temperature. After three washes with PBS,
plates were air dried at room temperature. Staining was removed with a 20% methanol / 10%
acetic acid solution and colorimetrically assessed using a Multiskan EX ELISA plate reader

(Thermo Scientific) at 450nm.
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For chondrogenesis, 1x10°> cells/well were plated into 6-well plates and after 3 days
growth medium was replaced with chondrogenic medium (StemPro Chondrogenesis Kit; Life
Technologies). To quantify chondrogenic markers, total RNA was extracted after 9 days of
differentiation. Chondrocyte pellets were produced by centrifuging 3x10° cells at 500g and
incubating pellets in nMSC medium for 24 hours before switching to chondrogenic medium.
After 21 days, pellets were fixed and frozen in Tissue-Tek O.C.T (Sakura), 5um cryosections
were performed, sections were fixed with 4% paraformaldehyde and stained with Alcian Blue

0.1%in 0.1 N HCI.

Adipogenic differentiation was performed on 1x10° cells/well seeded into 6-well
plates. After cells achieved 80% confluence, growth medium was replaced with adipogenesis
medium (StemPro Adipogenesis Kit; Life Technologies). Cells were differentiated for 21 days,
after which Oil red staining was performed. Cells were washed with PBS, fixed in 4%
paraformaldehyde and stained with Qil Red 0.5% in isopropanol. Pictures were taken using an

Axiovision microscope (Zeiss).

Apoptosis and proliferation Assays

For the apoptosis assays, a total of 1x10° cells/well was seeded into 6-well culture
plates. On the next day, apoptotic activity was measured with a kit based on Annexin V and 7-
AAD staining (Guava Nexin Reagent), following manufacturer’s instructions. Cells treated with
10uM H,0, for 30 minutes were used as staining controls. Subpopulations were ascertained in
a Guava flow cytometer (EMD Millipore) as follows: non-apoptotic cells: Annexin V(-) and 7-
AAD(-); early apoptotic cells: Annexin V(+) and 7-AAD(-); late-stage apoptotic and dead cells:
Annexin V(+) and 7-AAD(+).

Cell proliferation was assessed with the use of an XTT assay (Cell Proliferation Kit I;
Roche), following supplier’s instructions. Briefly, cells were seeded into 96-well culture plates
at 2x10° cells/well, in quadruplicates. To quantify metabolically active cells, medium was
changed to DMEM/F12 without phenol red (Life Technologies), a solution of XTT was added,
and cells were incubated at 37°C for 3 hours. Immediately, plates were colorimetrically

assessed in a microplate spectrophotometer (Epoch; BioTek) at 450nm.
Flow cytometry

To assess the immunophenotype of iNCCs, cells were detached with Accutase, and

washed twice with 2 volumes of blocking solution (4% BSA in PBS without Ca®* and Mg™").

88



iNCCs were incubated with the conjugated antibodies in blocking solution in the dark for 1
hour at 4°C, washed twice with PBS, and fixed in 1% paraformaldehyde/PBS. The following
antibodies were used: IgM k FITC Mouse Anti-Human CD57 (anti-HNK1; BD Pharmingen
561906), 1gG1 k Alexa Fluor 647 Mouse Anti-Human CD271 (anti-p75NTR; BD Pharmingen
560877), FITC Mouse IgM k isotype control (BD Pharmingen 555583), and Alexa Fluor 647
Mouse 1gG1 k isotype control (BD Pharmingen 557714). Antibody concentrations followed
manufacturer’'s recommendations. A minimum of 5,000 events were acquired in a FACS Aria Il
flow cytometer (BD Biosciences) and analysed on Flowing software (v2.5).

nNMSCs and iMSCs were dissociated with TrypLE Express and washed twice with 2
volumes of blocking solution (1% BSA in PBS without Ca*" and Mg**). Cells were incubated in
the aforementioned conditions with the following conjugated antibodies: FITC Mouse Anti-
Human CD31 (BD Pharmingen 555445), APC Mouse Anti-Human CD73 (BD Pharmingen
560847), PE Mouse Anti-Human CD90 (BD Pharmingen 555596), FITC Mouse Anti-Human
CD105 (BD Pharmingen 551443), PE Mouse Anti-Human CD166 (BD Pharmingen 559263), and
FITC, PE and APC Mouse IgG1 k Isotype Controls (BD Pharmingen 555748, 554681 and 555749,
respectively). Antibody concentrations followed manufacturer’s recommendations. At least
5,000 events were acquired in a FACS Aria Il equipment and analysed on the Flowing software

(v2.5) and Guava Express PRO (Millipore).

RNA extraction and Real-time quantitative PCR (RT-qPCR)

Total RNA was obtained from cell populations with the use of Nucleospin RNA Il
extraction kit (Macherey-Nagel) following manufacturer’s recommendations. Briefly, 1ug of
total RNA was converted into cDNA using Superscript Il (Life Technologies) and oligo-dT
primers according to manufacturer’s recommendations. Real-Time quantitative PCR reactions
were performed with 2X Fast SYBR Green PCR Master Mix (Life Technologies) and 50nM-
400nM of each primer. Fluorescence was detected using the 7500 Fast Real-Time PCR System
(Life Technologies), under standard temperature protocol. Primer pairs were either designed

with Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) or retrieved from

PrimerBank (http://pga.mgh.harvard.edu/primerbank/; primers are listed in Table SlI), and

their amplification efficiencies (E) were determined by serial cDNA dilutions log,o-plotted

against Ct values, in which E=107/'"

. Gene expression was assessed relative to a calibrator
cDNA (ACt). Finally, NormFinder (Andersen et al., 20014) was used to determine the most
stable endogenous control (among ACTB, TBP, HMBS, GAPDH, or HPRT1), and calculate

ACt

normalization factors (E” ) for each sample. The final relative expression values were

determined based on a previous method (Pfaffl et al., 2001), by dividing E“ of target genes by
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E” of the endogenous control. All relative expression values were log-transformed for

analysis and graphed in linear scale, unless stated otherwise. Primers were supplied by

Exxtend.

Statistical analysis:

All experiments were performed in triplicates, unless stated otherwise herein.
Statistical comparisons were performed on the Graphpad Prism software. Values were

represented as means + standard error. The level of statistical significance was set at p<0.05.

Web Resources

OMIM = Online Mendelian Inheritance in Men - http://www.omim.org/

Primer-BLAST - http://www.ncbi.nlm.nih.gov/tools/primer-blast/

Primer Bank - https://pga.mgh.harvard.edu/primerbank/
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Figure S1: iPSC characterisation. A) Immunofluorescence micrographs showing expression of pluripotency markers OCT3/4 and
SSEA-4 in TCS iPSCs. NC=negative control B) RT-gPCR showing transcriptional upregulation of pluripotency-associated genes
OCT3/4, NANOG, and ALPL in controls and TCS samples. Graphs were plotted relative to expression data of 2 adult fibroblasts
(F2625-1 and F2441-1); (***) p-value < 0.001; Student’s t-test. C) MLPA analysis with peak ratios for subtelomeric probes (blue
dots) and control probes (green dots) with the use of 2 kits, showing no chromosomal imbalances. Control iPSCs had been
previously characterised in Chapter Il and Ishiy et al (2015).
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Figure S2: Osteogenic differentiation of control and TCS nMSCs. A) Alizarin Red staining showed increased matrix
mineralisation in TCS samples as compared to controls. Scale bars=500um B) Transcriptional profile of osteogenesis-associated
genes during the initial 6 days of osteoinduction. No statistically significant differences were observed; two-way ANOVA with
Bonferroni post-tests.
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Figure S3: Characterisation and phenotype assessment of TCS iMSCs. A) Representative flow cytometry histograms showing
staining for mesenchymal cell markers CD73, CD90 and CD105, and non-mesenchymal markers CD31, CD34 and CD45. B) RT-qPCR
assessment of pluripotency markers OCT3/4,NANOG, and ALPL, and mesenchymal marker ENG in iMSCs compared to the
originating iPSCs. C) TCOF1 transcript expression between control and TCS iMSCs. D) 7-AAD/Annexin V flow cytometry results
depicting the fraction of live cells, and cells undergoing early and late apoptosis in iMSCs. Percentages represent the sums of early
and late apoptotic events. H,0,-treated cells were used as positive staining controls. E) XTT assay depicting the proliferation

profile of control and TCS iMSCs.
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SUPPLEMENTARY TABLES

Table SI: Sample information.

Subject Clinical Age* Gender Parerltal Reprogramming Clone iPSC- derived cell type
status somatic cell method
F7405-1cl iNCC/nMSC/iMSC
F7405-1 control 27 male dermal retroviral F7405-1c2 iNCC/nMSC/iMSC
fibroblasts
F7405-1c3 iNCC/nMSC/iMSC
F7007-1c2 iMSC
F7007-1 control 23 male . dermal retroviral
fibroblasts F7007-1c4 iMSC
F9048-1 control 20 male dermal episomal F9048-1c3 iINCC/nMSC
fibroblasts
i F2441-1c2 iNCC/nMSC/iMSC
F2441-1 TCS 9 female ~ Periosteal retroviral
fibroblasts F2441-1c3 iNCC/nMSC/iMSC
F2625-1cl iNCC/nMSC/iMSC
periosteal . . .
F2625-1 TCS 30 female . retroviral F2625-1c2 iNCC/nMSC/iMSC
fibroblasts
F2625-1c3 iNCC/nMSC/iMSC

* Age upon collection of tissue sample

Table SII: Primer sequences used in RT-qPCR.

Target Forward primer (5'-3') Reverse Primer (5'-3')
ACTB TGAAGTGTGACGTGGACATC GGAGGAGCAATGATCTTGAT
GAPDH ATCACCATCTTCCAGGAGCG GGGCAGAGATGATGACCCTTT
HPRT1 CCTGGCGTCGTGATTAGTGAT AGACGTTCAGTCCTGTCCATAA
HMBS AGCTTGCTCGCATACAGACG AGCTCCTTGGTAAACAGGCTT
8P GTGACCCAGCATCACTGTTTC GCAAACCAGAAACCCTTGCG
OCT3/4 GTGGTCAGCCAACTCGTCA CCAAAAACCCTGGCACAAACT
NANOG TGGACACTGGCTGAATCCTTC CGTTGATTAGGCTCCAACCAT
TCOF1 GCCCCTGGAAAAGTTGTCACT GGTTTCTCACTGGTGGCTTCAC
PAX3 AAGCCCAAGCAGGTGACAAC CTCGGATTTCCCAGCTGAAC
ZICc1 AAGGTCCACGAATCCTCCTC TTGTGGTCGGGTTGTCTG
TFAP2A CTCCGCCATCCCTATTAACAAG GACCCGGAACTGAACAGAAGA
SOX10 CCTCACAGATCGCCTACACC CATATAGGAGAAGGCCGAGTAGA
ENG TGCACTTGGCCTACAATTCCA AGCTGCCCACTCAAGGATCT
S0X9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG
ACAN TTTCAAGAAGGCGAGGCGTCCG TGGCTGAAGGCAAGCCTGGT
COL2A1 GGCAATAGCAGGTTCACGTACA CGATAACAGTCTTGCCCCACTT
RUNX2 AGTGGACGAGGCAAGAGTTTC GTTCCCGAGGTCCATCTACTG
ALPL GATACAAGCACTCCCACTTCATCTG CTGTTCAGCTCGTACTGCATGTC
COL1A1 GGGCCAAGACGAAGACAT CAACACCCTTGCCGTTGTCG
BGLAP GGCGCTACCTGTATCAATGG GTGGTCAGCCAACTCGTCA
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6 - General Discussion and Conclusions

In this work, through the use of different approaches such as microarray expression
analysis and molecular surface sorting, we have shown that mesenchymal stem cells, most
particularly those derived from dental pulp of human exfoliated teeth (SHED), present an
efficient in vitro osteogenesis and that at least two factors seem to contribute to the
regulation of this process. We also have shown the advantages of the use of iPSCs with the
derivation of MSC-like cells that exhibited higher osteogenesis in vitro as compared to adult
stem mesenchymal cells, and their use in the genetic field through the obtainment of iPSCs to

model Treacher Collins syndrome.

We first described that SHED present an increased osteogenic potential as compared
to hASCs. In order to answer which factors could be regulating these differences, we
performed microarray expression analysis to investigate the osteogenesis in adult MSCs. We
observed that IGF2 were upregulated in SHED when compared to hASCs. We hypothesized
that this marker could be directly associated with the higher osteogenic potential in SHED, and
through a treatment/supplementation with exogenous /GF2 and IGF2 inhibitor (chromeceptin)
we observed a positive correlation of this marker with in vitro osteogenesis, supporting our
hypothesis. We also have shown that imprinting is involved in the regulation of IGF2
expression in SHED. Thus we propose IGF2 as an osteogenic biomarker in MSCs, which can be
used to pre-select cells to be used in bone tissue engineering or alternatively, the use of IGF2

to induce better osteogenesis could be explored.

We do not expect that IGF2 expression it is the only factor contributing to the in vitro
osteogenesis differences between SHEDand hASCs. In order to address this question, we

choose to use other approach to study the differences of in vitro osteogenesis in SHED and
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hASCs. Using transcriptional analysis and cell sorting we demonstrated that SHED presented
lower expression of CD105 when compared to hASCs and that the low levels of CD105 in SHED
contribute to its in vitro osteogenic potential. Through in silico analysis and gain/loss function
assays we showed that the microRNA 1287 is a promising candidate in CD105 regulation in
SHED and hASCs and that IGF2 is not apparently involved in CD105 expression levels
regulation. These results thus show that inverse correlation of CD105 expression with

osteogenic potential is not specific to hASC (Levi et al., 2011) and it is cell-specific regulated.

Based on the above-mentioned findings, we reinforce that the regulation of the
osteogenic potential in adult MSCs is a multifactorial process and our work has contributed to
the identification of two factors involved in this regulation. Further studies are required to
evaluate if each of these factors alone or in combination in cell culture assays would contribute

to a more efficient osteogenesis in adult MSC.

Further, we observed that the cell source used to reprogram and derive iPSCs is an
important factor to achieve a better in vitro osteogenesis, as MSC-like from SHED presented
higher osteogenesis compared to MSC-like from fibroblasts and from adult SHED. Our findings
thus strength the importance of cell type/source selection to derive iPSCs and depending on
the purpose or tissue to be obtained the cell type/source could be a limiting factor and
influence the final results. Neither /GF2 nor CD105 seemed to be involved with the increased
osteogenic potential of the MSC-like. Finally, in the last chapter we describe an in vitro model
to Treacher-Collins syndrome. Using different methods, we have compared derived neural
crest cells (iNCCs), neural crest-derived mesenchymal cells (nMSCs) and MSC-like cells from
iPSC, which allow us to recapitulate different stages of craniofacial development. We observed
alteration of osteogenesis/chondrogenesis in MSC-like cells derived from patients. nMSCs from
Treacher-Collins subjects presented a higher apoptosis rate, consistent with the findings in the

literature using animal models to Treacher-Collins syndrome. Therefore, through several
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analyses, we have shown that we obtained reliable iNCC, nMSCs and iMSCs from patients and
controls and these cell types can thus be used to model TCS. Through the use of pluripotent
cells of patients with bone genetic disorders, we expect to better understand craniofacial bone
development and identify new pathways critical to this process that could recapitulate in vitro
bone formation. We expect that this approach may also contribute to better bone

reconstruction therapies in the future.
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8 -Appendix: Additional publicationsand participations
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Ishiy, FAA; Ornelas, CM; Fanganiello, RD; Griesi-Oliveira, K; Sdrigotti, MA; Calcaterra, N;
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dish.13th international society of stem cell research.2015. Stockholm, Sweden. Poster
Presentation

Ishiy, FAA; Fanganiello, RD; Capelo, LP; Kuriki, PS; Morales, AG; Passos-Bueno, Mr. CD105
expression as a marker to explain osteogenic potential differences of mesenchymal stem cells

of different sources. 12th international society of stem cell research.2014. Vancouver, Canada.

Poster Presentation

Fanganiello R.D., Ishiy FAA, Yumi D., Capelo L.P., Passos-Bueno M.R. Differentially expressed

genes associated to higher osteogenic potential of human mesenchymal stem cells.
International Society of Stem Cells Research Meeting.2013. Boston, Massachussetts, EUA.
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American Society of Human Genetics.2012. San Francisco, California, EUA. Poster Presentation
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expression _analysis of mesenchymal stem cells during initial osteoblastogenic

differentiation.VIl Brazilian Congress on Stem Cells and Cell Therapy.2012. S3o Paulo, SP,
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involves redox-responsive genes.de Peralta, M. S. P., Mouguelar, V. S., Sdrigotti, M. A., Ishiy,
FAA, Fanganiello, R. D., Passos-Bueno, M. R., ... & Calcaterra, N. B. (2016). Cell Death &
Disease, 7(10), e2397.doi: 10.1038/cddis.2016.299.

Non-specific FGFR2 ligands, FGF19 and FGF10, lead to abnormal cellular behavior in Apert
syndrome-derived fibroblast and stem cells. Yeh E, Atique R, Fanganiello RD, Sunaga DY, Ishiy
FAA, Passos-Bueno MR.doi: 10.1089/scd.2016.0018. Epub 2016 Jun 23
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