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ABSTRACT 

ARE MICRORNAS ASSOCIATED WITH THE CHONDROGENIC POTENCY 
OF EQUINE CORD BLOOD MESENCHYMAL STROMAL CELLS? 

 
Hamed Alizadeh  
University of Guelph, 2020                                           Advisor(s): Thomas G. Koch 
                                                            

Mesenchymal stromal cells (MSCs) can be easily harvested from a variety of tissues and are 

capable of differentiating down a number of mesodermal and non-mesodermal cell lineages in 

vitro. These properties make MSCs a promising cell source for restorative and/or regenerative 

applications such as tissue repair in animals and humans. However, MSCs are a heterogeneous 

cell population and large inter-donor variation in their differentiation potential, particularly their 

chondrogenic capacity, has been reported. This attribute may hamper the development of 

reproducible therapies and the use of MSCs in research and regenerative medicine. Moreover, 

underlying molecular mechanisms governing the heterogeneity of the chondrogenic differentiation 

potential of culture expanded MSCs remain poorly understood. In this study, we sought to identify 

miRNA signatures as potential prognostic biomarkers associated with chondrogenic 

differentiation potential of MSC cultures in the equine model.  Equine cord blood-derived MSC 

(CB-MSC) cultures were initially evaluated for their ability to produce cartilage in a standard 

chondrogenic differentiation assay. The chondrogenic differentiation potential was scored and 

categorized based on histological extra-cellular matrix formation and quantification of 

glycosaminoglycan deposition. Subsequently, total RNA of CB-MSCs were used for identification 

of miRNAs associated with high and low chondrogenic potency of CB-MSCs via next generation 

sequencing (NGS). A total of 12 miRNA libraries were sequenced: 6 with high and 6 with low 



 

chondrogenic potential. We identified as many as 30 differentially expressed miRNAs based on 

chondrogenicity, including miR-146a-5p, miR-183-5p and miR-203a-3p. Consistent with previous 

reports, SMAD4 is targeted by miRNAs that are upregulated in CB-MSCs with low 

chondrogenicity. Predicted KEGG pathways include “TGF-beta signaling pathway”, 

“proteoglycans in cancer” and “adherens junction”. In conclusion, microRNA profiling of CB-

MSC cultures may have prognostic value in selecting MSC donors with regards to their 

chondrogenic differentiation potential and their future utility in cartilage tissue engineering or cell 

therapy strategies.  
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1 General Background and Review 

1.1 Introduction 

Regenerative medicine is an emerging multidisciplinary field involving biology, medicine, and 

engineering that is likely to revolutionize the ways we improve the health and quality of life for 

millions of people worldwide by restoring, maintaining, or enhancing cell, tissue and organ 

function. In addition to having a therapeutic application, regenerative medicine can have 

diagnostic applications where the tissue is made in vitro and used to determine drug metabolism 

and uptake, toxicity, and pathogenicity. The foundation of tissue regenerative medicine for either 

therapeutic or diagnostic applications is the ability to exploit living cells in a variety of ways. In 

this regard, different types of stem cells including embryonic stem cells (ESC), multipotent 

mesenchymal stromal/stem cells (MSC), and induced pluripotent stem cells (iPSC) have become 

the focus of increasing studies in the past two decades.  

A stem cell is defined by two main characteristics: self-renewal and potency. Self-renewal refers 

to the cell division while at least one of the daughter cells maintain identical phenotype and potency 

to the original cell. The ability to differentiate is known as “Potency”. There are four levels of 

potency: toti-, pluri-, multi-, and unipotency which is classified based on the number of different 

tissues the stem cell can produce. Totipotent stem cells are found at the first couple of cell divisions 

and are capable to generate the embryo and extra-embryonic tissues, in other words the whole 

organism. The inner cell mass (ICM) of the blastocyst stage of development are pluripotent and 

can develop into all three germ layers of the embryo. Multipotent cells are regarded as being more 

restricted stem cells that retain the potential to give rise to multiple cell lineages within one or two  
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different germ layers. Unipotent stem cells are precursor cells to give rise to a single cell type and 

responsible for the renewal of certain adult tissues within a specific organ such as skin, liver and 

intestine (Jaenisch and Young 2008). 

After the discovery of osteogenic marrow progenitors by Friedenstein et al. (1968), subsequent 

studies demonstrated the multi-lineage differentiation capability within these populations 

prompting their renaming as mesenchymal stem cells or multipotent mesenchymal stromal cells 

(MSC) (Phinney 2002). The nomenclature of these cells is dependent upon whether they fit the 

minimal criteria outlined for human multipotent mesenchymal stromal cells by ISCT (International 

Society for Cellular Therapy) in 2006: the cells must be plastic adherent under standard culture 

conditions, express a certain panel of cell surface markers, and show functional adipo-, osteo-, and 

chondrogenesis (Dominici et al. 2006). Since this published definition applies only to human 

mesenchymal stem cells, studies using equine cells derived from the same tissues and exhibiting 

similar characteristics are generally termed mesenchymal stromal cells (still abbreviated as MSCs) 

and in this thesis MSC is accordingly an abbreviation for multipotent mesenchymal stromal cells.  

The lack of knowledge regarding how various functional characteristics of MCSs are regulated 

influences the use of MSCs in research and clinical treatments. Regenerative medicine approaches 

using equine BM/CB-MSCs are being used today in the treatment of selected equine orthopedic 

injuries such as traumatic ligament and tendon injuries (Smith et al. 2008, Fortier et al. 2008, 

Godwin et al. 2011).  MSC-based therapies were initially developed due to differentiation potential 

of MSCs (Baksh et al. 2004, Burk et al. 2013, Carraro et al. 2014, Heo et al. 2016, Kroon et al. 

2017, Xue et al. 2017, Lepage et al. 2019). However, it has been shown that upon in vivo intra-
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articular or intra-venous transplantation, MSCs may function in four different mechanisms. 1st: 

Direct participation in repair by differentiating into mesenchymal tissue cells (e.g. cartilage, bone, 

etc.) (Mak et al. 2016, Liu et al. 2017, Sadik et al. 2017). 2nd: Paracrine activity: releasing the 

growth factors modulating repair directly or via extracellular vesicles (EVs) stimulating secretion 

of ECM proteins (Bobick et al. 2009, Kuroda et al. 2015). 3rd: Immunomodulatory activity: 

impacting inflammation, tissue repair and regeneration (Glennie et al. 2005, Akiyama et al. 2012, 

DelFattore et al. 2015). 4th: Efferocytosis: macrophage polarization is shifted towards an anti-

inflammatory phenotype after engulfing MSCs (Vasandan et al. 2016, LoSicco et al. 2017, Monaco 

et al. 2018). Thus, it is complicated to predict the effects of culture-expansion conditions on cell 

function. Moreover, heterogeneity of MSC populations between donors makes this problem more 

complicated. Fate of MSC population is governed through molecular mechanisms. Although 

transcriptional factors (RUNX, PPAR-g and SOX9) determining osteo- adipo- and chondrogenic 

destinies have been broadly investigated, the molecular mechanisms that control self-renewal and 

progenitor distribution in populations remain unknown. In this review, I provide evidence 

indicating that MSC populations are intrinsically heterogeneous as well as cell lineage 

commitment takes after a hierarchical program. Finally, I underscore how a better comprehension 

of the procedures managing self-renewal and lineage specification could be employed to generate 

more homogeneous and potent MSC populations for research and clinical application. 
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1.2 Colony Forming Unit-fibroblast activity 

MSCs are characterized as clonogenic cells possessing both self-renewal and multilineage 

differentiation capacity (Suzuki and Nakauchi 2002). Different approaches for characterization of 

MSC population have been engaged to investigate self-renewal and multilineage differentiation of 

MSCs. It has been suggested that the primary MSC pool contains cell populations at various phases 

with respect to self-renewal and differentiation. 

Once mononuclear cell fraction (MNCF) is derived from any MSC source and cultured in vitro, 

its plastic-surface adherent population consequently appear in a colony form of fibroblastic 

spindle-shaped cells which are called fibroblast colony forming units (CFU-F). These colonies are 

assumed to be obtained from a single ancestor cell and are capable of extensive proliferation and 

multi-lineage differentiation (Castro-Malaspina et al. 1980; Pittenger et al. 1999; Kalervo 

Väänänen 2005). A CFU-F assay has been recognized as an in vitro assay for assessing the clonal 

expansion capacity of the MSCs and has been frequently used as a popular assay (Azouna et al. 

2012). Many studies through CFU assay reported that the number of MSCs in various sources are 

roughly 1/100,000 MNCF (Deans and Moseley 2000; Passeri et al. 2009). Even though a CFU-F 

is representative of the extremely proliferative cells with capability of forming colonies in cultures, 

they are heterogeneous in morphology and differentiation potential. 

MSCs undergo morphological changes from the spindle-shaped to larger polygonal when they 

approach senescent stage (Bruder et al. 1997). Colter et al. (2001) reported a different MSC sub-

populations showing various differentiation potentials according to cell size and morphology. 
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They and others noted that smaller and rounded cells had faster proliferation rate, greater self-

renewal capacity and superior differentiation potential (Colter et al. 2001; Shur et al. 2002).  

 

1.3 Self-renewal capacity 

Self-renewal is one of the main characteristics of stem cells, which shows capacity of cells to 

produce identical copy of themselves through mitotic cell division while maintaining their 

proliferation and differentiation potential over extended periods (Roobrouck et al. 2008). It has 

been suggested that in vivo stem cells merely divide under a stimulus provided by their surrounding 

microenvironment, otherwise they stay in an inactive state (Moore and Lemischka 2006). They are 

known to divide either symmetrical or asymmetrical based on the type of stimulus, thus apart from 

an injury case the stem cell pool remains consistent (Moore and Lemischka 2006; Shahriyari and 

Komarova 2013). MSCs have been demonstrated to have a remarkable but extremely variable self-

renewal capacity during in vitro sequential propagation (Baksh et al. 2004). Moreover, results 

obtained in other studies indicate a significant heterogeneity in self-renewal potential of clonal 

populations of MSCs (Baksh et al. 2004; Bianco et al. 2001).  

Different strategies have been used to improve isolation and culture expansion of MSCs such as 

optimization of initial plating density, initial selection of a more purified and homogeneous MSC 

population based on cell surface markers or cell size. Low seeding cell densities (1.5-3 cells/cm2) 

of MSCs in a minimal essential medium base in the presence of serum and/or specific growth 

factors [eg. Fibroblast growth factor (FGF)] lead adherent cells to form homogeneous colonies 
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with respect to cell morphology (Baksh et al. 2004). It was reported that seeding the MSCs at low 

cell density (1.5-3 cells/ cm²) resulted in a significant increase in their self-renewal capacity (Colter 

et al. 2001). It was additionally noticed that cells plated at low cell densities (1-3 cells/cm2) showed 

expansion up to 50 population doublings, while at higher densities (12 cells/cm2) expansion was 

observed just for 15 population doublings (Ulloa-Montoya et al. 2005). As well, investigating a 

larger interval of seeding cell density (10-1000 cells/cm2) indicated greatest proliferation rate in 

lowest cell density (Sekiya et al. 2002). Throughout the years, various cell seeding densities and 

novel methods have been employed to achieve less heterogeneous population of MSCs for more 

reliable characterization studies (Kuznetsov et al. 1997; Muraglia et al. 2000; Tremain et al. 2001; 

Gronthos et al. 2003). Nevertheless, most of the molecular characterization of in vitro clonal 

population of CFU-derived MSCs conducted on higher seeding cell densities (≥10cells/cm²) and 

assumed that CFU-Fs originated from a single cell (Baksh et al. 2004). Further, in order to achieve 

an entirely pure and genetically homogeneous population of MSCs, single cell cloning is essential. 

Serum growth factors play important roles in governing cell cycle of MSCs and their subsequent 

development towards colony formation. Many studies propose that addition of FGF-2 in the basal 

culture medium retains MSCs in an immature state as well as increasing their population doublings 

(PDs) during in vitro culture (Mastrogiacomo et al. 2001; Bianchi et al. 2003). Further, Ito et al. 

(2007) demonstrated suppression of cellular senescence in MSCs through recruitment of FGF-2 

that down-regulated the transforming growth factor-beta2 (TGF-β2) expression as well as 

precluding the growth arrest in G1 phase by suppressing the expression level of p21Cip1 (Itahana 

et al. 2001; Ito et al. 2007).  
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In addition, coordinated functions of Wnt, BMP and Notch signaling pathways have been 

demonstrated to affect the self-renewal process in a context-dependent mode (Satija et al. 2007). 

For instance, genes involved in MSC proliferation such as cMyc and cyclinD1 were induced by 

activation of Wnt signaling (de Boer et al. 2004). In the same way, BMP signaling maintains 

embryonic stem cells to proliferate for a longer period (Satija et al. 2007). In order to generate 

large numbers of MSCs with the highest differentiation potential for clinical application, there is 

a vital requirement to establish new protocols.  

 

1.4 Differentiation potential and Heterogeneity of MSCs 

1.4.1 Tissue source variation 

MSCs are a population of cells that can be obtained from various tissues and secretions of the adult 

body such as bone marrow (BM), adipose tissue (AT) and peripheral blood (PB), as well as fetal 

tissues such as cord blood (CB), umbilical cord tissue (UCT), Whorton jelly and amniotic fluid. 

Although these cells fulfill MSC criteria, functional heterogeneity is observed among MSC 

populations. It could be due to various causes such as donor variations, tissue source differences 

or various isolation techniques. CB-derived MSCs  when compared with BM- and AT-derived 

MSCs are characterized by a faster rate of proliferation, greater differentiation tendency towards 

chondrocytes, as well as a greater number of cumulative population doubling until senescence 

(Kern et al. 2006; Berg et al. 2009; Burk et al. 2013). However, MSCs derived from adipose tissue 

and bone marrow show higher osteogenic differentiation potential and higher degree of stemness 
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which is indirectly observed by their ability to create a larger number of CFU-F colonies (Kern et 

al. 2006; Burk et al. 2013). Expression of Sox2 gene which is associated with the self-renewing 

cell division of stem cells is only observed in MSCs derived from bone marrow (Heo et al. 2016).  

1.4.2 Donor variation 

In addition to the variability observed among MSCs from different sources, differences in the 

function of MSCs obtained from various individual donors have also been described. Among the 

human MSCs isolated from the bone marrow of 19 independent donors (of different ages between 

27 and 85 years and sexes) that were investigated for extent of heterogeneity, dexamethasone 

induced ALP expression varied between 1.2- and 3.7-fold and no correlations were found resulting 

from differences in the sex or age of donors (Siddappa et al. 2007). However, there are some 

studies that reported strong association between properties of bone marrow derived MSCs and age 

of the donors. For example, large number of apoptotic cells and low proliferation rate were 

observed in cells collected from older age donors. Jeong and colleagues (2015) also showed the 

different ability of CB-MSCs to undergo chondrogenesis combining it with different levels 

(protein and mRNA expression) of cartilage specific markers (Collagen type II, the chondrogenic 

transcription factor SOX-9, aggrecan, hyaluronan) and in individual donors (Jeong et al. 2015). 

1.4.3 Intra-colony heterogeneity of MSCs  

The next stage in which we can detect functional heterogeneity amongst the MSCs is in vitro 

culture. As confirmed by previous studies,  the original hypothesis assumed that all cells making 

up each colony of CFU are multipotent and capable of differentiating into osteoblasts, adipocytes,  

and chondrocyte (Muraglia, Cancedda, and Quarto 2000). However, we can find some reports in 
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the literature that cell lines derived from a common colony of CFU-F differ in their properties, 

characterized by unipotency, bipotency, or multipotency (Okamoto et al. 2002). For instance, 

studies by Muraglia et al. (2000) involving analysis of 185 clonal populations of non-immortalized 

MSC demonstrated that one third of the clones were tri-potent, nearly two third were comprised 

of bi-potent (osteo-chondrogenic) progenitors and a small percentage (3-5%) were merely uni-

potent (osteogenic). In this study, clones committed to the osteo-adipogenic, chondro-adipogenic, 

adipogenic, or chondrogenic lineages were not observed, which suggested a hierarchical 

differentiation model for MSCs where early mesenchymal progenitors indicate a chronological 

loss of lineage potentials generating osteo-chondrogenic (bipotential) progenitors which, in turn, 

give rise to osteogenic (unipotential) precursors. In a study by Okamoto et al. (2002) a substantial 

panel of immortalized human MSC clones were examined and subsequently seven out of eight 

likely categories of tri-lineage differentiation potential were identified. In contrast with the 

Muraglia`s study, only 5% of clones were tri-potent, 66% were without any differentiation 

potential and lack of adipo-chondrogenic potential amongst bi-potent MSC clones. Russell et al. 

(2010) investigated the division of clonogenic MSC colonies into eight possible groups distinct in 

their potential for differentiation. A non-linear hierarchy of lineage commitment was observed, 

and the majority of the clones were tri-potent, osteo-chondrogenic, osteogenic potential and only 

a small minority (< 5%) of clones had no differentiation potential that was consistent with previous 

studies (Pittenger et al. 1999; Banfi et al. 2000; Muraglia et al. 2000). Further studies by Russell 

et al. (2011) indicated significantly higher proliferation and lower apoptosis rate in tri-potent 

clones. These studies indicated that tri-lineage potency was structured in a non-linear hierarchical 

manner within MSC populations while tri-potent clones produced bi-potent progenitors with 
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variable distributions and bi-potent clones subsequently supplied uni-potent progenitors with the 

lowest proliferation and highest apoptosis rate (Fig.1).  In addition, it was noticed that only 50% 

of MSCs within a population formed CFU-Fs and 50% of those clonal populations indicated tri-

lineage potency (Russell et al. 2011). Consequently, half of the MSCs within a population have 

undetermined function and one out of four cells may be categorized as tri-potent progenitor. Trans-

differentiation and de-differentiation of bi-potent progenitors, lateral and/or backward movement 

within the hierarchy, need to be investigated as well.    

 

 

Figure 1.1: The hierarchical program of lineage specification in MSCs. Schematic 

illustrating proposed hierarchy of MSC lineage specification. Specification of osteogenic (O), 

chondrogenic (C) and adipogenic (A) progenitors is based on data from Russell et al. (2011) 
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1.5 Genomic stability of MSCs  

It is known that the genomic status of stem cells can vary during cell culture passaging and indicate 

rates of chromosomal aberrations in numerical and/or structural form via karyotype (Buzzard et 

al. 2004). At present, several studies have been carried out to investigate the chromosome stability 

of human MSCs derived from different sources such as bone marrow, adipose tissue, and umbilical 

cord (Wang et al. 2005; Bernardo et al. 2007;  Buyanovskaya et al. 2009; Tarte et al. 2010; Tang 

et al. 2012;  Froelich et al. 2013; Roemeling-van Rhijn et al. 2013; Tessier et al. 2015). However, 

few studies have performed cytogenetic analysis of equine MSCs (Martinello et al. 2010; Maia et 

al. 2013; Mazurkevych et al. 2016). Chromosome stability depends on the presence or lack of 

variations in chromosome number and structure that is species specific. Numerical variations can 

appear as polyploidy and aneuploidy. Polyploidy refers to a state in which cells contain more than 

two homologous (paired) sets of chromosomes deviating the normal diploid chromosome number 

(ie, 2n), such as tetraploidy (4n), while aneuploidy is a situation in which cells gain or lose a 

number of individual chromosomes from a homologous pair, either autosomes and/or the sex 

chromosomes, such as monosomy or trisomy. It is also possible to observe a variation in the 

chromosome structure of any chromosome in the karyotype, such as deletions, duplications, 

inversions, and translocations of chromosomal segments.   

Changes in genetic material during cell culture can lead to genome alterations and negatively affect 

cellular functions. However, there are considerable uncertainties concerning the significance of 

genomic instability during in vitro culture (Ben-David et al. 2011; Ben-David and Benvenisty 

2012; Ben-David et al. 2012; Sensebé et al. 2012). Ex vivo malignant transformation of MSCs 
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appears to be a rare occurrence, which has only been described in a few reports (Wang et al. 2005; 

Tang et al. 2012). Genomic alterations such as aneuploidies (without associated malignant 

transformation) have been more commonly observed during cell culture Buyanovskaya et al. 2009; 

Martinello et al. 2010; Ben-David et al. 2012; Ueyama et al. 2012; Borghesi et al. 2013; Froelich 

et al. 2013). For example, cultured equine bone marrow-derived MSCs have been shown to have 

polyploidy and aneuploidy levels of 2%–7% at passage 3 and 4, while umbilical cord-derived 

MSCs displayed an average of 22% aneuploidy at passage 3 (Mazurkevych et al. 2016). 

Although the clinical implications of these genomic alterations are not well understood, it has been 

argued that MSCs have low risk of tumorigenesis, as it has been shown that cytogenetic instability 

leads to a decrease or arrest in cell proliferation and concomitant elimination of affected cell 

populations (Bernardo et al. 2007; Sensebé et al. 2012; Jones et al. 2013; Roselli et al. 2013; 

Roemeling-van Rhijn et al. 2013; Zaman et al. 2014). Regardless, it is suggested to monitor 

genomic integrity of MSCs for use in basic research and clinical trials for cell-based therapy 

(Izadpanah et al. 2008; Tarte et al. 2010; Roemeling-van Rhijn et al. 2013).  

 

1.6 MicroRNA      

MicroRNAs (miRNAs) are a type of endogenous non-coding RNA with 20-25 nucleotides in 

length. They are thought to be engaged in the regulation of one third of all mammalian genes 

(Lewis et al. 2005). These potent regulators of gene expression function at the post-transcriptional 

level by binding to complementary sequences in the 3’-untranslated regions (3’-UTR) of target 
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mRNAs and blocking their translation and/or helping their degeneration. MicroRNAs have effects 

on biological function and cellular phenotype in numerous different tissues and several studies 

have shown that they are important regulators of diverse biological processes such as 

differentiation, development and tumorigenesis (Chen et al. 2004; Krichevsky et al. 2006).  

The first microRNA was discovered in 1993, when two independent studies using Caenorhabditis 

elegans found that the Lin-14 protein, which is essential for cell lineage patterning during larval 

development, was negatively regulated by a short untranslated RNA fragment within the lin-4 gene 

(Lee et al. 1993; Wightman et al. 1993). Upon closer examination, researchers found that this RNA 

fragment was complementary to a sequence in the 3’UTR of lin-14 and suggested that an antisense 

RNA-RNA interaction inhibited the translation of lin-14. This phenomenon was originally thought 

to be nematode specific and it was not until 2001 that the importance of these discoveries was 

revealed when a number of small RNAs with similar regulatory potential was identified in both 

vertebrates and invertebrates, thus the term ‘microRNA’ was coined (Lagos-Quintana et al. 2001). 

Numerous studies have since shown that they are important regulators of various biological 

processes such as differentiation, development and tumorigenesis (Chen and Behringer 2004; 

Krichevsky et al. 2006). 

MicroRNAs are named using the “miR” prefix and a unique identifying number (e.g., miR-140, 

miR-410). Regardless of organism, the identifying numbers are given sequentially, and identical 

miRNAs have the same number. The mature sequences are named “miR”, whereas the immature 

precursor hairpins are labeled “mir”. Paralogous sequences whose mature miRNAs differ at only 

one or two positions are given lettered suffixes: for example, miR-21a and miR-21b.  The -3p and 

-5p suffixes that sometimes appear within an miR name refers to the arm from which the mature 
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sequence comes. Distinct hairpin loci that give rise to identical mature miRNAs have numbered 

suffixes (e.g., mir-192-1, mir-192-2).  

During microRNA biogenesis, long primary transcripts (pri-miRNAs) are synthesized by RNA 

polymerase II and then processed into small hairpin structures known as pre-miRNAs by the 

enzymes Drosha and DGCR8. They are then exported to the cytoplasm where the RNAse III, 

Dicer, cleaves the loop region of the hairpin to generate a short RNA duplex. One strand is 

degraded leaving a mature single-stranded miRNA molecule that becomes incorporated into the 

RNA-induced silencing complex (RISC) (Du and Zamore 2005) and binds target mRNAs to either 

block translation or induce transcript degradation. 

 

1.7 Role of microRNAs in chondrogenesis of MSCs  

MiRNAs are very stable in vivo and are released from cells in microvesicles or protein bound into 

synovial fluids, blood and urine, which has made them biomarker candidates for diagnostic and 

prognostic purposes (Fabbri 2010; Szeto et al. 2012). Availability of synthetic mimics and 

inhibitors permit mechanistic studies of miRNA function and therapeutic application of specific 

mimics or inhibitors as a possibility.  

MiRNAs are involved in the chondrogenic differentiation of MSCs. Many miRNAs positively or 

negatively regulate this pathway by targeting several transcription factors and cytokines such as 

bone morphogenetic proteins (BMPs) and SOX family (Martinez-Sanchez et al. 2012; Yang et al. 

2012) which play an essential role in regulation of six different phases of chondrogenesis 
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(chondroprogenitors, condensed mesenchymal cells, chondroblasts, proliferating chondrocytes, 

pre-hypertrophic chondrocytes and hypertrophic chondrocytes) (Yang et al. 2011). It was recently 

shown that miR-140 is present in normal equine cartilage and upregulated during equine CB-MSC 

chondrogenesis (Buechli et al. 2013). Several studies have profiled miRNA expression during 

MSC transition to chondrocytes (Le et al. 2013). However, these studies neither identified MSC 

cultures with intrinsically high chondrogenic potency nor suggested methods to reprogram MSCs 

prior to chondrogenesis. Identifying such reprograming methods would allow one to ‘prime’ MSC 

for chondrogenesis. This would be of outmost importance for autologous MSC strategies since our 

observed variability in MSC chondrogenic potency impair the use of MSC unless we can 

reprogram the MSCs to a more ‘primed’ state, for example increased potency, prior to use. The 

alternative to reprograming of MSC to desired ‘primed’ states is prospective isolation of MSC 

with high chondrogenic potency based on cell markers with positive predictive value of 

chondrogenic potency. Successful prospective selection and cell sorting would allow culture of 

‘pure’ MSC populations or remove the need for MSC laboratory expansion altogether and 

development of bed-side MSC technologies. One study of prospective MSC isolation showed that 

BMMSC expression of the surface marker CD56 was associated with high clonogenic capacity 

and chondrogenic potency (Battula et al., 2009). Using target scan software (www.targetscan.org) 

miRNAs with the potential to regulate CD56 (NCAM1) include miR-30, miR-148a, miR27, 

miR128, miR-200, miR-429, miR-548a, miR-425, miR-489, and miR-141. The miR-30 prevents 

apoptosis in some cells (Shi et al. 2013) and miR-148a is downregulated in load bearing compared 

to non-load bearing cartilage (Dunn et al. 2009) suggesting relevant biology. Interestingly, miR-

148a has also been associated with increased cell proliferation via inhibition of the cell cycle 
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inhibitor p27 (S.-L. Guo et al. 2011). MiR-590 and miR-199a cause cell-cycle re-entry of adult 

cardiomyocytes and promote cardiomyocyte proliferation in vivo (Eulalio et al. 2012). Based on 

possible chondrogenic-predictive value of CD56 and the possible interaction between MSC 

proliferation capacity and potency, miR-30, miR-148a, miR-590, miR-199a are of outmost interest 

to evaluate for their predictive and MSC chondrogenic priming/reprograming abilities. 

 

1.8 Role of microRNAs in cartilage development and homeostasis  

The importance of miRNAs on organ and organism development has been investigated through 

Dicer knock-out experiments in Drosophila and mouse models. Following Dicer knock-out, 

spatial-temporal analysis of miRNA expression revealed tissue-specific miRNA expression during 

development, suggesting miRNA involvement in defining and retaining tissue identity (Aboobaker 

et al. 2005; Kloosterman and Plasterk 2006; Christodoulou et al. 2010). In addition, the 

conservation and expression patterns of miRNAs in the central nervous system (e.g. miRNA-124), 

muscles (e.g. miR-1) and anterior-posterior patterning (e.g. miR-10), clearly supports conserved 

function and the important role of miRNAs in development, propagation and overall survival of 

animals (Zhao et al. 2005; Liu and Xu 2011; Hassel et al. 2012). Mouse foetuses deficient in Dicer 

die between days 12.5 and 14.5 of gestation (Bernstein et al. 2003; W. J. Yang et al. 2004). In 

order to bypass the embryonic lethality of Dicer-deficient mutants and characterize tissue-specific 

roles numerous conditional approaches have been utilized in the mouse model. These studies have 

revealed essential roles for Dicer and miRNAs in the morphogenesis of the lung epithelium (Harris 

et al. 2006; Wagh et al. 2015), skin (Yi et al. 2006), and vertebrate limb (Hatfield et al. 2005) in 
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mouse models. A reduction in cellular proliferation and differentiation has also been observed in 

Dicer-deficient embryonic stem cell lines (Bogerd et al. 2014; Kanellopoulou et al. 2005). In 

addition, mutant germline stem cells of Drosophila lacking Dicer-1 suggest the role miRNAs have 

in stem cell division by bypassing the G1/S checkpoint of the cell cycle (Hatfield et al. 2005).  

Apoptosis is a central cellular mechanism during development and miRNAs play an essential role 

in the regulation of this process. In Drosophila, miR-14 targets inositol 1,4,5-trisphosphate kinase 

2 (ip3k2) and thereby suppresses autophagy during developmentally regulated cell death (Nelson 

et al. 2014). Likewise, bantam miRNA promotes proliferation and prevents apoptosis by regulating 

the proapoptotic gene hid (Bhadra et al. 2015). P53 acts as a transcription factor that facilitates 

apoptosis during development and stress responses (Le et al. 2009). MiR-30a/b/d, miR-125b, miR-

138, miR-214, and miR-504 have been reported as direct negative regulators of human p53 (Su et 

al. 2015).  

Organogenesis is another developmental process influenced by miRNAs. For example, myogenic 

differentiation of cardiac myocytes as well as striated skeletal myocytes is modulated by miR-1. 

MiR-1 is a primary regulator of muscle differentiation in flies, mice and humans (Koutsoulidou et 

al. 2011; Kloosterman and Plasterk 2006; Zhao et al. 2005). MiR-1 is associated with the 

expression of transcription factors such as Mef2, MyoD, Hand2, and SRF, which are involved in 

muscle-differentiation in mice (Zhao et al. 2005). In the developing lung mesenchyme, miR-142-

3p modulates mesenchymal cell differentiation and proliferation in the embryonic mouse via the 

regulation of Wnt signaling (Carraro et al. 2014). Wnt signaling is negatively regulated in part by 

APC. Following miR-142-3p knockdown, Apc was highly expressed at 12 and 24 hours and Wnt 

signaling was decreased. MiR-142-3p downregulation led to the differentiation of parabronchial 
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smooth muscle cells through the dysregulation of the WNT-FGF signaling positive feedback look 

in the developing tissue (Carraro et al. 2014). 

 

1.9 Rationale  

Orthopedic injuries involving the joint cartilage are some of the most common causes of lameness 

in racehorses (Bailey et al. 1999). Since the horse provides the closest approximation of articular 

cartilage and subchondral bone thickness to humans, it is a favoured large animal model of focal 

cartilage repair (Cook et al 2014). Articular cartilage repair remains a clinical challenge due to the 

poor regenerative capacities of the tissue. Current treatment strategies are only palliative and are 

not disease modifying. A number of different MSC therapies have considerable potential in the 

treatment of joint injuries. In particular, MSC have been regarded as a promising cell source to 

improve the quality of cartilage repair because of their ability to self-renew and differentiate into 

various lineages. In fact, the use of bone marrow-derived MSCs (BM-MSCs) for the treatment of 

various equine orthopedic injuries such as ligaments and tendons is common practice in equine 

medicine (Fortier and Smith 2008, De Schauwer et al. 2013). One key challenge of using MSCs 

to repair damaged cartilage is the induction of a stable chondrocyte phenotype without terminal 

differentiation. Current in vitro differentiation protocols have successfully induced cells with 

chondrocyte-like morphology, production of extracellular matrix and expression of cartilage-

specific markers including collagen II, aggrecan and SOX9. However, these features are often 

accompanied by markers of fibrous tissue such as collagen I, and/or markers of hypertrophy such 

as collagen X (Johnstone et al. 1998).  
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One parameter that may improve the outcome of in vitro chondrogenesis is the MSC source. 

Although BM-MSCs are most commonly used, MSCs can be isolated from a number of other 

sources including adipose tissue, synovial membrane and umbilical cord blood (De Bari et al. 

2001; Zuk et al. 2001; Lee et al. 2004). CB-MSCs are attractive alternatives to BM-MSCs due to 

their  superior multipotency, proliferative capacity as well as the ease and non-invasive manner of 

CB collection  (Kern et al. 2006; Kögler et al. 2006; Koch et al. 2007). Additionally, most studies 

on human and equine CB-MSCs suggest these cells are more chondrogenic than umbilical cord 

tissue, bone marrow, adipose tissue derived-MSCs (Berg et al. 2009; Zhang et al. 2011; Rakic et 

al 2018; Lepage et al. 2019; White et al. 2019). Although CB-MSC may be favoured as 

chondroprogenitors over other MSCs donor-donor variability with regards to chondrogenic 

potency do exists between different CB-MSC cultures.   

MiRNAs have recently emerged as important regulators and fine-tuners of gene expression 

including the chondrogenic differentiation process (Fabbri 2010; Aval et al. 2017). However, it is 

undetermined whether miRNAs are involved in regulating chondrogenic potency. Based on this 

rationale, hypotheses and objectives were proposed as follow. 
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1.10  Hypothesis 

The equine CB-MSC cultures will exhibit variable chondrogenic potency that is associated with 

specific miRNA expression. 

 

1.11  Objectives 

1) Characterization of equine CB-MSC cultures with respect to morphology, proliferation 

capacity, and expression of MSC-associated cell surface markers, tri-lineage differentiation, 

and chromosome constitution. 

2) Determination and comparison of pre-selected miRNAs (miR-34a, miR-140, miR-148a, 

miR-199a, miR-410 and miR-590) expression in equine CB-MSCs with high and/or low 

chondrogenic potency. 

3) Profiling miRNAs in equine CB-MSCs with high and/or low chondrogenic potency via Next 

Generation Sequencing (NGS). 
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2 Cell identity, proliferation, and cytogenetic assessment of equine 
cord blood mesenchymal stromal cells  

This chapter is a modified version of a published original  manuscript; Alizadeh et al. 2018 

 

2.1 Introduction   

MSCs are nonhematopoietic plastic-adherent multipotent progenitor cells capable of 

differentiating into specialized cell types including osteoblasts, adipocytes, chondrocytes, 

tenocytes, and myoblasts (Chamberlain et al. 2007; Nöth et al. 2010). In horses, MSCs have been 

successfully obtained from bone marrow (Vidal et al. 2008; Colleoni et al. 2009; Violini et al. 

2009; Kasashima et al. 2011), cord blood (CB) (Koch et al. 2007; Reed and Johnson 2008), 

peripheral blood (Koerner et al. 2006), adipose tissue (Colleoni et al. 2009; Vidal et al. 2008; 

Mambelli et al. 2009), umbilical cord matrix (Hoynowski et al. 2007), and amniotic fluid (Lovati 

et al. 2011). Equine CB-MSCs are pursued due to their ease of collection, multipotency, and high 

proliferative potential (De Schauwer et al. 2011; Maia et al. 2012; Ranera et al. 2012; Tessier et 

al. 2015). 

Equine MSCs are mainly characterized by their adherence to plastic culture-ware, fibroblastoid 

morphology, and their capability to differentiate into multiple lineages in vitro (Koch et al. 2007; 

Maia et al. 2012; Zaman et al. 2014). The morphological features, while important, are nonspecific 

and are also shared by other cell types, such as fibroblasts, which invalidates the use of these 

parameters alone for the characterization of MSCs. Considering basic criteria established by the 

International Society for Cellular Therapy (ISCT) to define human bone marrow-derived MSCs 

(Dominici et al. 2006) and adipose tissue-derived MSCs (Bourin et al. 2013), a panel of positive 
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and negative expression of surface markers (immunophenotyping) have been proposed to identify 

human MSCs. Positive markers include CD29, CD44, CD90 (De Schauwer et al. 2012; Carrade et 

al. 2012), MHC-I (De Schauwer et al. 2012), and CD105 (Ranera et al. 2012), and negative 

markers include CD14 (De Schauwer et al. 2012), CD34 (Carrade et al. 2012; Ranera et al. 2012), 

MHC-II (Carrade et al. 2012; De Schauwer et al. 2012), and CD45 (Ranera et al. 2012).  

Tessier et al. (2015) and De Schauwer et al. (2012) have shown equine CB-MSCs to have high 

expression of CD29, CD44, and CD90 and have absent or low expression of, MHC-I, MHC-II, 

CD4, CD8, CD11a/18, and CD73. However, the identity and nomenclature surrounding MSCs 

remains controversial with some arguing that the term MSC should be abandoned, but this 

discussion is beyond the scope of the work presented here (Robey 2017). 

At present, several studies have been carried out to investigate the chromosome stability of human 

MSCs derived from different sources such as bone marrow, adipose tissue, and umbilical cord 

(Wang et al. 2005; Bernardo et al. 2007; Buyanovskaya et al. 2009; Tarte et al. 2010; Tang et al. 

2012; Froelich et al. 2013; Roemeling-van Rhijn et al. 2013; Tessier et al. 2015). However, few 

studies have performed cytogenetics analysis of equine MSCs (Martinello et al. 2010; Maia et al. 

2013; Mazurkevych et al. 2016). Chromosome stability depends on the presence or lack of 

variations in chromosome number and structure that is species specific. It is possible to observe 

numerical variations such as polyploidy and aneuploidy as well as variation in the chromosome 

structure of any chromosome in the karyotype, such as deletions, duplications and inversions of 

chromosomal segments.  
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It has been argued that MSCs have low risk of tumorigenesis because it has been shown that 

cytogenetic instability leads to a decrease or arrest in cell proliferation and concomitant elimination 

of affected cell populations (Bernardo et al. 2007; Tarte et al. 2010; Sensebé et al. 2012; Jones et 

al. 2013; Roemeling-van Rhijn et al. 2013; Roselli et al. 2013; Zaman et al. 2014). Regardless, it 

is suggested to monitor genomic integrity of MSCs for use in basic research and clinical trials for 

cell-based therapy (Izadpanah et al. 2008; Tarte et al. 2010; Roemeling-van Rhijn et al. 2013). The 

aim of this study was to determine the immunophenotype, proliferative capacity, and genomic 

stability (ie, cytogenetic analysis) of cryopreserved equine CB-MSC through passage 5 to 10. 

 

2.2 Materials and Methods 

2.2.1 Ethics statement 

This study was specifically approved by the University of Guelph Animal Care Committee with 

regards to the procedures of collection of equine peripheral blood lymphocytes and equine CB 

(animal use protocols 1756 and 1570). Additional research conducted using specimens of this kind 

does not require review by the Animal Care Committee (falls under CCAC Category of 

Invasiveness A). Collection of peripheral blood and cord blood were add-on procedures to the 

routine care of the horses. No animals were sacrificed during the study. 

Informed consent was obtained in writing from the horse owners/agents before sampling. The 

broodmares on the foaling farms are housed in large foaling boxes. The foaling facilities are staffed 

24/7 and mares are under constant video surveillance and carrying foaling alarms to allow for 
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observed foaling and assisted delivery if needed. CB was collected by the farm staff after receiving 

instruction by Dr. Koch. Instruction included video-review of cord blood collection. Cord blood 

was collected from an isolated segment of the umbilical cord after the umbilical cord had been 

clamped and detached from the foal. 

Once investigators have an approved animal care protocol from the University of Guelph Animal 

Care Committee access to these research horses are granted. In this study peripheral blood was 

collected from three adult mixed-bred horses housed at the Equine Research Station, which is 

managed by the University of Guelph in partnership with the Ontario Ministry of Agriculture, 

Forestry and Rural Affairs. The research horses are housed in smaller groups with run-in sheds 

throughout the year. The horses are on pasture during the summer and during the winter they have 

access to large paddocks with gravel surface. Peripheral blood was collected by Dr. Koch. 

Collection of peripheral blood was collected under mild sedation (Xylazine HCl, 0.35–0.40 mg/kg 

bwt IV; Bayer, Toronto, ON, Canada) from the jugular vein following which manual pressure was 

applied for several minutes to aid hemostasis. 

 

2.2.2 Equine cord blood-derived MSC culture 

A total of six unrelated cryopreserved equine CB-MSC cell cultures were thawed and plated in 

polystyrene culture flasks and incubated at 38ºC with 5% CO2 in a humidified incubator (see Table 

2.1 for detailed cell culture information). Expansion media consisting of low-glucose Dulbecco’s 

modified Eagle medium (DMEM; Lonza, Wakersville, MD), 30% FBS (Invitrogen, Burlington, 

ON, Canada), penicillin (100 IU/mL; Invitrogen), streptomycin (0.1 mg/mL; Invitrogen), and l-
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glutamine (2mM; Sigma, ON, Canada) was changed every 2 days. Cells were harvested at 70% 

confluency using 0.04% trypsin/0.03% EDTA solution, replated for expansion at a density of 5,000 

cells/cm2 and propagated in culture until passage 5 (P5) and passage 10 (P10). Metaphase spread 

preparations for conventional Giemsa staining and additional GTG-bands karyotyping was 

performed on all six cultures at P5 and P10. Cell growth was analyzed by direct manual cell 

counting using trypan blue, and the doubling time was determined. The population doubling time 

(PDT) was calculated by the formula: TD= t log10(2)/ (log10 N - log10 N0), where N= cells 

harvested, N0 = cells seeded, and t = time of the culture (in days). 

 

Table 2.1: Information of donors and prior equine CB-MSC cultures (TB: Thoroughbred, QH: 

Quarter Horse)                                                 

 
 

  

Cell 
Culture 
 

Donor 
Information Prior Culture History 

Breed Sex Isolation 
method FBS (%) Passage Freeze/Thaw 

Cycle FBS Batch 

1108 TB Male Prepacyte 30% 4 1 Gibco 1140802 

1206 QH Male Prepacyte 30% 4 1 Gibco 1140802 

1213 TB Female Prepacyte 30% 4 1 Gibco 1140802 

1409 QH Male Prepacyte 30% 4 1 Gibco 1140802 

1413 TB Female Prepacyte 30% 4 1 Gibco 1140802 

1204 TB Male Prepacyte 30% 4 1 Gibco 1140802 



 

 

26  

 

 

2.2.3 Immunophenotype flowcytometry 

Equine CB-MSC cultures and peripheral blood mononuclear cells (PB-MNC) were assessed for 

expression of MSC-associated cell surface markers (CD29, CD44, and CD90) and hematopoietic 

markers (CD11a/18, CD4, CD73, MHC-I, and MHC-II) by flowcytometry as previously described 

[15]. The following antibodies were used to evaluate the cells: APC anti-human CD29 (Clone: 

TS2116; Bio- Legend), Mouse anti-horse CD44:FITC (Clone: CVS18; Bio-Rad), Mouse anti-rat 

CD90 (Clone: OX-7; BD Pharmingen), Mouse anti-horse CD4:FITC (Clone: CVS4; Bio- Rad), 

Mouse anti-horse CD11a/18:FITC (Clone: CVS9; Bio-Rad), PE Mouse anti-human CD73 (Clone: 

AD2; BD Pharmingen), Mouse anti-horse MHC I:FITC (Clone: CVS22; Bio-Rad), and Mouse 

anti-horse MHC II:FITC (Clone:CVS20; Bio-Rad). Goat anti-mouse IgG1-FITC (Cat. 97239; 

Abcam, Toronto, ON, Canada) was used as a secondary antibody against unconjugated primary 

antibody (CD90). Antibodies and their positive control(s) are listed in Table 2.2. 
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Table 2.2: Antibody panel of flowcytometry analysis. (*) primary conjugated antibody. 

 

 

Cultured CB-MSC cells were chemically detached with Trypsin-EDTA (Gibco, Grand Island) and 

washed with flow buffer before antibody incubation. Incubations were at 4_C in the dark for 15 

min, followed by a wash, and secondary antibody [goat anti-mouse IgG1-FITC (Abcam)] 

incubation carried out at 4_C for 15 min in the dark. All the cells stained with primary/secondary-

conjugated antibodies were resuspended in 500 mL of flow buffer and passed through a BD Accuri 

C6 flowcytometer (BD Biosciences, San Jose, CA). Negative control samples were cells incubated 

with only secondary antibody, unstained cells, and cells incubated with isotype-matched 

 

Antigen Source Clone Biological control sample 

CD90 BD Pharmingen OX-7 Equine PB-MNC 

CD29* Bio-Legend TS2116 Equine PB-MNC 

CD44* Bio-Rad CVS18 Equine PB-MNC 

CD4* Bio-Rad CVS4 Equine PB-MNC 

CD73* BD Pharmingen AD2 Equine PB-MNC 

CD11a/18* Bio-Rad CVS9 Equine PB-MNC 

MHC I* Bio-Rad CVS22 Equine PB-MNC 

MHC II* Bio-Rad CVS20 Equine PB-MNC 
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nonbinding primary antibody plus fluorescent secondary antibody. 7-AAD (Sigma) was used as a 

dead cell stain. A minimum of 20,000 events were acquired for each antibody, run and analyzed 

on a BD Accuri_C6 (BD Biosciences). Gates to identify CB-MSC or PB-MNC populations were 

maintained consistent throughout all experiments. 

 

2.2.4 Cytogenetic analysis 

As previously described (Vidal et al. 2008), the CB-MSCs were seeded into T75-culture flasks 

and expanded to 60%–70% confluency before metaphase spread preparation. For cytogenetic 

analysis a cell synchronization protocol was applied (Tobias et al. 2016) . In brief, ~ 16 h before 

cell harvesting, dividing cells were synchronized with Methotrexate (10-7 M final concentration) 

in fresh culture media. Cells were released from replication block by replacing the Methotrexate 

media with fresh culture media. Subsequently, equine CB-MSCs were treated with 1.25mM 

Bromodeoxyuridine (BrdU) for 5 h at 38ºC to prevent excessive chromosome compaction and 10 

mg/mL colcemid for 30 min to induce metaphase arrest. Cells were then dissociated, suspended in 

hypotonic solution (75mM potassium chloride), and incubated at 38 ºC for 15 min. A few drops 

of ice-cold Carnoy’s fixative (3:1 methanol:acetic acid) were added and mixed by gentle agitation. 

The cells were pelleted and resuspended in the fixative three times before dropping the cells onto 

fixative-soaked microscope slides to prepare metaphase spreads. To determine euploid and 

aneuploid chromosome constitution, on average 80 and 50 metaphase cells were respectively 

examined under a Leica DM5500B microscope Retiga Exi II (Q-Imaging) digital camera, after 

subjecting the chromosome preparations to a standard giemsa staining and GTG-banding protocol. 
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Representative karyotypes were assembled according to the international standards for the horse 

karyotype (Richer et al. 1990), using SmartType software (Digital Scientific UK Ltd.). 

 

2.2.5 Statistical analysis 

The results were statistically analyzed using Student’s t-test for significance of differences 

between means among passages (P5 vs. P10). Differences at P <0.05 were considered significant. 

The tables indicate the mean and standard deviation. 

 

2.3 Results 

2.3.1 Immunophenotype flowcytometry and proliferation analysis 

During in vitro expansion, all six CB-MSC cultures maintained a fibroblastoid spindle-shaped 

morphology although slight differences in appearance were noted with increasing passage number 

(Figure 2.1). Fast-growing and slow-growing MSC cultures were defined based on a comparison 

between their PDT and total median PDT calculated for cell cultures at both P5 (median = 38.4) 

and P10 (median = 64.8) separately. Three cell cultures whose PDT were above the median were 

grouped as low proliferative and three cultures with PDT value below the median were categorized 

as high proliferative cultures (Figure 2.2A). The PDT of CB-MSCs with high proliferative capacity 

and low proliferative capacity were respectively 31.2 – 4.32 and 62.4 – 18.5 h at passage 5 and 

49.4 – 1.2 and 113.6 – 23.9 at passage 10 (Figure 2.2A). No significant difference was observed 
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between overall PDT of P10 cell cultures (Average PDT: 81.6 – 38.4) and the overall PDT of P5 

cell cultures (Average PDT: 46.56 – 21.1) (Figure 2.2B). Flow cytometry analysis showed CB-

MSC cultures with high antigen expression of CD90, CD44, CD29, and low antigen expression of 

CD11a/18, CD4, CD73, MHC I, and MHC II, which corresponded to the immunophenotypic 

criteria reported by previous equine MSC studies (Figure 2.3). Statistical analysis revealed 

significant changes in expression of abovementioned surface antigen markers between the CB-

MSC population and PB-MNC fraction (P < 0.05; Figure 2.8). 
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Figure 2.1: Morphology of adherent equine CB-MSCs after 6 months of cryopreservation. 

(A, B) Representative images of the typical fibroblastoid morphology of passage-5 CB-MSCs. (C, 

D) Representative images of the typical morphology of passage-10 CB-MSCs. Scale bars: (A, C): 

1,000mm; (B, D): 400mm. 
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Figure 2.2: Population doubling time of equine CB-MSCs. A: Average population doubling 

time for fast-growing (high proliferative) and slow-growing (low proliferative) cultures at passage 

5 and 10 (significance is indicated by *P < 0.05, N = 3). B: Overall population doubling time of 

cell cultures at passage 5 and passage 10 (P < 0.05, N = 6). 
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 Figure 2.3: Immuno-phenotypic analysis of equine CB-MSCs (N = 6) at passage five and 

equine PB-MNC (N = 3) as biological control. Consistent gates were applied for all cell 

analyses. Control sample fluorescence is indicated by solid line, fluorescence of samples 

incubated with specific antibody by dashed line. Numbers in each plot represent the mean 

proportion (+/– standard deviation) of cells expressing each antigen. PB-MNC, peripheral blood 

mononuclear cell. 
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Figure 2.4: Percentage of chromosomal abnormalities in equine CB-MSCs at P5 and P10.   

A: Rate of polyploidy at P5 and P10. B: Rate of aneuploidy at P5 and P10. Significance is indicated 

by *P < 0.05 (N = 6). 

 

Table 2.3: Cytogenetic profile of equine cord blood derived mesenchymal stromal cells at P5 and P10 
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Figure 2.5: Cytogenetic analysis of equine CB-MSCs. A: GTG-karyotype of CB-MSCs at passage 

5 (2n = 63, XX; der1, -12, null 13, +15, +16, +18, +20, -27). B: GTG-karyotype of CB-MSCs at 

passage 10 (2n = 57, XX; der5, -7, -8, -11, +15, +16, null 22, -24, null 25, -26). Metaphase 

chromosomes of CB-MSCs at fifth passage with abnormal karyotype: C: Aneuploidy (2n = 62); 

D: Polyploidy (4n = 128), magnification: 100X. 
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2.3.2 Cytogenetic analysis 

The cytogenetic analysis of equine CB-MSCs showed that these cells had a large amount of 

numerical (euploid and aneuploid), and structural chromosome abnormalities. At P5 ~ 105 

metaphase MSCs of each cell cultures were screened for euploidy and on average 20% of them 

revealed polyploidy chromosome constitution (Figure 2.4). Similarly, ~ 80 metaphase cells were 

screened for aneuploidy, with 60% of MSC cultures displaying aberrant karyotype appearing in 

different forms of monosomy, trisomy, and nullisomy. Monosomy, trisomy, and nullisomy of 

chromosome 13 were detected at higher frequency; furthermore, nullisomy occurred also for sex 

chromosomes pairs. Structural abnormalities of chromosomes were also observed in the MSC 

cultures at passage 5 (Table 2.3, Figure 2.5, and Figure 2.6). On average 80 metaphase MSCs per 

cell culture were subsequently screened at P10 for euploidy in which 21% revealed polyploidy 

(Figure 2.4). Screening ~ 42 metaphase cells for aneuploidy, 82% of MSC cells displayed such 

chromosomal abnormality in the forms of monosomy, trisomy, and nullisomy. Aneuploidy of 

chromosomes 13, 15, 16, and 19 were respectively observed at 50%, 66%, 50%, and 50% of MSC 

cell populations (Table 2.3). On average, at P5 MSCs displayed 20% and 62% of metaphase 

polyploidy and aneuploidy, respectively, while at passage 10 the rates of polyploidy and 

aneuploidy were 21% and 82%. Although there was no significant difference between polyploid 

MSCs at passage 5 and 10, aneuploidy of passage 10 MSCs was significantly higher than 

aneuploidy of passage 5 MSCs (Table 2.3 and Figure 2.4). Screening of CB-MSC cultures with 

high or low proliferation capacity at P5 and P10 showed no significant difference (P < 0.05) with 

regard to polyploidy and aneuploidy (Figure 2.8). Structural chromosome abnormalities were 

observed in karyotypes from cell of MSC cultures studied at P10 (Table 2.3, Figure 2.5, Figure 
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2.6). Individual GTG-banded karyotypes demonstrated obvious derivative chromosomes as 

evidences that some structural rearrangements have occurred, although it was not feasible to define 

the chromosomal segment involved in the exchanges the presence of derivative chromosome was 

evident, since chromosome pairing following the standard guidelines for equine metaphase 

karyotyping lead to these observations. The occurrence of numerical and/or structural chromosome 

aberrations was not related to the sex of the MSC donor as those occurred in both male and female 

MSC cell cultures that were cultured for P5 and P10 passages. Aneuploidies appeared in the forms 

of monosomy, trisomy, and nullisomy. Trisomy of chromosomes 13, 15, 16, and 19 were detected 

at higher frequency and nullisomy occurred in both autosomes and sex chromosomes (Table 2.3). 
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Figure 2.6: Cytogenetic analysis of equine cord blood derived MSCs: A: GTG-karyotype of MSCs 

at passage five (2n= 62, XY; null 13, der 20, -24, +31). B: GTG-karyotype of MSCs at passage ten 

(2n= 61, XY, -11, +12, null 13, -25). C: GTG-karyotype of MSCs at passage five (2n= 64, XO; der 

5, der 23, der 29, + unique der). D: GTG-karyotype of MSCs at passage five (2n= 59, XY; -4, -10, 

-13, null 24). 
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Figure 2.7: Statistical analysis of MSC-associated and hematopoietic markers in equine CB-

MSCs (N=6) at passage five and equine peripheral blood mononuclear cells (N=3) as biological 

control (Significance is indicated by *, P <0.05). 
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2.4 Discussion  

In this study, we assessed the cell identity, proliferation potency, and cytogenetic status of 

cryopreserved CB-MSCs isolated and expanded in vitro. Although there is currently no consensus 

on cell characteristics for classification of equine MSCs, our CB-MSCs showed some basic 

properties defined for the human MSCs; they were plastic adherent, displayed a fibroblast-like 

morphology, displayed high expression of CD29, CD44, and CD90, and low expression of 

CD11a/18, CD4, CD73, MHC I, and MHC II. 

 

Figure 2.8: Percentage of chromosomal abnormalities in equine CB-MSCs with high/low 

proliferation rate.  A: Rate of polyploidy between fast-growing and slow-growing cultures at 

passage five and ten. B: Rate of aneuploidy between fast- and slow-growing cultures at passage five 

and passage ten. (P<0.05, N=3).  
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Like other cytogenetic reports on stem cells (Borgonovo et al. 2014; Andraszek et al. 2016), 

conventional cytogenetic analysis of CB-MSCs used for cell therapy identified a high rate of 

chromosomal alterations during culture in vitro. High prevalence of aneuploidy of CB-MSC at P5 

and P10 was observed. At P5, aneuploidy was detected in 62% of the cells, but this increased to 

82% at P10. Our finding of aneuploidies in CB-MSC cells is consistent with a previous study in 

which equine umbilical cord MSCs were observed with 22% aneuploidy at P3 of in vitro 

cultivation (Mazurkevych et al. 2016). In contrast, equine bone marrow derived MSC at P3 and 

P4 passages of in vitro cultivation were found with an aneuploidy level of 2%–7%, which was 

similar to the level of karyotype variability in equine peripheral blood lymphocytes (Mazurkevych 

et al. 2016). 

We further found CB-MSC cells with trisomies for chromosomes 13, 15, 16, and 19 at high 

frequency, suggesting that equine CB-MSCs in the current culture and handling system are prone 

to acquire a unique set of chromosomal aberrations. This phenomenon has been reported for some 

human multipotent stem cell lines (Sensebé et al. 2012). Trisomy for human chromosomes 13, 18, 

and 21 has been reported by different studies (Brewer et al. 2002; FitzPatrick 2005; Mégarbané et 

al. 2009; Curry 2013). 

Our observed differences over time could be due to acquired or accumulated changes during 

culture expansion. Culture condition such as oxygen tension, presence of antioxidants, length of 

culture period, and number of freeze/ thaw cycles may affect the chromosome stability of cells 

(Roemeling-van Rhijn et al. 2013; Mazurkevych et al. 2016; Sensebé et al. 2012; J.-A. Kim et al. 

2015; Estrada et al. 2013). There may also be shortening of telomere length during culture 

expansion that may further contribute to chromosome instability (Kim et al. 2015). 
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Alternatively, the changes could be due to clonal selection in an adaptive ecosystem. In this 

scenario, clonal populations with chromosomal abnormalities might have gained an advantage 

allowing them to eventually become the dominant population within a given cell culture in vitro 

(Gaztelumendi and Nogués 2014). Clonal selection of trisomies 8 and 11, promoting cell 

proliferation, has been described in different mouse embryonic stem cell lines (Guo et al. 2005; 

Gaztelumendi and Nogués 2014; Kim et al. 2013). It was also reported that chromosomal 

aberrations, accumulated in human mesenchymal stem cell cultures, took over the culture rapidly 

within seven passages. It suggests that multipotent stem cells may obtain beneficial chromosomal 

aberrations enabling them to dominate the cell populations in in vitro cell cultures (Richer et al. 

1990).  

We found increased PDT over time, which is a common observation in primary cultures (Bernardo 

et al. 2007; Zaman et al. 2014). Whether the increase in PDT and abnormal karyotype rates are 

related is still undetermined. It has been reported that cytogenetic disorders that accompanied by 

cellular senescence, initiated in a significant proportion of cells with no morphological alterations. 

Further analysis showed that senescence was associated with a transcriptional signature that 

included a set of genes involved in ploidy control (Estrada et al. 2013). However, these cells were 

not able to propagate in culture,  suggesting that high levels of aneuploidy in human MSCs may 

be  due to  low proliferation capacity (Estrada et al. 2013). Andraszek et al. (2016) made similar 

observations that the presence of polyploidy leads to termination of cell division, promotion of 

cellular senescence, and apoptosis. Our findings are consistent with the observations of those two 

prior reports (Estrada et al. 2013; Andraszek et al. 2016). 

 



 

 

43  

 

 

In contrast to those studies reporting a reduced proliferation as a result of the presence of 

aneuploidy during culture, Gaztelumendi and Nogués (2014) indicated that mouse embryonic stem 

cells carrying chromosome abnormality (double trisomy of chromosome 8 and 11) promoted cell 

proliferation, leading to a faster clonal selection (Gaztelumendi and Nogués 2014). Occurrence of 

genomic diversification during cultivation may also lead to abnormal functioning of the genome 

including oncogenic transformation such as inactivation of tumor suppressor genes and 

upregulation of oncogenes (Borgonovo et al. 2014). 

The relevance of these chromosomal abnormalities on cell function relating to properties of MSCs 

such as trilineage differentiation and lymphocyte modulation in vitro is undetermined. The same 

CB-MSC cell cultures evaluated in this study has been used in other studies within our lab 

evaluating tri-lineage and lymphocyte suppression properties (unpublished). In these studies, the 

CB-MSC cultures at higher passages (P8, P9 and P10) showed suppressed chondrogenic and 

lymphocytic potency as expected (unpublished).  

Based on the findings of this work we investigated the influence of FBS concentration on 

cytogenetic stability. A reduction from 30% to 10% resulted in markedly different findings. At 10 

FBS no structural abnormalities were noted and the polyploidy prevalence was reduced to  around 

five percent (Appendix A). Based on these results we reduced the serum concentration to 10% for 

the rest (objectives 2, 3 and 4) of this study to have MSCs with better genetic integrity. These cells 

were never frozen so the influence of freezing and thawing on cytogenetic stability remains to be 

determined. Oxygen tension and length of culture period on chromosome stability are additional 

parameters that could be studied in the future.  
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Safety of MSC therapy is a major focus of basic research and is under clinical evaluation in a wide 

range of medical fields. Initial clinical trials of human MSCs have not reported the occurrence of 

transformation and tumorigenesis (ie, malignant transformation) (Wang et al. 2005; Bernardo et 

al. 2007; Sensebé et al. 2012; Mazurkevych et al. 2016). Roemeling-van Rhijn et al. (2013) 

indicated that development of other genomic abnormalities is not associated with the occurrence 

of aneuploidy in human MSCs (Roemeling-van Rhijn et al. 2013). Murine and macaque MSCs 

appear susceptible to transformation and capable of sarcoma formation while human MSCs do not 

seem to share these features (Aguilar et al. 2007; Bernardo et al. 2007). This may be a reflection 

of fundamental difference among MSCs of different species or it could be due to species 

independent differences among the investigated MSC cultures. 

Some form of autophagy, a catabolic process by which cells arrest intracellular lipids, proteins, 

and organelles and deliver them to lysosomal compartments where they are degraded, may reduce 

chromosomal instability in MSC cultures (Mathew et al. 2007). MSC populations with low 

percentage of chromosomal abnormalities have been noted to remain stable during several 

passages until senescence occurred upon which the cells lost the autoregulatory capacity to degrade 

oncogenic protein substrates. This subsequently resulted in higher frequencies of chromosomal 

abnormalities (Roemeling-van Rhijn et al. 2013). It remains to be determined if such autophagy 

regulation occurs in CB-MSC cell cultures and if so, at what time point it would be exerted and 

chromosome instability would start to accumulate. 

In conclusion, plastic adherent cells derived from CB express markers consistent with a MSC 

phenotype and do not express hematopoietic markers. Several chromosomal abnormalities were 

identified in the examined CB-MSCs. The influence of culture conditions and multiple freeze-
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thaw cycles needs to be investigated before generalized conclusions can be made regarding CB-

MSC chromosomal stability during propagation and handling in vitro. It appears advisable to 

further investigate the best conditions to expand equine MSCs to minimize genomic abnormalities 

in vitro. The clinical relevance of such chromosome instability is unknown, but determination of 

MSC cytogenetic status and monitoring of patient response to MSC therapies would help address 

this question. 
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3 Expression of literature-based chondrogenic microRNAs and 
target genes in equine CB-MSCs with high/ low chondrogenic 
potency 

 

3.1 Introduction 

Equine MSCs are a multipotent cell source that can be harvested from various adult tissues 

including bone marrow (BM) (Berg et al. 2009; White et al. 2018; Zahedi et al. 2018; Bertoni et 

al. 2019),  adipose tissue (AT) (Vidal et al. 2008) umbilical cord tissue (UCT) (Rakic et al. 2018; 

Lepage et al. 2019) and cord blood (CB) (Koerner et al. 2006; Reed and Johnson 2008; Koch et 

al. 2007; White et al. 2018; Lepage et al. 2019; Bertoni et al. 2019). Equine CB-MSCs are preferred 

because they can be obtained using a non-invasive procedure and have a high proliferation rate 

(Kern et al. 2006) and high differentiation potential (Berg et al. 2009, Burk et al. 2013; Rakic et 

al. 2018; White et al. 2019). With regards to chondrogenesis and cartilage repair it has been found 

that equine CB-MSCs form superior neocartilage compared to equine bone marrow- and equine 

adipose tissue-derived MSCs in vitro (Berg et al. 2009). Although equine CB-MSCs appear to be 

a superior MSC source for chondrogenesis, they show a large inter-donor variation in 

chondrogenic differentiation potential. This complication may hamper development of 

reproducible therapies and influence the use of MSCs in research and regenerative medicine.  

MiRNAs are very promising molecular candidates for investigating the differentiation potential of 

MSCs. MiRNAs are a type of endogenous non-coding small RNAs known to be engaged in the 

control of one third of all mammalian genes expression. This control is achieved by affecting 
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translation or stability of mRNAs, leading to negatively regulation of protein accumulation (Lewis 

et al. 2005). MiRNAs have effects on biological function and cellular phenotype in numerous 

different tissues, and several studies have shown that they play a critical role in almost all 

biological processes including cell division, differentiation, development and tumorigenesis (Chen 

et al. 2004; Krichevsky et al. 2006). MiRNAs can be found intracellularly, secreted, or inside of 

extracellular vesicles (EVs) (Rekker et al. 2014) . For example, protein-bound-miRNAs are present 

in synovial fluid, blood and urine, which has made them attractive biomarker candidates for 

diagnostic and prognostic purposes (Maumus et al.  2013). MiRNAs are also important regulators 

during the chondrogenic differentiation of MSCs in vitro. Numerous studies have profiled miRNA 

expression during MSC transition to chondrocytes (Lin et al. 2009; Abouheif et al. 2010; Yang et 

al. 2011; Akhtar and Haqqi 2012; Dai et al. 2012; Buechli et al. 2013; Le et al. 2013; Zhang et al. 

2017). It was  shown that miR-140 is present in normal equine cartilage and upregulated during 

chondrogenesis of equine cord blood derived MSCs (Buechli et al. 2013). However, predictive 

value as a specific biomarker for the differentiation potential of undifferentiated MSCs remain to 

be established. 

In this study, we assessed chondrogenic differentiation potential of a series of equine CB-MSCs 

from a cohort of 10 donors. This cohort has previously been characterized in detail with respect to 

the immunophenotypes (CD marker expression) as well as adipogenesis and osteogenesis and 

accommodated the criteria proposed by the ISCT (International Society for Cellular Therapy) 

(Dominici et al. 2006). Like differentiation of other MSCs, the chondrogenic potential varied 

significantly between donors. Only 3 donors out of 10 were identified as donors with low 

chondrogenic potential, whereas 3 showed high and 4 moderate chondrogenic potential. The 
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correlation between chondrogenic potential of equine CB-MSCs and expression of microRNAs 

were investigated through a candidate approach using quantitative polymerase chain reaction 

(qPCR) expression analysis of a select panel of miRNAs previously discovered.  Expression 

analysis of candidate microRNAs (miR-34a, miR-140, miR-148a, miR-199a, miR-410 and miR-

590), previously shown to be associated with the chondrogenic differentiation process, did not 

show a consistent pattern between high and low chondrogenic CB-MSC cultures. In conclusion, 

further investigation is necessary to study miRNA profiles of equine CB-MSCs which may 

associated with chondrogenic potency prior to differentiation process. 

 

3.2 Materials and Methods  

3.2.1 Equine CB-MSC expansion and differentiation  

Cryopreserved  equine CB-MSCs (N=10; Table 3.1), isolated as previously described  (Koch et al. 

2009), were thawed and expanded in MSC expansion medium consisting of  low-glucose 

Dulbecco’s modified Eagle medium (DMEM-LG; Lonza: Walkersville, MD, USA), 10% Fetal 

Bovine Serum (FBS; Invitrogen: Burlington, ON, Canada), 2 mM L-glutamine (Sigma-Aldrich: 

Oakville, ON, Canada), and 100 U penicillin-streptomycin (Invitrogen: Burlington, ON, Canada). 

Medium was changed every 2, 3 days. Upon reaching 70-80% confluency, the CB-MSCs were 

harvested by enzymatic digestion with 0.25% trypsin-EDTA, counted using automated cell counter 

(Nucleocounter-NC100, Mandel, Guelph, ON, Canada), and re-plated at a density of 5,000 
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cells/cm2 to reach the desired cell number. All CB-MSC cultures were expanded up to passage 4 

and induced at passage 5 to test their chondrogenic differentiation potential.  

 

Table 3.1: Information of donors and prior equine CB-MSC cultures isolated in 2017 and stored 

cryopreserved for 4 months prior to use in this study (TB: Thoroughbred, QH: Quarter Horse)                                               

Culture 
 ID 

Donor Info Prior Culture History 

Breed Sex Isolation Method  FBS 
(%) Passage  Freeze/ Thaw 

Cycles FBS Batch 

MSC-01 TB Male RBC depletion  10 P3 1 Gibco 
1869517 

MSC-02 TB Female RBC depletion 10 P3 1 Gibco 
1869517 

MSC-03 TB Female RBC depletion 10 P3 1 Gibco 
1869517 

MSC-04 TB Male RBC depletion 10 P3 1 Gibco 
1869517 

MSC-05 TB Male RBC depletion 10 P3 1 Gibco 
1869517 

MSC-06 TB Male RBC depletion 10 P3 1 Gibco 
1869517 

MSC-07 TB Male RBC depletion 10 P3 1 Gibco 
1869517 

MSC-08 QH Male RBC depletion 10 P3 1 Gibco 
1869517 

MSC-09 TB Male RBC depletion 10 P3 1 Gibco 
1869517 

MSC-10 TB Male RBC depletion 10 P3 1 Gibco 
1869517 



 

 

50  

 

 

3.2.2 Chondrogenic differentiation  

At the end of passage 4, MSCs were dissociated from the culture vessels with 0.25% trypsin-

EDTA (Sigma-Aldrich, St. Louis, MO, USA). Trypsin was subsequently inactivated with a double 

volume of expansion medium. Detached cells were collected by centrifugation (400 g for 5 min) 

and suspended in complete chondrogenic induction media containing High Glucose Dulbecco’s 

modified Eagle medium (HG-DMEM) (Sigma-Aldrich; Oakville, ON, Canada), 200mM 

Glutamax-I (Invitrogen; Burlington, ON, Canada), 100 mM Sodium pyruvate (Invitrogen; 

Burlington, ON, Canada), 1x ABAM (Invitrogen; Burlington, ON, Canada), 100 nM 

dexamethasone (Sigma-Aldrich; Oakville, ON, Canada), 100 μg/ml ascorbic acid-2 phosphate 

(Sigma-Aldrich; Oakville, ON, Canada), 40 μg/ml proline (Sigma-Aldrich; Oakville, ON, 

Canada), 1x ITS (BD Biosciences; Mississauga, ON, Canada) and 10 ng/ml transforming growth 

factor-beta3 (TGF-β3; R&D Systems; Minneapolis, MN, USA). To set up chondrogenic 

differentiation, 2.5x105 cells/pellet were suspended in 200 μl of chondrogenic induction media and 

seeded in V-bottomed 96-well plates (Phenix, Candler, NC, USA). Pellets were formed by 

centrifugation (200 x g, 10 min), and maintained in chondrogenic differentiation media. The 

differentiation media was changed every 3 days within a period of 4 weeks for determination of 

glycosaminoglycan (GAG) deposition (histological and biochemical analyses) and mRNA 

expression of chondrogenic markers (Sox9, COLII, ACAN) as previously described (Buechli et al. 

2013; Co et al. 2014). 
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3.2.3 Histological analysis 

After 4 weeks of chondrogenic differentiation, three pellets of each donor (N=10) were washed 

with PBS and fixed in 10% neutral formalin buffer overnight. They were subsequently dehydrated 

in isopropanol and embedded in paraffin. Serial 5 μm tick sections were prepared for 

histochemistry. Toluidine blue was used to visualize glycosaminoglycan (GAG). Following de-

paraffinization and rehydration, sections were stained in toluidine blue for 2 min and subsequently 

washed in three changes of distilled water (Co et al. 2014). To visualize overall tissue structure, a 

standard hematoxylin and eosin (H&E) staining protocol was performed (Co et al. 2014). 

 

3.2.4 Biochemical analysis of GAG content 

MSC-derived neocartilage pellets (triplicate) were washed once in PBS and digested in 65 μg/ml 

papain (Sigma-Aldrich) for 48 hours at 60°C. Processed samples were frozen and stored at -20˚C 

for further analysis. GAG content was measured as previously described using dimethylmethylene 

blue (DMMB) assay at 525 nm wavelength (Lee et al. 2011; Co et al, 2014). To categorize donors 

in terms of high and low chondrogenic potency, we quantified GAG content in each sample 

(normalized to wet mass) and assigned the top 30% (three donors) as high chondrogenic potential 

(HCP) and the bottom 30% (three donors) as low chondrogenic potential (LCP; Figure 3.2, p<0.05 

between groups).  
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3.2.5 mRNA expression of cartilage-specific markers 

Collected MSC-derived neocartilage pellets (N=10 with 10 pellets per cell line) and equine native 

cartilage (N=3) were pulverized and homogenized using a cryogenic mill (6770 Freezer/Mill, 

SPEX SamplePrep). Total RNA of samples was isolated using the Qiagen RNeasy isolation Kit 

according to the manufacturer’s instruction (Qiagen). RNA concentration and purity were assessed 

using the Nanodrop spectrophotometer (ND-1000). To assess mRNA expression of chondrogenic 

markers, isolated RNA was first DNase treated using the PerfeCTa DNase I Kit (Quanta 

Biosciences; Beverly, MA, USA) following the protocol outlined by the manufacturer. 

Complementary DNA was then synthesized from DNase-treated RNA using the qScript cDNA 

Synthesis Kit following the protocol outlined by the manufacturer (Quanta BioSciences; Beverly, 

MA, USA). Quantitative polymerase chain reaction (qPCR) was performed using Ssofast_ 

Evagreen_ Supermix (Bio-Rad; Hercules, CA, USA), and the equine specific primers (Table 3.2) 

on the CFX96 Touch™ Real-Time PCR detection system (BioRad; Hercules, CA, USA). All 

reactions were run in triplicate with annealing temperature of 60`C. Crossing point (Cp) values 

were normalized to 18S as a housekeeping gene. Relative expression determined by a comparison 

to MSC10 (1704-MSC; the lowest performing culture) and analyzed via delta– delta Ct method. 
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Table 3.2: Primer sequences for quantitative RT-PCR 

Gene  Forward (5’-3’) Reverse (5’-3’) Reference 

Collagen2α1    
AACAGCATTGCCTACCT
GGAC 

AAATTCCTGCTCAGGCCCTC Lepage et al., 2017 

Collagen1α1    
GAAAACATCCCAGCCAA
GAA 

TGATGTTTTGAGAGGCATGG Berg et al., 2009  

Aggrecan    
CTTAGAGGACAGAAAGC
GAC 

ACTTTGGGCGGAAGAAGG Trumble et al., 2001  

Sox9   
ATCTGAAGAAGGAGAGC
GAG 

TCAGAAGTCTCCAGAGCTTG  Co et al., 2014 

18S rRNA 
GTAACCCGTTGAACCCC
ATT 

CCATCCAATCGGTAGTAGCG Chen et al., 2003 

    

 

3.2.6 RNA extraction, Reverse Transcription and qRT-PCR  

MSCs were harvested as previously described (Koch et al. 2007). RNA of MSCs was extracted 

using the mirVana total RNA isolation kit (Life Technologies) according to the manufacturer’s 

instructions and stored at -80. Subsequently, samples were analyzed using the Nanodrop 2000 

Spectrophotometer and Agilent 2100 Bioanalyzer. 

Total RNA, including small RNAs, was isolated from undifferentiated equine CB-MSCs (N=10) 

using mirVana microRNA isolation kit according to the manufacturer’s protocol (Ambion). RNA 

concentration and purity were determined using the Nanodrop ND-1000 spectrophotometer. To 

determine microRNA expression, 100 ng of RNA was reverse transcribed using the TaqMan 

microRNA reverse transcription kit with the appropriate microRNA specific stem-loop primer of 

desired miRNAs including hsa-miR-34a, mmu-miR-140, hsa-miR-148a, hsa-miR-199a, has-miR-

410 and miR-590. These primers, while designed for mouse or humans, are identical to the 

homologous Equus caballus sequence as confirmed by BLASTN sequence alignment of the probe 



 

 

54  

 

 

on the equine genome. The qRT-PCR was then performed using the TaqMan PCR Master Mix 

and TaqMan microRNA assay (Table 3.4, Applied Biosystems, Foster City, CA). To assess mRNA 

expression, complementary DNA was synthesized from total RNA using SuperScript II and 

oligo(dT)18 primers (Invitrogen) and Quantitative polymerase chain reaction (qPCR) was 

performed using Ssofast_Evagreen_Supermix (Bio-Rad; Hercules, CA, USA), and the equine 

specific primers (Table 3.3) on the CFX96 Touch™ Real-Time PCR detection system (BioRad; 

Hercules, CA, USA). All reactions were run in triplicates and Crossing point (Cp) values were 

normalized to U6 snRNA as a housekeeping gene while Cp values for mRNAs were normalized 

to B2M and RPLP0. Relative miRNA expression was determined by a comparison to MSC-09 

(The lowest-chondrogenic culture) and analyzed via delta– delta Ct method.  

 

Table 3.3: TaqMan® MicroRNA Assays (Applied Biosystems) 

Assay Name miRBase Accession Number Target Sequence 

hsa-miR-34a MIMAT0000255 UGGCAGUGUCUUAGCUGGUUGU 
mmu-miR-140 MIMAT0000151 CAGUGGUUUUACCCUAUGGUAG 
hsa-miR-148a MIMAT0000243 UCAGUGCACUACAGAACUUUGU 
hsa-miR-199a MIMAT0000229 CCCAGUGUUCAGACUACCUGUUC 
hsa-miR-410 MIMAT0001091 AAUAUAACACAGAUGGCCUGU 
hsa-miR-590 MIMAT0003258 GAGCUUAUUCAUAAAAGUACAG 

 

 



 

 

55  

 

 

Table 3.4: Primer sequences for quantitative RT-PCR 

Gene Forward (5’-3’) Reverse (5’-3’) Reference 

ADAMTS-5 AACTGGGGGTCC
TGGGGGTCCTGG 

CATTTCTTGCCTC
ACACTGCTCAT 

Coyne et al., 2009  

CXCL12 AGATGTCCTTGCC
GGTTCTT 

CTTCAGTTTCGG
GTCAATGC 

Tessier et al., 2013 

Wnt3a CTGCGCTTCTGCAG
GAACTA 

GACTCCCTGGTGG
CTTTGT 

Unpublished 

Smad1 CTGCTCCCTGTCTTT
GTGCTG 

GAGTCTCCGAATG
CAAAGGAC 

Unpublished 

β-Catenin GGCTACCCAAGCCG
ATTTGA 

CTGTGGTAGTGGC
ACCAGAA 

Unpublished 

CD56 CGAGGATGGCAGT
GAGTCAG 

GATGATGGTTGGT
GGGAGGG 

Unpublished 

B2M CGGGCTACTCTCC 
CTGACT 

GTGACGTGAGTA
AA CCTGAACCTT  

Mienaltowski et al., 2008 

RPLP0 CTGATTACACCTT 
CCCACTTGCT 

AGCCACAAATGC
AG ATGGATCA 

Mienaltowski et al., 2008 

 

3.2.7 Statistical analysis  

GraphPad Prism 6.02 Software was used to perform statistical analysis. Chondrogenic assessment 

and miRNA expression data were analyzed by ordinary One-way analysis of variance (ANOVA) 

with Tukey’s post hoc test to determine differences between treatment groups. Results are reported 

as means with 95% confidence intervals and significance is assigned at p ≤ 0.05.  

To determine if there was association between miRNA expression and chondrogenic capacity of 

MSCs a general linear model including a quadratic term for miRNA expression values was 

modelled. Data was checked for normality with a Shapiro-Wilk test. If the data did not meet the 

assumptions of normality a log transform was applied. Non-significant quadratic effects p > 0.1 

were removed and the models simplified.  If there was no significant quadratic effect and the data 

was non normal additionally a Spearman`s correlation was run to test for rank associations. 
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3.3 Results 

3.3.1  Donor variation in chondrogenic differentiation potential of equine CB-MSCs 

We assessed interindividual differences in the chondrogenic differentiation potential of equine 

CB-MSCs obtained from 10 donors. After 4 weeks of chondrogenic differentiation, we evaluated 

the pellet cultures histologically, biochemically and transcriptomically for cartilage-specific 

markers. We looked at their pellet size, intensity of TB and H&E staining and lacunae formation 

which are seen in hyaline cartilage. These characteristics varied in equine CB-MSCs derived from 

different donors. To further investigate the chondrogenic differentiation potential of the equine 

CB-MSC samples, we assessed the pellets for proteoglycan content which represent the 

chondrogenic differentiation status (Figure 3.1). Biochemical analysis for the total GAG content 

of pellets revealed that amount of GAG is decreasing from donors with large-size pellets to donors 

with small-size pellets. Reduction in GAGs is also paralleled by the limited abundance of 

encapsulated chondrocyte units (Lacunae) and a higher cell to matrix ratio (Figure 3.1). 

Histological GAG levels based on intensity of TB stain did not distinguish high from moderate 

and/or low-performing donors (Figure 3.1). The results indicated that the large and small 

neocartilage pellets respectively contained high and low chondrogenic MSCs (HC- or LC-MSCs). 

To categorize donors in terms of high and low chondrogenic potency, we quantified total GAG 

content for each sample (normalized to neocartilage wet mass) and assigned the top 30% (three) 

donors as high chondrogenic potential (HCP) and the bottom 30% (three) donors as low 

chondrogenic potential (LCP; Figure 3.2A) with statically significant difference between groups 

(p<0.05). Four donors showed intermediate GAG accumulation and was deemed to have moderate 
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chondrogenic potential (MCP).  There were no statistically significant differences in DNA content 

of neocartilage pellets, amongst different MSC cultures, indicating that differences in GAG 

content were not due to cell proliferation or death (Figure 3.2B).  Gene expression of the cartilage-

specific markers including aggrecan (ACAN), type II collagen (COL2A1) and SRY-related high-

mobility-group box 9 (SOX9) were significantly upregulated in donors with high chondrogenic 

potential (Figure 3.3). Expression of type I collagen (COL1A1), a fibrocartilage and bone matrix 

marker, showed limited variation between the different groups (Figure 3.3). Therefore, high-

performing chondrogenic equine CB-MSCs are distinct from low-performing equine CB-MSCs 

by both histochemical and molecular criteria confirming that the chondrogenic differentiation 

potential of equine CB-MSCs varied among different donors. 
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Figure 3.1: Comparison equine MSC donors for their chondrogenic potential based on 

neocartilage pellet size (A, B, C) and histological appearance: Toluidine Blue and Hematoxylin & 

Eosin (H&E) staining for GAG of representative donors with high (D, G) moderate (E, H) and low 

chondrogenic potential (F, I). Scale bar (D-I): 100um, (A-C): 1mm. 
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Figure 3.2: GAG and DNA levels as overview for all 10 donors. A: Donors with high 

chondrogenic potential (HCP; green) demonstrate distinct quantitative GAG content compared to 

low chondrogenic potential donors (LCP; blue). B: DNA content in neocartilage pellets was no 

different between donors. The average measure of three different pellets per donor ±SD is 

illustrated. Statistical significance defined as *p < 0.05 and “ns” indicates no significant difference. 
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Figure 3.3: mRNA expression of cartilage-specific markers of equine CB-MSC-derived 

neocartilages after 28 days of culture in chondrogenic media. mRNA levels of Aggrecan (A) 

Collagen II (B), Sox9 (C), and Collagen I (D) were assessed by qPCR. Expression was normalized 

to 18s rRNA as housekeeping gene and is relative to undifferentiated MSCs. High chondrogenic 

potential (HCP) cultures: MSC-01, MSC-02, MSC-03; moderate chondrogenic potential (MCP) 

cultures: MSC-04, MSC-05, MSC-06 and MSC-07 and low chondrogenic potential (LCP) 

cultures: MSC-08, MSC-09 and MSC-10. Data shown as mean ± SD. (**) p < 0.01, (***) p < 

0.001. 
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3.3.2 Expression of preselected microRNAs (chondrogenesis-associated) and target genes 

in undifferentiated equine CB-MSCs with high/ low chondrogenic potency 

We investigated the potential of miRNA expression as markers of chondrogenic potency in equine 

CB-MSCs. The expression of previously identified miRNAs (miR-34a, miR-140, miR-148a, miR-

199a, miR-410 and miR-590) and target genes (ADAMTS5, CXCL12, SMAD1, WNT3a, β-Catenin, 

CD56) known to be involved in chondrogenesis were evaluated before onset of chondrogenic 

differentiation of equine CB-MSCs. MiRNA and target gene levels of the three donors with high 

chondrogenic potential (N = 3) were compared with the three donors with low chondrogenic 

potential (N = 3).  

Four miRNAs, which are known to negatively influence cartilage homeostasis and/or 

chondrogenic differentiation (miR-34a, miR-148a, miR-590 and miR-199a) as well as their target 

genes (CD56, SMAD1, WNT3a) display a significant differentially expression between high and 

low-performing donors before the onset of chondrogenesis. Similarly, a significantly different 

expression was detected for two miRNAs (miR-140 and miR-410) which are known to be positive 

regulators of chondrogenic differentiation. However, differentially expression of miRNAs and 

target genes between high and low chondrogenic donors did not show a consistent pattern. 
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Figure 3.4: Expression level of miRNAs in all MSC donors. Chondrogenesis-associated 

miRNAs (miR-34a, miR-140, miR-148a, miR-199a, miR-410 and miR-590) were evaluated 

before initiation of chondrogenesis, displaying variable expressions between high- (MSC-01, 
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MSC-02, MSC-03) and low (MSC-08, MSC-09, MSC-10) -performing donors. Data represent the 

mean of three replicates ± SD. Identical superscript letters indicate significant difference (a, b, c, 

d, e, f: P < 0.05). 
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Figure 3.5: Expression level of miRNA-target genes in all MSC donors.  ADAMTS5, 

CXCL12, SMAD1, WNT3a, β-Catenin and CD56 were evaluated before onset of chondrogenic 

differentiation, displaying variable expressions between high (MSC-01, MSC-02, MSC-03) and 

low (MSC-08, MSC-09, MSC-10) -performing donors. Data represent the mean of three replicates 

± SD. Identical superscript letters indicate significant difference (a, b, c, d, e, f: P < 0.05). 

 

With regards to any association between expression of miRNA candidates and chondrogenic 

capacity of MSCs a general linear model including a quadratic term for miRNA expression value 

was performed. Statistical analyses indicated that among six different miRNA candidates only 

miR-199a (Logged mir199a p= 0.0025, Logged mir199a*Logged mir199a p= 0.0325) was 

positively correlated (statistically significant correlation, p< 0.05) with chondrogenic potential 

(Log2 GAG) of MSCs (Figure 3.6). Statistical analyses of other five miRNA candidates miR-34a 

[(Logged mir34a p= 0.3210; not normally distributed with log) spearman`s p= 0.2613)], miR-140 

(Logged mir140 p= 0.2823), miR-148a (mir148a p= 0.1981), miR-410 [mir410 p= 0.2749 (not 

normally distributed) spearman`s r2 = 0.49, p= 0.0217)], miR-590 (mir590 p= 0.3215) did not 

demonstrate statistically significant difference suggesting that there was no correlation between 

expression of these panel of five miRNAs and chondrogenic potential of MSCs.   
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Figure 3.6: Correlation between miRNA expression and chondrogenic capacity of MSCs. 

miR-199a was positively correlated (p< 0.05) with chondrogenic potential of MSCs. Predictive 

equation: Log2 GAG= 1.7991 (Log miR199a) - 0.6041 x (Log miR199a)2 

 

3.4 Discussion 

From the chondrogenic assessment of previously characterized CB-MSCs from a cohort of equine 

donors (N = 10), it was indicated that 30% of these donors provided equine MSCs with the intrinsic 

capability to efficiently undergo chondrogenesis ex vivo (Roemeling-van Rhijn et al. 2013; Robey 

2017), whereas chondrogenesis was moderate in 40% or low in 30% of donors. High and low 

chondrogenic potential was mainly marked based on quantitative GAG content of neocartilage 

tissues (pellet cultures); top 30% and bottom 30% donors were respectively categorized as high 

chondrogenic potential (HCP) and low chondrogenic potential (LCP) groups. Biochemical 
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analysis was further supported by histological evidence of cartilage formation as well as mRNA 

expression of cartilage specific markers such as ACAN, COL2A1 and SOX9.  

The main focus of this study was to determine possible miRNA differences that predict high 

chondrogenic equine CB-MSC donors before chemical induction of differentiation. The miRNA 

candidates were detected in undifferentiated MSCs and showed variable expression among CB-

MSC cultures. However, expression pattern of miRNAs and target genes in this study were not 

consistent between high and low chondrogenic donors. More importantly only miR-199a was 

positively correlated (Logged mir199a p= 0.0025, Logged mir199a*Logged mir199a p= 0.0325) 

with chondrogenic capacity of MSCs. Similarly, previous studies indicated upregulation of miR-

199a during chondrogenic differentiation of mesenchymal stem cells (Suomi et al. 2008; Lin et al. 

2009; Laine et al. 2012). Using target scan software (www.targetscan.org) ADAMTS5, an enzyme 

that cleaves aggrecan (ACAN), has been predicted as one of the target-genes of miR-199a. Thus, 

miR-199a may regulate chondrogenic differentiation of MSCs by targeting ADAMTS gene. 

Several factors may contribute to the phenomenon of inconsistency observed in expression of 

candidate miRNAs between HCP- and LCP-MSCs. First, in this study we used heterogeneous 

MSC cultures which were not clonally isolated. Evidence has been reported on clonal variation in 

basal gene expression in undifferentiated cells (Mareddy et al. 2007; Russell et al. 2010). Fast- and 

slow-growing subpopulations of MSC cultures were identified with extensive differences in the 

expression of genes associated with cellular division, self-renewal markers (e.g. SOX2), growth 

factors (e.g. IGF, FGF) and lineage markers (e.g. aggrecan, collagen I, collagen II, alkaline 

phosphatase) (Mareddy et al. 2010; Menicanin et al. 2010). However, when we initially tried to 

establish clonal cultures of CB-MSC, we were unable to expand them to sufficient numbers to 

http://www.targetscan.org/
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conduct chondrogenic differentiation studies. Furthermore, phenotypic drift within clonal cultures 

have been reported so even with clonal cultures one may end up with a heterogenous cell 

population after expansion to high cell numbers (Ylostalo et al. 2008; Neuhuber et al. 2008). A 

second parameter that could influence the results is the time point (passage number) in which the 

undifferentiated cells were harvested for transcriptomic analysis. Previous studies have shown 

temporal miRNA signatures during chondrogenic differentiation of MSCs, suggesting occurrence 

of the same phenomena  during lineage commitment of equine CB-MSCs before onset of 

differentiation (Huynh et al. 2019). A third possible explanation may be the altered transcriptional 

activity throughout different phases of cell cycle. It has been reported that transcriptional activity 

is significantly different between the G1 and S/G2/M phases (Zopf et al. 2013). Therefore, it is 

likely that if the cell cycles were synchronized, there would be more homogenous transcriptional 

profiles between high and low chondrogenic equine CB-MSCs and we would be able to observe 

better correlation between expression of the miRNA candidates and chondrogenic capacity of 

MSCs. 

In conclusion, analysis of microRNA is a relatively new method to study regulatory molecules of 

epigenetic mechanisms involved in maintenance and differentiation of equine MSCs. Previously 

identified miRNAs showed differential expression among equine CB-MSC cultures and among 

those only miR-199a was positively correlated (p< 0.05) with chondrogenic potential of CB-

MSCs. An unbiased approach to microRNA profiling via next generation sequencing is essential 

in developing methods to either maintain cells in their multipotent undifferentiated state or to 

differentiate them into a desired lineage efficiently.  
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4 MicroRNAs as prognostic markers for chondrogenic potency of 
equine cord blood-derived mesenchymal stromal cells  

This chapter is a modified version of a paper in preparation for submission to  

the journal Stem Cells and Development 

4.1 Introduction  

Cartilage repair is an intriguing research topic in regenerative medicine as it has very limited 

capacity for healing. As the field continues to progress from rodent models to human medicine, 

horses serve as an ideal preclinical model for musculoskeletal injuries. Similarly, horses suffer 

from similar joint-related conditions as humans and are deserving of improved cartilage therapies 

to extend their athletic careers. From a model perspective equine joint cartilage is of similar 

thickness and strength to human cartilage (Cook et al. 2014). As in humans, MSCs are an attractive 

cell type for tissue-engineering strategies, as they can be derived from a variety of sources such as 

bone marrow, adipose tissue, umbilical cord tissue and blood and are easily propagated ( Berg et 

al. 2009; Vidal et al. 2008; Rakic et al. 2018; Koerner et al. 2006; Reed and Johnson 2008; Koch 

et al. 2007; Lepage et al. 2019). Equine cord blood is the preferred source for cartilage engineering, 

as the cells can be obtained non-invasively and show superior in vitro differentiation potential over 

MSCs from other sources (Berg et al. 2009; Rakic et al. 2018; White et al. 2018; Lepage et al. 

2019). However, equine CB-MSC display marked inter-donor variation that impacts their 

chondrogenic potency, consistent with reports of MSCs from other sources and species (Jeong et 

al. 2015; Rakic et al. 2018; Lepage et al. 2019). This represents a financial challenge in the 

development of robust and reproducible tissue engineering protocols in that individual MSC 
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cultures needs to be induced towards the chondrogenic cell fate in order to retroactively determine 

which cultures possess sufficient chondrogenic potency for clinical use. Fast and cost-effective 

means of screening MSCs for their chondrogenic potency without the costly and labour intensive 

differentiation protocol would be a significant advance for the field.  One group of chondrogenesis-

associated biomarkers to explore are miRNAs because they are stable and can be readily detected 

in biofluids such as blood plasma, synovial fluid as well as cell culture-conditioned media. Several 

studies have profiled miRNAs expression during MSC transition to chondrocytes indicating 

important regulatory role of microRNA in vitro (Buechli et al. 2013; Le et al. 2013). However, 

involvement of miRNAs in governance of chondrogenic potency of undifferentiated MSCs remain 

unclear.  

In this study, next generation sequencing (NGS) as a non-biased global screening approach was 

applied to discover novel markers associated with chondrogenic potency of undifferentiated equine 

CB-MSCs. Chondrogenic assessment indicated inter-donor variation in chondrogenic 

differentiation potential of equine CB-MSCs from a cohort of donors. Findings of this study 

indicated an association between chondrogenic potency of equine CB-MSCs and differential 

expression of miRNAs in high versus low performing equine CB-MSCs. Furthermore, subsequent 

miRNA-seq analyses revealed that a subset of differentially expressed miRNAs have gene targets 

with known roles in chondrogenesis and/or stemness.  
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4.2 Materials and Methods 

4.2.1 Equine CB-MSC isolation and expansion   

The isolation of equine MSCs (N=7, Table 4.1) from cord blood was performed as previously 

described (Lepage et al. 2019). Briefly, the nucleated cell fraction was isolated from seven 

different cord blood samples using RBC-lysis buffer consisting of 0.15 M Ammonium chloride, 

10mM Potassium bicarbonate and 0.1 mM EDTA. The cells were expanded in MSC expansion 

medium consisting of low-glucose Dulbecco’s modified Eagle medium (DMEM-LG; Lonza: 

Walkersville, MD, 10% Fetal Bovine Serum (FBS; Invitrogen: Burlington, ON, Canada), 2 mM 

L-glutamine (Sigma-Aldrich: Oakville, ON, Canada), and 100 U penicillin-streptomycin 

(Invitrogen: Burlington, ON, Canada). Medium was changed every 2 to 3 days. Upon reaching 70-

80% confluency, the CB-MSCs were harvested by enzymatic digestion with 0.25% trypsin-EDTA, 

counted using an automated cell counter (Nucleocounter-NC100, Mandel, Guelph, ON, Canada), 

and re-plated at a density of 5,000 cells/cm2 to reach the desired cell number. All equine CB-MSC 

cultures were expanded up to passage 4 and induced at passage 5 to test their differentiation 

potential. equine CB-MSCs at passage 2 and passage 5 were also flash-frozen and stored in the 

freezer (-80°C) for further analyses such as RNA isolation and next generation sequencing.   
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Table 4.1: Information of donors and prior equine CB-MSC cultures isolated in 2018 and used 

freshly in this study (WB: Warmblood, TB: Thoroughbred) 

Culture 
 ID 

Donor Info Prior Culture History 

Breed Sex Isolation 
Method  FBS (%) Freeze/ Thaw 

Cycles FBS Batch 

MSC-11  WB Male RBC depletion 10 0 Gibco 1968431 

MSC-12 WB Male RBC depletion 10 0 Gibco 1968431 

MSC-13 TB Male RBC depletion 10 0 Gibco 1968431 

MSC-14 WB Male RBC depletion 10 0 Gibco 1968431 

MSC-15 - - RBC depletion 10 0 Gibco 1968431 

MSC-16 -         -         RBC depletion 10 0 Gibco 1968431 

MSC-17 WB Male RBC depletion 10 0 Gibco 1968431 

 

4.2.2 Chondrogenic differentiation  

Membrane culture was performed as previously described (Co et al. 2014). Briefly, 12mm 

diameter, 0.2mm pore size PTFE membrane inserts (Millipore; Billerica, MA, USA) were coated 

with 100μl of DMEM with 10% human plasma fibronectin (Millipore; Billerica, MA, USA) and 

left to dry overnight. The following day coated membranes were subjected to 30 minutes of UV 

treatment and placed in the incubator for 6-8 hours. We used 400μl of MSC expansion media 

containing 2.0x106 cells to seed on top of the membrane, with an additional 600μl of the same 

media surrounding the insert. All membranes were initially incubated overnight in 21% oxygen. 

The following day, EM was replaced with 1.5ml chondrogenic induction media (containing 10uM 
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of ROCKi). The differentiation media was changed every 3 days for a period of 3 weeks, upon 

which cultures were terminated for determination of glycosaminoglycan (GAG) deposition via 

histological and biochemical analyses and Gene expression of the cartilage-specific markers 

including aggrecan (ACAN), type II collagen (COL2A1) and SRY-related high-mobility-group box 

9 (SOX9).  

 

4.2.3 Histological analyses of glycosaminoglycan  

After 3 weeks of chondrogenic differentiation, membrane inserts and associated tissue were 

removed from the well, washed in PBS and then fixed in 10% formalin. Tissue was then paraffin 

embedded and sectioned (5 um thick) for histological observation.  Standard hematoxylin and 

eosin (H&E) stain was used to visualize overall tissue structure. Toluidine blue stain (Sigma) 

was used to detect glycosaminoglycan (GAG) in the membrane sections.  

 

4.2.4 Quantitative analysis of glycosaminoglycan content 

MSC-derived neocartilages were washed once in PBS and digested in 65 μg/ml papain (Sigma-

Aldrich) for 48 hours at 60°C. Processed samples were frozen and stored at -20˚C for further 

analysis. Glycosaminoglycan content was measured as previously described using 

dimethylmethylene blue (DMMB) assay at 525 nm wavelength (Co et al. 2014). To categorize 

donors in terms of high and low chondrogenic potency, we quantified GAG content in each sample 

(normalized to wet mass) and assigned the top three donors (250-400 ug/mg) as having high 
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chondrogenic potential (HCP) and the bottom three donors (10-100 ug/mg) as having low 

chondrogenic potential (LCP; Figure 4.1, p<0.05 between groups). 

 

4.2.5 mRNA expression of cartilage-specific markers 

Collected MSC-derived neocartilages (N=7) were pulverized and homogenized using a cryogenic 

mill (6770 Freezer/Mill, SPEX SamplePrep). Total RNA of samples was isolated using the Qiagen 

RNeasy isolation Kit according to the manufacturer’s instruction (Qiagen). RNA concentration 

and purity were assessed using the Nanodrop spectrophotometer (ND-1000). To assess mRNA 

expression of chondrogenic markers, isolated RNA was first DNase treated using the PerfeCTa 

DNase I Kit (Quanta Biosciences; Beverly, MA, USA) following the protocol outlined by the 

manufacturer. Complementary DNA was then synthesized from DNase-treated RNA using the 

qScript cDNA Synthesis Kit following the protocol outlined by the manufacturer (Quanta 

BioSciences; Beverly, MA, USA). Quantitative polymerase chain reaction (qPCR) was performed 

using Ssofast_ Evagreen_ Supermix (Bio-Rad; Hercules, CA, USA), and the equine specific 

primers (Table 3.2) on the CFX96 Touch™ Real-Time PCR detection system (BioRad; Hercules, 

CA, USA). All reactions were run in triplicate with annealing temperature of 60`C. Crossing point 

(Cp) values were normalized to 18S as a housekeeping gene. Relative expression determined by a 

comparison to undifferentiated equine CB-MSCs and analyzed via delta– delta Ct method. 
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4.2.6 RNA isolation, library preparation, and next generation sequencing 

Total RNA of equine CB-MSCs at passage 2 and 5 were extracted using the mirVana total RNA 

Isolation Kit (Life Technologies) according to the manufacturer’s instructions and stored at -80˚C. 

Subsequently, samples were analyzed using the Nanodrop 2000 Spectrophotometer and Agilent 

2100 Bioanalyzer and then underwent miRNA library preparation. Sequencing libraries were 

prepared via QIAseq miRNA Library Kit and all the manufacturer’s instructions were strictly 

followed. Adapter dilution and cycle numbers were selected according to the user manual. The 

pre-sequencing quality control of the individual libraries were analyzed using 2100 expert High 

Sensitivity DNA assay on an Agilent Bioanalyzer system (both Agilent Technologies). The 

libraries were quantified on a Qubit 2.0 fluorometer using the Qubit dsDNA High Sensitivity assay 

(Invitrogen). Quantified libraries were mixed at equimolar ratio and sequenced on a NextSeq 550 

System (Illumina) with single end and 75 bp reads and a sequencing depth of 10 million reads per 

sample.  

 

4.2.7 Data processing for computational analysis  

Bioinformatics were performed as described previously (Russell et al, 2017). Briefly, reads were 

trimmed, quality filtered (phred>30) and length filtered for sequences >17 nt with command line 

tools from the FASTX-Toolkit (Hannon Lab at Cold Spring Harbor) and NGS Toolbox (Small 

RNA Group at Mainz University). Clean reads were mapped to publicly available reference 

sequences from Ensembl, miRBase, GtRNAdb, SILVA rRNA database and piRNA cluster 

database using unitas (Gebert et al. 2017). Annotations with only a single sequence read were 
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discarded. Annotated sequences from each sample were joined to create a count matrix using in-

house scripts for import into R (R Core Team 2014). 

 

4.2.8 Computational analysis  

Prior to differential expression (DE) analysis, small RNA isoforms (identical annotations, small 

sequence variations) were collapsed and summed. Furthermore, annotations with a mean of <5 

read counts and present in < 3 samples were excluded from the analysis. DE analysis of small 

RNAs was performed with DESeq2 (Love et al. 2014), using the apeglm prior for log fold change 

estimation (Zhu et al. 2019). Target prediction and pathway analysis was performed with DE 

miRNAs (adjusted p-value < 0.05) with a log fold-change >2. Diana-miRPath (Vlachos et al. 2015) 

was utilized to identify target mRNAs (Tarbase 7.0) and significantly enriched (p-value < 0.05) 

pathways of DE miRNAs. Tarbase 7.0 was used because it contains curated and experimentally 

validated miRNA-mRNA interactions (Vlachos et al. 2015). The human homologs of the equine 

DE miRNAs were used for this analysis as miRNAs and their functions are generally conserved 

and the human database is much more comprehensive. 

 

4.2.9 Statistical analysis  

GraphPad Prism 6.02 Software was used to perform statistical analysis. Chondrogenic assessment 

data was analyzed by ordinary One-way analysis of variance (ANOVA) with Tukey’s post hoc 

test to determine differences between treatment groups. Results are reported as means with 95% 



 

 

76  

 

 

confidence intervals and significance is assigned at p ≤ 0.05. Statistical tests used in miRNA-seq 

analysis are described above. 

 

4.3 Results 

4.3.1 Variation in chondrogenic differentiation potential of CB-MSCs obtained from 

different donors 

Equine CB-MSCs from a cohort of 7 donors were initially screened for their chondrogenic 

differentiation potential in our membrane culture system. After 3 weeks of chondrogenic 

differentiation, we evaluated the CB-MSC-derived neocartilage tissue qualitatively and 

quantitatively by wet mass, toluidine blue staining, and glycosaminoglycan (GAG) accumulation 

in the extra-cellular matrix. We then assessed inter-individual differences in the chondrogenic 

differentiation potential at passage 2 and 5 of CB-MSCs obtained from these 7 donors.   

As expected, tissue quality varied widely among donors. To categorize donors in terms of high 

and low chondrogenic potency, we quantified GAG content in each sample (normalized to wet 

mass) and assigned the top three donors (250-400 ug/mg) as having high chondrogenic potential 

(HCP) and the bottom three donors (10-100 ug/mg) as having low chondrogenic potential (LCP; 

Figure 4.1, p<0.05 between groups). One donor showed intermediate GAG accumulation and was 

deemed to have moderate chondrogenic potential (MCP). There were no statistically significant 

differences in DNA content of neocartilage pellets, amongst different MSC cultures, indicating 

that differences in GAG content were not due to cell proliferation or death (Figure 4.1B).  Only 
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two cultures (MSC-12 and MSC-13) remained highly chondrogenic at both passage two and five. 

One culture (MSC-11) which was high at passage two was low at passage five and one culture 

(MSC-17) that was low at P2 was high at P5. 

Consistent with the normalized GAG content, tissue wet mass ranged from 9 mg to 76 mg in both 

passage 2 and passage 5 MSC-derived neocartilage (Figure 4.2B). Histological staining of 

representative tissues from both HCP and LCP groups revealed a higher number of encapsulated 

chondrocyte units (lacunae) and higher matrix:cell composition in HCP tissue compared to LCP 

tissue (Figure 4.2A). In addition, HCP tissues exhibited higher ACAN (p value: *** 0.005), 

COL2a1 (p value: *** 0.005), and SOX9 (p value: *** 0.005 and ** 0.01) from both passage 2 

and 5 CB-MSCs compared to LCP tissues. Col1a2 expression was not significantly different (p 

value: 0.05) between the two groups (Figure 4.3). Therefore, high-performing chondrogenic CB-

MSCs are distinct from low-performing CB-MSCs in terms of both histochemical and molecular 

criteria.  
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Figure 4.1 Glycosaminoglycan (GAG) content of MSC-derived neocartilage after 21 days of 

culture in chondrogenic media. Individual MSC donors are listed on the x axis. A: Donors with 

high GAG content (green) versus low GAG content (blue) were grouped into high chondrogenic 
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potential (HCP) and low chondrogenic potential (LCP). MSCs with moderate chondrogenic 

potential (MCP) are labeled in black. B: DNA content in neocartilage pellets was not different 

between donors. The average measure of three different pellets per donor ±SD is illustrated. 

Statistical significance defined as *p < 0.05 and “ns” indicates no significant difference. 
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Figure 4.2: Chondrogenic assessment of CB-MSC-derived neocartilage based on histological 

appearance and wet mass. A) One representative donor with high chondrogenic potential (HCP) 

and one representative donor with low chondrogenic potential (LCP) were stained with TB 

(toluidine blue) and H&E (hematoxylin and eosin) at passage 2 and 5. Magnification: x200, Scale 

bar: 200 um. B) Wet mass of neocartilage tissues from high chondrogenic potential (HCP, n=3), 

moderate chondrogenic potential (MCP, n=1), and low chondrogenic potential (LCP, n=3). (**) P 

<0.01, (***) P < 0.005.     
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Figure 4.3 mRNA expression of cartilage-specific markers for equine CB-MSC-derived 

neocartilages after 21 days of culture in chondrogenic media. mRNA levels of Aggrecan (A) 

Collagen II (B), Sox9 (C), and Collagen I (D) were assessed by qPCR. Expression was normalized 

to 18s rRNA as housekeeping gene and is relative to undifferentiated MSCs. Data shown as mean 

± SD. (*) p<0.05, (**) p<0.01, (***) p<0.005. 
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4.3.2 miRNA-seq analyses 

A total of 12 libraries - 6 high and 6 low chondrogenic potential (HCP and LCP respectively) were 

sequenced. These samples can be further subdivided into two groups: passage 2 and passage 5. Of 

the total reads from each sample, miRNAs comprised ~69%. The next most abundant small RNA 

biotypes were small nucleolar RNAs (~8%) and tRNA-derived small RNAs (~6%). As miRNAs 

are the most well characterized biotype with known functions in differentiation, we filtered for 

miRNAs and proceeded with differential expression (DE) analysis. 

A total of 1,257 miRNAs were included in the analysis. A principal component analysis (PCA) 

was used to reduce the dimensionality of the data and observe the relationship between each of the 

samples based on the top two principal components. The PCA suggests that miRNA expression 

was similar between samples, with minimal global variation based on chondrogenic potential. 

Interestingly, there were 30 miRNAs differentially expressed (Table4.1, adjusted p-value <0.05) 

between HCP- and LCP-MSCs in the passage 2 samples, compared to 1 miRNA in the passage 5 

respectively (Table 4.1).   
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Table 4.1: Global screening of miRNAs via NGS. Differentially expressed miRNAs in high vs 

low chondrogenic potential MSCs at passag2- and passage5-undifferentiated MSCs. adjusted p-

value <0.05, Log2FC >2. 

P2-MSCs  P5-MSCs  

eca-miR-146a-5p eca-miR-127-3p eca-miR-382-5p eca-miR-296-3p 

eca-miR-146a eca-miR-379 cfa-miR-8864-2-3p 
 

eca-miR-154b-5p eca-miR-485-5p mml-miR-1247-5p 
 

eca-miR-889 eca-miR-369-3p eca-miR-1185-3p 
 

eca-miR-432-5p eca-miR-183-5p eca-miR-379-5p 
 

eca-miR-411-5p eca-miR-485-3p pbv-miR-9651-5p 
 

eca-miR-142-3p eca-miR-381-3p ppy-miR-1538-3p 
 

eca-miR-411 eca-miR-299-5p eca-miR-487b 
 

eca-miR-3959-3p eca-miR-382-3p eca-miR-195-5p  
 

eca-miR-409-3p mmu-miR-203-3p eca-miR-183 
 

 

In order to elucidate the potential effects of these DE miRNAs, we performed a KEGG pathway 

analysis in the HCP vs LCP samples for the passage 2 cells which show the greatest differences 

between groups. We used mirPath v.3 to predict KEGG pathways based on the experimentally 

validated gene targets of DE miRNAs. A total of 64 KEGG pathways were predicted from the 

miRNAs upregulated in LCP CB-MSCs in the passage 2 samples. Top ten pathways include “TGF-

beta signaling pathway”, “Proteoglycans in cancer” and “Adherens junction" (Figure 4.4).  
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Figure 4.4: KEGG pathway analysis of the top ten cellular functions targeted by differentially 

expressed miRNAs in high vs low chondrogenic equine CB-MSCs of Passage 2. 

MiRNA-target interactions typically result in gene repression. Binding by multiple miRNAs can 

result in profound downregulation of the target gene (Wu et al. 2010). We investigated target genes 

with multiple DE miRNAs using miRTargetLink, filtering for interactions with strong 

experimental evidence (Figure 4.5). Passage-2 LCP upregulated miRNAs target several interesting 

genes that are chondrogenic regulators or key components of pathways related to chondrogenesis. 

For example, SMAD4 and BMI1 are respectively associated with chondrogenesis and self-renewal 

of MSCs, suggesting that upregulation of miR-203a-3p, miR-146a-5p, miR-183-5p, and miR-

487b-3p in low chondrogenic potential CB-MSCs could explain their reduced chondrogenic 

potency.  
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Figure 4.5: miRNA-target interactions with strong experimental evidence. Using 

miRTargetLink, we identified genes targeted by multiple miRNAs which were downregulated in 

LCP CB-MSCs, filtering for interactions with strong experimental evidence. Genes in blue are 

targeted by 2 miRNAs while genes in orange are targeted by 3.  

 

4.4 Discussion 

The use of MSCs for cartilage regeneration in research or regenerative medicine is hampered by 

variability in chondrogenic response as well as a lack of knowledge in the molecular mechanism 

controlling gene expression and suppression of chondrogenesis in response to biological cues 

(Goldring et al. 2006). MiRNAs are associated with the chondrogenic differentiation process of 

MSCs (Tuddenham et al. 2006; Suomi et al. 2008; Dudek et al. 2010), but it is unknown if miRNAs 

are associated with the overall chondrogenic potency of MSCs. In support of the concept that 
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miRNAs are involved in regulating chondrogenic potency, we investigated miRNA expression in 

CB-MSC with known chondrogenic potency. 

Evaluation of the MSC-derived neocartilages by histological, biochemical and gene expression of 

chondrogenic markers allowed us to determine the degree of CB-MSC chondrogenic 

differentiation and categorize the various cultures (based on deposition of GAG) into two groups 

with high or low chondrogenic potential (H/LCP) at both passage 2 and 5 of cell culture. Between 

passages 2 and 5, various MSC cultures were observed with HCP and/or LCP. Two cultures (MSC-

12 and MSC-13) were highly chondrogenic at both P2 and P5, but one culture (MSC-11) was high 

at P2 and then low at P5. One culture (MSC-17) that was low at P2 was high at P5.  These findings 

illustrate that chondrogenic potency is labile during the culture period and that chondrogenic 

potency may change during cell expansion. In turn, these findings also suggest that we may be 

able to manipulate chondrogenic potency during culture.  

Russell and colleagues (2011) reported significantly higher proliferation and lower apoptosis rate 

in tri-potent MSC clones. It was suggested that tri-lineage commitment was structured in a non-

linear hierarchical manner within MSC populations while tri-potent clones produced bi-potent 

progenitors with variable distributions and bi-potent clones subsequently supplied uni-potent 

progenitors with the lowest proliferation and highest apoptosis rate.  In addition, it was noticed 

that only 50% of MSCs within a population formed CFU-Fs, and 50% of those clonal populations 

possessed tri-lineage potency (Russell et al. 2011). In other words, half of the MSCs within a 

population have undetermined function, and one out of four cells may be categorized as a tri-potent 

progenitor cell. Therefore, observed variability in our work may be due to similar subsets of cells 

within the CB-MSC cultures with various uni-, bi- and tri-potency. 
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DE analysis indicated 30 miRNAs differentially expressed between HCP- and LCP-MSCs in the 

passage 2 samples, compared to 1 in the passage 5.  This suggested a stronger association between 

miRNA expression and chondrogenic potential at earlier passages. From this extended list, several 

miRNAs were of particular interest such as miR-146a, miR-411, miR-142-3p, miR-127-5p, miR-

379-5p, miR-485-5p and miR-381. MiR-146a plays a crucial role in cartilage homeostasis (Zhang 

et al. 2017). MiR-411 has been shown to inhibit matrix metalloproteinase 13 expression in human 

chondrocytes (Wang et al. 2015). MiR-142-3p negatively regulates TGF-β3-mediated region-

dependent chondrogenesis by regulating ADAM9 (Kim et al. 2011). MiR-127-5p promotes 

chondrogenic differentiation in rat bone marrow MSCs (Xue et al. 2017). MiR-379-5p regulates 

proliferation and hypertrophic differentiation of growth plate chondrocytes in male rats (Jee et al. 

2018). MiR-485-5p promotes the development of osteoarthritis by inhibiting cartilage 

differentiation in BMSCs. MiR-485-5p can inhibit chondrogenic differentiation of mouse BMSCs, 

decrease the level of SOX9 and promote the production of inflammatory factors on the cartilage 

surface (Chen et al. 2018).  MiR-381 is highly expressed during chondrogenesis and is associated 

with absorption of the cartilage matrix by inducing MMP-13 and repressing type II collagen (Hou 

et al. 2015).  

For further evaluation of the differentially expressed miRNA signature, in silico analyses were 

applied. Identification of genes targeted by miRNAs is broadly thought to be an essential step 

towards understanding the role of miRNAs in gene regulatory networks. Fortunately, significant 

progress in data mining has provided a wide range of bioinformatic analysis options to assist 

researchers in the interpretation of their data. The profound downregulation of target genes is 

achieved when more than one miRNA binds to the same target gene (Wiemer 2007). Using 

https://www.nature.com/articles/cddis2017146
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4656776/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4656776/
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https://www.ncbi.nlm.nih.gov/pubmed/29917178
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bioinformatic software (miRTargetLink), putative targets with multiple differentially expressed 

miRNAs were investigated, and filtering for interactions with strong experimental evidence was 

also performed (Figure 4.5). Passage 2 LCP upregulated miRNAs directly target several interesting 

genes including key regulators of chondrogenesis and self-renewal of MSCs such as SMAD4 and 

BMI1. Recent knockdown studies of SMAD4 in BMSCs and in vivo animal studies have 

demonstrated disruption of the TGF-beta signalling pathway and chondrocyte hypertrophy 

markers resulting in strong inhibition of chondrogenesis (de Kroon et al. 2017; Yan et al. 2018). 

Indeed, SMAD4 inhibition by targeting of miR-483 results in suppressed chondrogenic 

differentiation in human BM-MSCs (Anderson and McAlinden 2017). Previous studies have 

shown that BMI1 is required for the maintenance of MSC self-renewal by inactivating p16/p19 

signaling, which is associated with senescence and apoptosis (Chen et al. 2019). The point that 

different downregulated miRNAs shared many common targets suggests that the set of miRNAs 

(miR-203a-3p, miR-146a-5p, miR-183-5p, and miR-487b-3p) being upregulated may create a 

program of miRNAs to suppress chondrogenesis. Altogether, these genes have a close relationship 

with cartilage development, and thus, the miRNAs associated with these putative targets probably 

play important indirect roles in chondrogenesis. Upregulation of miR-203a-3p, miR-146a-5p, 

miR-183-5p, and miR-487b-3p in low chondrogenic potential equine CB-MSCs could explain 

their reduced chondrogenic potency.  

Clearly numerous intracellular pathways must be initiated for lineage commitment. Besides other 

post-transcriptional regulations, miRNAs provide a tool for fine-tuning signaling pathway 

processes (Huang et al. 2010). Through KEGG pathway analysis, differentially expressed miRNAs 

overlapping signal transduction pathway-related components were explored. A total of 64 KEGG 
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pathways were predicted from the miRNAs upregulated in LCP CB-MSCs in the passage 2 

samples. Therefore, using in silico analyses, related miRNA-based regulatory pathways were 

studied to find whether the pathways extracted from our miRNA signature are involved in 

chondrogenesis. Top ten pathways include “TGF-beta signaling pathway” which is directly 

associated with chondrogenesis of MSCs and other pathways such as “Proteoglycans in cancer” 

and “Adherens junction" (Figure 4.4) that are involved in extracellular matrix degeneration, cell 

migration, invasion and cell-cell junction bioprocesses. These data suggest that CB-MSCs with 

lower ability to form cartilage express higher amounts of miRNAs that regulate MSC 

chondrogenesis-associated pathways. 

Here a promising negative miRNA signature (miR-203a-3p, miR-146a-5p, miR-183-5p, and miR-

487b-3p) involved in chondrogenic potency of equine CB-MSCs was identified. This provides 

further insights about the molecular mechanisms and the regulatory miRNA network of 

chondrogenic potency of equine CB-MSCs.  
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5 General Discussion  

This study aimed to generate fundamental knowledge on the role of miRNAs in chondrogenic 

lineage commitment of equine CB-MSCs and to discover novel markers of chondrogenic capacity. 

First, we characterized equine CB-MSC cultures with respect to cell identity, proliferation capacity 

and genome integrity. Second, determination and comparison of pre-selected microRNA (miR-

34a, miR-140, miR-148, miR-199a, miR-410, miR-590) expression in equine CB-MSCs with high 

and/or low chondrogenic potency was carried out. Third, the study aimed to profile microRNAs 

in equine CB-MSCs with high and/or low chondrogenic potency via Next Generation Sequencing 

(NGS) as a non-biased global screening approach. 

Our CB-MSCs met basic properties defined by the ISCT (International Society for Cellular 

Therapy) for human MSCs (Dominici et al. 2006, Tessier et al. 2015). Similar to previous 

cytogenetic reports on stem cells (Borgonovo et al. 2014; Andraszek et al. 2016), conventional 

cytogenetic screening of equine CB-MSCs identified a high rate of chromosomal changes at 

passage five and ten as well as a unique set of chromosomal aberrations (trisomies of chromosomes 

13, 15, 16 and 19) during in vitro culture, which is consistent with previous studies (Borgonovo et 

al. 2014; Andraszek et al. 2016; Brewer et al. 2002; FitzPatrick 2005; Mégarbané et al. 2009; Curry 

2013). Our observations could be due to acquired or accumulated changes during culture 

expansion affected by culture conditions such as oxygen tension, length of culture period, number 

of freeze/ thaw cycles, and shortening of telomere length. All of these may contribute to 

chromosome instability of the cells (Sensebé et al. 2012; Estrada et al. 2013; Roemeling-van Rhijn 
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et al. 2013; Kim et al. 2015; Mazurkevych et al. 2016). Another possibility for the changes could 

be due to clonal selection in an adaptive ecosystem, which was discussed in detail in chapter 2. 

In our study, conventional cytogenetic analysis of CB-MSC cultures which were expanded in 

medium with 30% FBS indicated a high rate of genetic instabilities including numerical and 

structural chromosomal aberrations. However, CB-MSCs which were expanded in 10% FBS 

medium indicated normal horse chromosome constitution without structural abnormality.  

Consistent with previous studies, these findings suggest that serum concentration significantly 

influences occurrence of cytogenetic abnormalities, even though, in vitro expansion of MSCs is 

increased by addition of FBS in the medium (Reinhardt et al. 2011, Wang et al. 2012). Safety 

remains one of the main concerns in the therapeutic application of MSCs, and it appears that serum 

reduction is associated with reduced cytogenetic abnormalities.  

A positive correlation was found between miR-199a and chondrogenic potential of equine CB-

MSCs. Other in vitro studies have also shown that miR-199a is upregulated upon chondrocyte 

differentiation of mesenchymal stem cells (Suomi et al. 2008; Lin et al. 2009; Laine et al. 2012). 

Suomi and colleagues (2008) observed upregulation of miR-199a in mouse MSCs by more than 

five-fold after differentiation into chondrocytes (Suomi et al. 2008). In human MSCs, miR-199a 

was upregulated by four-fold after chondrocyte differentiation (Laine et al. 2012). Evidence 

suggests that miR-199a represses early chondrogenesis by targeting and inhibiting the expression 

of the Smad protein family 1 (Smad1), a key downstream mediator of bone morphogenetic protein 

(BMP) signaling and a major regulator of cartilage and bone development (Chen et al. 2004, Lin 

et al. 2009). Although expression level of miR-199a was reduced for the initial 5 hours, its 

expression dramatically increased at 24 h and remained higher thereafter in the course of BMP2-



 

 

93  

 

 

triggered chondrogenesis of MSCs (Lin et al. 2009). Therefore, miR-199a has been demonstrated 

as an early responsive target of BMP2. This miRNA may regulate lineage determination during 

MSC differentiation. However, further investigation is necessary to study precise mechanisms by 

which miR-199a regulates chondrogenic genes. 

Our computational analyses revealed that in general, the majority of miRNAs were differentially 

expressed at the earlier passage (P2) and remarkably were upregulated in MSCs with low 

chondrogenic potency (Table 4.1). MiRNAs appear to play an integral role in signaling and 

transcriptional networks controlling the expression of pluripotency factors, cell fate and 

differentiation regulation of TGF-b signaling during gastrulation. A study in murine ESCs has 

uncovered evidence for the miR-200c, miR- 203, and miR-183-mediated regulation of the self-

renewal and pluripotency factors Klf4 and Sox2 (Wellner et al. 2009). Similarly, the pluripotency 

machinery of human ESCs is reportedly inhibited by miR-145 (Xu et al. 2009). The observation 

of transcriptional networks regulated  by multiple miRNAs promoting cell differentiation could 

suggest a functional support for cell lineage commitment, however, the mechanisms for this switch 

in various lineages are poorly understood and need more investigation. 

In summary, this work generated fundamental knowledge on the role of the miRNAs regulating 

stem cell differentiation into cartilage and discovered novel markers of chondrogenic capacity. 

This, in turn, will support the development of a bioengineered approach to enhancing stem cell 

differentiation into functional cartilage. Identification of specific miRNAs allowing MSC priming 

or prospective isolation of pro-chondrogenic equine CB-MSC would be a major advance towards 

robust and reproducible cytotherapy of cartilage defects in horses. 
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6 Limitations 

 

The heterogeneity of the primary cultures has been associated with variation in chondrogenic 

potential of MSCs (Jeong et al. 2015, Lepage et al. 2019). It may have negatively influenced 

chondrogenic assessment of MSCs and provided us with less specificity. To avoid this, we could 

have examined single cell clonal cultures of CB-MSC. However, this approach has its own 

challenges due to the limited expansion potential of the clones. Another option would have been 

to purchase immortalized cell lines. Nevertheless, further levels of heterogeneity have also been 

reported within individual MSC clones leading to subclones with modified phenotypes and 

properties (Wilson et al. 2019, McLeod and Mauck, 2017, Rennerfeldt and Vliet, 2016). 

In this study, categorizing cultures into high and low chondrogenic cultures was solely performed 

based on a biochemical parameter (GAG content) of neocartilage tissues. Histological scoring 

systems were not used for analysis of neocartilage tissues because there is no globally recognized 

scoring system and an ideal combination of analysis techniques (histological and biochemical) 

remains to be developed (Rutgers et al. 2010; Kumai et al. 2019).  

The use of different chondrogenic induction systems could be viewed as a weakness (pellet culture 

and membrane culture) between chapters. Pellet culture systems lead to necrosis and structural 

heterogeneity in neocartilage tissues, which could be due to heterogeneous diffusion of 

nutrient/waste and gases (Co et al. 2014, Lee et al. 2011, Murdoch et al. 2007). In order to 

overcome this issue to produce better hyaline-like neocartilage, a membrane culture system was 

employed for the rest of this study. Due to variation between the two methods, objectives two 
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(miRNA-candidate approach) and three (non-biased approach; NGS) of this study were entirely 

independent and separate with regards to cohorts of MSC cultures, chondrogenic assessment, 

investigation of miRNA expression and conclusions.  

Since NGS and miRNA-seq analyses took longer than expected, validation (qPCR) of 

computational results was not possible by the time of submitting this thesis. However, this work 

is planned for inclusion in the final publication of this work.  

 

7 Future Direction 

We identified several miRNAs that appear to be associated with chondrogenic potency of equine 

CB-MSCs. To determine and compare expression of the best miRNA candidates and their target 

genes, quantitative polymerase chain reaction validation can be used. To further interrogate the 

regulatory role of the best miRNA candidates, we can validate their function during 

chondrogenesis. We can use CRISPR/Cas9 technology for modulating miRNA candidates. The 

CRISPR/cas9 technology has been demonstrated to have more than 95% efficiency with long-term 

miRNA knock-down (Chang et al. 2016).  CRISPR/cas9 can also be employed to modulate activity 

of miRNA promoters, leading to inhibition (CRISPRi) or upregulation (CRISPRa) of miRNA 

expression (Cheng et al. 2013; Gilbert et al. 2014; Zhao et al. 2014; Thakore et al. 2015).  This 

provides a more tune-able system to modulate expression of specific miRNAs, leading to more 

biologically relevant control of miRNA expression than an unphysiologically high level of miRNA 

over-expression or complete knock-down. Once the expression levels of a miRNA of interest have 
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been modulated, the effect on MSC-directed differentiation must be evaluated. Firstly, cartilage 

deposition can be assessed by histological and biochemical analyses for glycosaminoglycans 

followed by expression of cartilage-specific markers (SOX9, ACAN and COL2A1) assessed by 

qRT-PCR. If a miRNA of interest influences chondrogenesis of MSCs, it is feasible to mediate 

this effect by miRNA-mRNA targeting interactions. In this study, a few targets of the miRNA 

candidates have been identified using miRTargetLink. Validation of these miRNA-mRNA 

interactions can be done using a 3’UTR luciferase reporter assay in which the 3’UTR of the 

predicted target is cloned downstream of luciferase. Expression of luciferase can then be assessed 

after modulation of the miRNA candidate (O’Donnell et al. 2005). 

In addition, cytogenetic stability of CB-MSC could be investigated further. We found marked 

abnormalities in research-only cells, but no structural abnormalities in cells commonly used in 

clinical cases as well as very low number of polyploid cells. However, the influence of serum, 

oxygen concentration and freeze/thaw cycles could be further investigated in these clinical-use 

cells.  

The research-only cells with severe abnormalities provide a unique cytogenetic research 

opportunity. These cells could be used to answer fundamental questions about the role of 

microRNAs in the regulation of chromosome stability. To investigate if unique miRNA 

expressions are associated with specific CB-MSC chromosomal abnormalities, the evolving 

pattern of small RNAs produced by CB-MSC can be characterized and subsequently significant 

stable changes occur in conjunction with translocation or other cellular changes associated with 

unsuitable cellular behaviour can be determined. To determine if miRNAs in conditioned equine 

CB-MSC culture medium can be used to predict cytogenetic stability of the MSCs, the miRNA 



 

 

97  

 

 

can be isolated from conditioned medium of CB-MSC cultures with different cytogenetic 

abnormalities. The global screening of miRNAs can be determined by NGS followed by possible 

associations with cytogenetic instabilities using mirPath and miRTargetLink software as described 

in this study. The heterogeneity of the MSC cultures may hamper detection of miRNA differential 

expression, although we did detect differences using a similar approach for chondrogenic potency. 

In this case, we can examine single cell clonal cultures of CB-MSC. Should this also fail due to 

limited expansion potential of the clones, we could purchase immortalized human cell lines with 

known cytogenetic abnormalities.  
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Appendix A:  

Cytogenetic assessment of equine CB-MSC cultures expanded in 
10% FBS-medium 

 

Our findings with high rate of chromosomal abnormalities and genetic instability during culture 

expansion of equine CB-MSCs expanded in the media containing 30% FBS, encouraged us to do 

further analysis and investigate culture conditions such as FBS concentration. Thus, isolation of 

equine MSCs (N=3) from cord blood was performed as previously described (Lepage et al. 2019). 

Three (3) unrelated equine CB-MSC cultures were plated in polystyrene culture flasks and 

incubated at 38ºC with 5% CO2 in a humidified atmosphere. Expansion media consisting of low-

glucose Dulbecco’s modified Eagle medium (DMEM; Lonza, Wakersville, MD), 10% FBS 

(Invitrogen, Burlington, ON, Canada), penicillin (100 IU/mL; Invitrogen), streptomycin (0.1 

mg/mL; Invitrogen), and l-glutamine (2mM; Sigma, ON, Canada) was changed every 2 days. Cells 

were harvested at 70% confluency using 0.04% trypsin/0.03% EDTA solution, replated for 

expansion at a density of 5,000 cells/cm2 and propagated in culture until passage 2 (P2) where 

metaphase spread was prepared for all three cultures for conventional Giemsa staining, additional 

GTG-bands karyotyping, and cytogenetic assessment as described previously (2.2.4). 

 

Result 

The cytogenetic analysis of equine CB-MSCs showed that these cells were chromosomally normal. 

At passage 2 ~ 160 metaphase MSCs of each cell cultures were screened for euploidy and on 

average 5% of them revealed polyploidy chromosome constitution. Metaphase cells (average 
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number of cells examined was 25) were further screened for aneuploidy and structural 

abnormalities. Normal horse chromosome constitution (2n=64, XX/XY) without apparent 

structural chromosome abnormalities (i.e. at the standard G-banding resolution) were observed in 

the MSC cultures at passage 2 (Figure A1). However, the CB-MSCs expanded in the culture media 

containing 30% FBS indicated 15% polyploidy and 36% aneuploidy. 

 

Discussion 

In this study, conventional cytogenetic analysis of CB-MSCs expanded in 10% FBS-medium 

indicated normal horse chromosome constitution without structural abnormality, however a 

negligible percentage (~ 5%) of CB-MSCs at passage 2 were polyploid. Consistent with previous 

studies, it suggests that serum concentration significantly influence the occurrence of cytogenetic 

abnormalities (Wang et al. 2012).   
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Figure A.1: Cytogenetic analysis of equine cord blood derived MSCs. A: GTG-karyotype of 

MSCs at passage two (2n= 64, XX). B: GTG-karyotype of MSCs at passage two (2n= 61, XY, -

10, -23, -26, -28, + unique derivative).  
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