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ABSTRACT 
 

Human adipose-derived stem cells (ASCs) are of increasing interest to the field of 

regenerative medicine due to their multipotent nature and immunomodulatory 

capabilities. The majority of current therapeutics using ASCs require serial passaging of 

the cells to obtain a pure population of ASCs with clinically useful numbers. This is 

problematic as an extended time in culture correlates with a decrease in stem cell 

properties of ASCs such as their differentiation and proliferative potentials. There is 

general agreement within current literature that this loss of potential exists, however the 

molecular mechanisms underlying the change in potency are not yet fully characterised.  

 

This project examined microarray data of differentially expressed miRNAs and mRNAs 

over time in culture and revealed targets of interest for further validation and functional 

analysis. qPCR validation of mRNA expression highlighted KLF4 as a potential marker 

for stem cell potency of ASCs as it has a known role in stem cell maintenance and was 

significantly upregulated in freshly isolated cells compared with serially passaged cells 

that have lost potency. 

 

miR-378 was found to be expressed at significantly higher levels in freshly isolated (day 

0) cells. The opposite was seen for miR-21, which was significantly upregulated in ASCs 

that had been in extended culture (day 28 cells). The effects of miR-378 and miR-21 on 

both adipogenic and osteogenic differentiation potential were investigated in late passage 

ASCs. Overexpression of miR-378 was shown to significantly increase adipogenic 

differentiation potential of late passage ASCs and to have the potential to do the same 

down the osteogenic lineage.  

 

Current clinical trials using ASCs are potentially using suboptimal cells due to isolation 

and expansion methods, yet have produced encouraging results. In light of miRNA 

targeting emerging as a viable prospect for therapeutics, manipulation of miR-378 to 

restore or maintain stem cell potential in serially passaged ASCs is promising for 

enhancing their efficacy for future clinical research. 
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1. INTRODUCTION 
 

Stem cell research is one of the most rapidly growing areas within the field of 

regenerative medicine due to their potential use for tissue repair and regeneration. For 

most diseases, disorders or traumas resulting in loss of tissue, surgery is the go-to option, 

however with recent advances in stem cell biology new treatment methods are emerging 

(Mizuno et al., 2012).  

 

A stem cell is defined as a cell which is undifferentiated, has the capacity for self-renewal 

and multi-lineage differentiation (Orbay et al., 2012; Zuk et al., 2002).  There are a 

number of different types of stem cell with clinical potential including embryonic stem 

cells (ESCs), induced pluripotent stem cells (iPSCs) and mesenchymal stem cells 

(MSCs). 

 

ESCs are isolated during the blastocyst embryonic stage from the inner cell mass (ICM). 

They are pluripotent, meaning that they have the capacity to contribute to all tissue types 

including the germline and can self-renew in-vitro under appropriate culture conditions 

(Evans & Kaufman, 1981; Nichols & Smith, 2011). Although the properties of ESCs 

make them ideal for research and use in therapies, there are ethical restraints surrounding 

the use of embryonic cells. To try and avoid these constraints, research led to the 

development of iPSCs, which can be derived from any terminally differentiated cell with 

the addition of four transcription factors, namely OCT3/4, SOX2, KLF4 and C-MYC 

(Takahashi et al., 2007; Takahashi & Yamanaka, 2006). Introducing  the four factors into 

the cell initiates changes that cause the cell to become similar to ESCs in terms of 

morphology, gene expression, pluripotency, proliferative capability, telomerase activity, 

epigenetic status and surface antigens (Takahashi & Yamanaka, 2006; Takahashi et al., 

2007, Hou et al., 2013).  

 

MSCs are adult stem cells and can be isolated from many different tissues including bone 

marrow, tendon, skin, muscle and adipose tissue. According to the Mesenchymal and 

Tissue Stem Cell Committee of the International Society for Cellular Therapy, in order to 

be characterised as MSCs, the cells must meet three essential criteria; i) in culture the 

cells must be plastic-adherent; ii) the cells must express a particular phenotype with 
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regards to cell surface markers; iii) The cells must be able to differentiate into adipocytes, 

chondroblasts and osteoblasts in vitro (Dominici et al., 2006). The third criterion connotes 

multipotency. Initially MSCs were thought to be restricted in their differentiation 

potential to a single cell line depending on their tissue of origin. They have since been 

found to have a greater level of plasticity and are now known to be multipotent i.e. able to 

differentiate into many but not all cell types, including those from different germ layers 

(Orbay et al., 2012). Therefore MSCs are increasingly of interest because they are derived 

from adult tissue so do not carry the same ethical restrictions as ESC, nor do they confer 

the risk of teratoma formation because of their more restricted multipotency compared to 

ESCs (Kokai et al., 2014; Ma et al., 2014; Mizuno et al., 2012; Zuk, 2013). 

 

MSCs were first derived from the bone marrow (BM-MSCs) (Dominici et al., 2006; Zuk 

et al., 2002). However, it is difficult to obtain clinically useful numbers of BM-MSCs and 

in addition the process is painful and can be associated with adverse effects (Pikuła et al., 

2013; Zuk et al., 2002). As mentioned above, MSCs have now been derived from many 

different tissue types, the most promising of which is adipose tissue. Adipose-derived 

stem cells (ASCs) have similar properties to those derived from bone marrow, with the 

advantage that they are much easier to acquire. Adipose tissue is easily accessible and 

relatively abundant, even from slim individuals, thereby allowing for a large number of 

ASCs to be obtained through minimally invasive techniques such as liposuction (Locke et 

al., 2009; Pikuła et al., 2013).  

 

Lipoaspirate, the by-product from liposuction surgery can be processed with various wash 

steps followed by digestion with the enzyme collagenase. This results in a heterogeneous 

cell population called the stromal vascular fraction (SVF). The SVF contains ASCs 

among many different cell types, including endothelial cells, pericytes, fibroblasts, 

smooth muscle cells and circulating cell types such as endothelial progenitor cells, 

leucocytes and haematopoietic stem cells (Locke et al., 2011; Locke et al., 2009). There 

are two main options for cell processing prior to clinical application; 1. use whole SVF or 

2.  purify ASCs from the SVF, most commonly by plastic adherence culture (Pikuła et al., 

2013). The best method may depend on the nature of the therapy as there are costs and 

benefits to both. For instance, using the SVF means no expansion time, which is both 

quicker and cheaper as it uses less laboratory resources. In addition there is less risk of 



3 
 

contamination. The major limitation with this option is that it is difficult to control the 

dose of ASCs administered as the percentage of ASCs within the SVF can differ. By 

expanding the SVF you generate a more homogenous population of ASCs at a known, 

and much higher, number than was present within the original sample. As a result most 

clinical trials tend to use expanded ASCs (Pikuła et al., 2013). Very few direct 

comparisons of SVF and ASC treatments have been made; however there is one example 

where, in fistula healing patients, responded better to the expanded ASC therapies than to 

the SVF alternative (Garcia-olmo et al., 2009).  

 

It has been found that the continuous culture necessary to expand and purify the ASC 

population from the SVF leads to a decrease in proliferation and differentiation 

capabilities of the ASCs (Lo Surdo et al., 2013; Park et al., 2011; Wan Safwani et al., 

2011). Therefore, the cells currently being used in most clinical applications may not be 

as potent as freshly isolated ASCs. A better understanding of the molecular mechanisms 

underlying this decrease in potential is necessary for progression in this field of research. 

If properly understood, manipulation of these mechanisms could lead to the restoration of 

differentiation and proliferative capabilities of ASCs and thus improvements in the 

clinical utility of these cells. 

 

1.1 Properties of ASCs 
 

In addition to being relatively easy to acquire through liposuction surgery, the properties 

of ASCs that make these cells potentially useful for clinical application include their 

multipotent, immunomodulatory and proliferative capabilities.  

 

1.1.1 Multi-lineage differentiation potential 
 

Although originating from the mesoderm, ASCs have the advantage of being able to 

differentiate into cells from mesodermal, ectodermal and endodermal lineages (Kokai et 

al., 2014; Mizuno et al., 2012). To characterise ASCs it is necessary that they demonstrate 

the ability to differentiate into chondroblasts, osteoblasts and adipocytes (Dominici et al., 

2006). However, studies have also shown differentiation down other mesodermal lineages 

including myogenic, angiogenic, cardiomyogenic, periodontogenic and tenogenic lines, 
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albeit with low reproducibility (as reviewed by Mizuno et al., 2012). There has also been 

success in differentiating ASCs down the endodermal lineage into keratinocyte-like cells 

(Chavez-Munoz et al., 2013) and into cells of ectodermal origin such as neuronal and 

retinal pigmented cells (Vossmerbaeumer et al., 2009). Directed differentiation down a 

particular cell line is dependent on differing cocktails of small molecules and growth 

factors, which are added to the population of ASCs. The ability to differentiate these cells 

into a wide range of cell types is a huge advantage as it connotes potential for 

regenerative utility of ASCs in many different tissues. 

 

1.1.1.1 Adipogenic differentiation 
 

Adipogenic differentiation begins with the transformation of the adipocyte precursor cell 

into a pre-adipocyte. This step is called determination as pre-adipocytes no longer have 

the potential to differentiate into any other type of cell. Terminal differentiation of the 

pre-adipocyte into a mature adipocyte is the next and final transformation. This process is 

primarily driven by peroxisome proliferator-activated receptor-γ (PPARγ). It has been 

shown that forced expression of PPARγ is sufficient to induce adipogenic differentiation 

(Rosen & MacDougald, 2006). Differentiation of ASCs into adipocytes in the laboratory 

is well characterised and can be performed reliably. Confirmation of successful 

differentiation is most commonly achieved  through staining with Nile Red or Oil Red O, 

which stain cytoplasmic lipid droplets, thereby specifically labelling functional 

adipocytes (Locke et al., 2011). Adipocyte differentiation can also be determined by 

detecting the expression of fatty acid-binding protein 4 (FABP4), a marker for terminal 

differentiation into adipocytes (Locke et al., 2011).  

 

1.1.1.2 Chondrogenic differentiation 
 

Chondrogenic differentiation involves the formation of chondroprogenitors. These 

progenitor cells differentiate into chondrocytes, a process characterised by the deposition 

of a cartilage matrix containing various collagens (Goldring et al., 2006). The ECM 

deposited by the chondrocytes is cartilage specific and the SOX family of transcription 

factors play a major role in chondrocyte differentiation (de Crombrugghe et al., 2001). 

Directed differentiation of ASCs into chondrocytes is more difficult to assess compared to 

adipogenic differentiation. The most widely used test for chondrogenic differentiation is 



5 
 

staining for proteoglycans using Alcian Blue or Safranin-O. However, this is not strictly 

proving the formation of functional chondrocytes, simply that there is an increase in 

expression of proteoglycans (Locke et al., 2011). A more definitive marker of 

chondrogenesis is the secretion of collagen, therefore the detection of type II and type X 

collagen may be more specific markers to indicate chondrocyte differentiation (Kim & 

Im, 2010; Locke et al., 2011).  

 

1.1.1.3 Osteogenic differentiation 
 

There are three main stages to osteogenic differentiation from MSCs. First is 

proliferation, next comes maturation of the calcified ECM and finally mineralisation and 

formation of nodules (Fang et al., 2015; Huang et al., 2016). Differentiation of ASCs into 

osteocytes is mediated by a number of different molecules and pathways of which 

RUNX2 is thought to be the master (Baglìo et al., 2013). RUNX2 initiates acquisition of 

osteochondroblastic properties necessary for prevention of an adipogenic fate. Further 

downstream, the transcription factor Osterix drives the fate of the bone precursor (Baglìo 

et al., 2013). As with chondrogenic differentiation, there are some ambiguities and 

difficulties around determining true osteogenic differentiation of ASCs. Alizarin Red 

staining for calcium deposits is often used to determine osteogenic differentiation, 

however this is not definitive as it is not specific to the osteogenic lineage. Gene and 

protein expression specific to osteoblasts is a better indicator of osteogenic differentiation 

(Locke et al., 2011). Recently alternatives to the Alizarin red stain have been used such as 

analysing the expression of osteopontin, osteocalcin and Osterix. However osteopontin 

and osteocalcin are not exclusively expressed by bone (Hauschka, 1979; Sodek et al., 

2000) so confirmation of osteogenic differentiation remains challenging. Using qPCR, the 

host lab has demonstrated that ASCs treated with StemPro® osteogenic medium have an 

increased expression of both osteocalcin and RUNX2 when compared to controls 

(unpublished data). This is a more definitive method of determining osteogenic 

differentiation of ASCs. 

 

1.1.2 Immunomodulatory capabilities  
 

Adverse effects due to immune rejection are a significant concern for many treatments in 

regenerative medicine. ASCs secrete molecules that help avoid immune rejection such as 
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interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β), which act against T-

cell maturation and as a consequence provide an anti-inflammatory effect at the site of 

repair (Kokai et al., 2014; Ma et al., 2014). ASCs also secrete molecules such as vascular 

endothelial growth factor (VEGF) and hepatocyte growth factor (HGF), which promote 

angiogenesis and aid in wound healing (Kokai et al., 2014; Ma et al., 2014; Mizuno et al., 

2012; Zuk, 2013). Interestingly, ASCs appear to home to damaged tissue (Kokai et al., 

2014). The mechanisms by which they do so is not fully understood, however they are 

known to have cell surface receptors that can identify growth factors associated with 

injured tissue suggesting it might be a chemosensory response (Kokai et al., 2014; Locke 

& Feisst, 2015). This is clinically useful as it means administration could potentially 

either be site-specific or systemic depending on practicality. 

 

A number of clinical trials using ASCs and/or SVF to treat various forms of degenerative 

diseases attribute some of their success to the secretion of paracrine factors by ASCs. The 

range of afflictions these effects have been noted for is wide and includes osteoarthritis 

(Bui et al., 2014; Jo et al., 2014), Crohn’s fistula (García-Olmo et al., 2005), graft-versus-

host disease (Fang et al., 2007), acute myocardial infarction (Houtgraaf et al., 2012) and 

critical limb ischemia (Bura et al., 2014). These studies report on the clinical utility of the 

paracrine effects of ASCs such as secretion of growth factors, inhibition of T-cell 

proliferation, antiapoptotic and proangiogenic factors. The already demonstrated 

immunomodulatory and anti-inflammatory capabilities of ASCs gives further support to 

their promise for therapeutics. 

 

1.1.3 Proliferative capability 
 

One of the key features of a stem cell is its ability to keep proliferating and some consider 

this capability to be the most important factor in determining the ‘stemminess’ of a cell. 

ASCs are reported to have higher proliferation potential in-vitro than BM-MSCs, which is 

advantageous as cells tend to lose proliferative capacity with increased passaging (Lo 

Surdo et al., 2013; Park et al., 2011; Pochampally, 2008; Wan Safwani et al., 2011). 

Proliferation potential does vary between donors, with younger and healthier donors 

yielding ASCs with better proliferative properties (Lo Surdo et al., 2013). Reports suggest 

that ACSs can be stimulated to proliferate by the addition of a single growth factor 



7 
 

(Mizuno et al., 2012). Fibroblast growth factor 2 (FGF-2) seems to be particularly 

effective, but others such as such as endothelial growth factor (EGF), insulin growth 

factor 1 (IGF-1), or tumour necrosis factor α (TNF-α) can also be used. Addition of other 

growth factors alongside FGF-2 has been reported to enhance proliferation of these cells 

(Mizuno et al., 2012). Colony forming unit (CFU) assays can be used as an indicator of 

proliferation potential (Lo Surdo et al., 2013; Prockop et al., 2001). Cells from older 

donors tend to exhibit lower CFU percentages at earlier passages, however all cell lines 

show reduced CFU percentages with increasing passage (Lo Surdo et al., 2013).  

 

1.2 Acquisition of ASCs 
 

As mentioned above, ASCs are relatively easy to obtain and this an appealing property 

for regenerative therapies. They are derived from adipose tissue and can be procured in 

relatively high numbers from lipoaspirate, the waste by-product from liposuction surgery 

(Locke et al., 2009). SVF is obtained from the lipoaspirate and from this a population of 

ASCs can be purified. This can happen through a number of different methods including 

multi-colour Fluorescence Activated Cell Sorting (FACS) (Feisst et al., 2014) and 

Magnetic Activated Cell Sorting (MACS), but the most commonly used and 

internationally accepted method is via plastic adherence culture. 

 

1.2.1 Isolating SVF from lipoaspirate 
 

Liposuction is a minimally invasive surgical procedure involving the removal of excess 

fat. According to statistics gathered by the American Society for Aesthetic Plastic 

Surgery, liposuction has ranked as the top cosmetic surgery for 14 out of the past 18 years 

(coming second to breast augmentation in 2008, 2009, 2010 and 2012) (American Society 

for Aesthetic Plastic Surgery). It is a technique with a very low complication rate and can 

yield up to several litres of fat at a time (Locke et al., 2009). The technique of liposuction 

effectively minces the fat tissue into small fragments for removal from the patient as 

lipoaspirate. The most widely used method for processing lipoaspirate to obtain the SVF 

is by thorough wash steps and digestion with collagenase. Following digestion the 

collagenase activity is neutralised and the remaining solution is centrifuged. This process 

will result in a pellet of SVF containing ASCs (Bunnell et al., 2008).  
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1.2.2 Purifying an ASC population from the SVF 
 

The aforementioned three methods for ASC isolation from the SVF each have their own 

pros and cons.  

 

1.2.2.1 Purifying an ASC population using plastic adherence culture 
 

The most commonly used method to isolate a pure population of ASCs from this 

heterogeneous cell population is by plastic adherence using tissue culture. This involves 

the SVF being plated and passaged to remove any non-adherent cells. After repeated 

passaging a reasonably pure population of ASCs is generated, more passages will 

continue to produce a purer population of cells (Bunnell et al., 2008; Locke et al., 2011). 

It takes approximately four passages to achieve a population of ASCs with >80% purity 

(figure 1-1) Plastic adherence culture is convenient as it is relatively cheap and easy. 

However the serial passaging and the extended time in culture necessary to obtain a pure 

population of ASCs has been shown to lead to a decline in proliferation and 

differentiation potential of the cells (Lo Surdo et al., 2013; Park et al., 2011; Wan 

Safwani et al., 2011). Time is also a factor in clinical usefulness as it is advantageous to 

have cells therapy-ready as quickly as possible. Therefore, alternative methods of 

purifying ASCs from the SVF have been sought. 
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1.2.2.2 Purifying an ASC population using FACS or MACS 
 

Flow cytometry is a technique that can be used to recognise differential expression of cell 

surface markers and therefore can be used to isolate different cell types present within the 

SVF without the need for tissue culture (Feisst et al., 2014). Each cell type can be tagged 

with a fluorescently labelled antibody, which is detected by a laser in the cell sorter, and 

Figure 1-1: Figure from Feisst et al (2014) showing homogenous population of ASCs isolated from 
SVF after four passages. (A) cells were gated initially on FSC-A/SSC-A, then on both FSC-A/FSC-H 
and SSC-A/SSC-H to exclude doublets. DAPI staining was used to exclude dead cells followed by gating 
on CD45 to select for non-hematopoietic cells (CD45-). (B) Uncultured SVF displaying heterogeneity of 
population, ASC and endothelial progenitor cell (EPC) populations separated by CD34/CD31. (C) 
Analysis of purity of ASC population after 4 passages. (Feisst et al., 2014) 
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then can be selected for or against and separated by electrostatically charging the cell-

containing droplet (Bonner et al., 1972). To sort cells by MACS, cells within the SVF can 

be labelled with a cocktail of specific antibody-conjugated magnetic beads. The cell mix 

is passed through a column with a magnet, the labelled cells are retained and the rest pass 

through the column. Upon removal of the magnet from the column the remaining cells 

can be eluted (Miltenyi et al., 1990). ASCs are characterised by the expression of certain 

surface markers (Table 1), which can be used to examine purity of the ASC population 

post either FACS or MACS sorting. In addition to those outlined in the table, there have 

been other markers found to be helpful in better separating out ASCs from the SVF. For 

example, CD235a and CD31 have been used in conjunction with CD45 and CD34 to 

outline an ASC population within the SVF that is CD235a– CD31– CD45– and CD34+ and 

CD13 has also been reported as a useful marker (Bourin et al., 2013). Importantly, there 

are differences in CD34 and CD105 expression in ASCs depending on their isolation 

method. Adherent-purified ASCs will be CD34– and CD105+, whereas MACS or FACS 

isolated ASCs will be CD34+ and CD105 low (Feisst et al., 2014). CD34 is being used as 

a marker to isolate ASCs by FACS and MACS but CD34– defines them for plastic 

adherence.  This highlights the fact that a full set of markers to define ASC populations is 

as yet undetermined and further discoveries are still being made in this area. 

 

 

 

 

 

 

 
Although sorting ASCs by FACS or by MACS generally provides an ASC population of 

high purity, at similar levels to sorting by plastic adherence culture, there are limiting 

factors. Plastic adherence culture produces a large and pure population of ASCs, albeit 

potentially less potent ones. The ASC yields from a MACS sort of the SVF are 

considerably lower than those from plastic adherence culture, and the FACS numbers are 

far lower than the MACS (figure 1-2). FACS and MACS methods are not widely 

approved for clinical use, however MACS has been used to isolate CD34+ cells for 

Positive ≥ 95% Negative ≤ 2% 
CD105* CD45 
CD73 CD34** 
CD90 CD14 or CD11b 
 CD79α or CD19 
 HLA-DR 
Table 1: Surface marker expression that characterises MSCs. 
(Dominici et al., 2006). *CD105 expression has been shown to 
increase with serial passaging in ASCs. **CD34 expression has 
been found to decrease in ASCs over extended time in culture 
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treatments in breast cancer patients after chemotherapy (Richel et al., 2000). The Miltenyi 

CliniMACS® CD34 Reagent System has also recently received FDA approval for 

treatment of graft-versus-host disease in leukaemia patients (Miltenyi, 2014) Even if 

MACS and FACS were commonly used in the clinic, due to the lower yields it is likely 

that the freshly isolated ASCs would still need to be expanded in culture in order to 

achieve the numbers needed for some therapeutic applications. Therefore the issue of a 

loss in ASC potency over time in culture remains and further exploration into this issue 

becomes necessary. 

 

 

 

 

1.3 Decreases in Potency of ASCs in Culture 
 

A number of studies, including those from the host lab, have observed a decrease in 

differentiation and proliferation potential of ASCs after serial passaging and time in 

culture (Lo Surdo et al., 2013; Park et al., 2011; Wan Safwani et al., 2011). This is a 

potential problem if these cells are to be used for clinical applications that require these 

capabilities. Although some purification methods circumvent the need for plastic 

adherence culture to isolate ASC from the SVF (Markarian et al., 2014; Yi et al., 2014), 

most clinical trials to date have used upwards of 20 million cells per treatment and as 

such have needed to expand the stem cell population to clinically useful numbers (Bura, 

Comparison of ASC Isolation Methods

FACS MACS Plastic
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Figure 1-2: Comparison of yields from FACS, MACS and plastic adherence sorts of ASCs from 
the host lab. Cell counts of purified ASC populations were taken after sorting by FACS, MACS or 
plastic adherence. Note: these FACS sorts were not fully optimised to give high yield so this FACS 
data could be improved (unpublished data from host laboratory). 
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et al., 2014; García-Olmo et al., 2005; Herreros et al., 2012; Perin et al., 2014; Shafaei et 

al., 2016). Approximately 2x106 cells can be acquired from 1 gram of fat tissue, 10% of 

which (200,000 cells) are reported to be ASCs (Zuk, 2013). There is wide variation in the 

number of cells being used for treatment in current trials, with mixed levels of success. 

Some trials have used approximately 2x107 cells per treatment for treating fistulas 

(Herreros et al., 2012) whereas others have used up to 1x108 when treating osteoarthritis 

or critical limb ischemia (Bura et al., 2014; Jo et al., 2014). Some also use as little as 20-

50x106 for treating fistula and a number of heart issues (García-Olmo et al., 2005; 

Houtgraaf et al., 2012; Perin et al., 2014). Across these trials, between 10g and 250g of 

fat has been taken from patients for treatment (Bura et al., 2014; García-Olmo et al., 

2005; Herreros et al., 2012; Shafaei et al., 2016). 50g of fat tissue would have a maximum 

yield of approximately 1x107 ASCs, half the necessary amount for a single treatment 

using the lowest number of cells. Expansion of this population by culture would therefore 

be necessary, which as stated above results in a decrease in cell potency (Lo Surdo et al., 

2013; Park et al., 2011; Wan Safwani et al., 2011). Other issues associated with cell 

culture include reported changes in the cell surface marker expression, including a down 

regulation of CD34, the stem cell associated marker (Braun et al., 2013; Feisst et al., 

2014). Additionally there are reports of ASCs becoming senescent with increasing 

passages over time in culture. (Mitterberger et al., 2014). Passage 10 has been suggested 

as a reasonable cut-off for potency of ASCs (Wan Safwani et al., 2011) and almost a 

complete loss of adipogenic differentiation potential has been reported after 25 population 

doublings (Mitterberger et al., 2014). These observations have been confirmed by 

research in the host laboratory where a complete loss of adipogenic differentiation 

potential was observed after passage 30 (Damani, 2015). As a result, it would be of use to 

find methods to maintain or restore potential to ASCs post-expansion. 

 

1.3.1 mRNAs involved in stem cell pathways 
 

Pre-existing microarray data collected by members of this lab has revealed a large 

number of differentially expressed mRNAs between ASCs at different time points in 

culture. Within this data a number of mRNAs stand out as playing a potential role in the 

decrease of potency in ASCs during serial passaging. iPSCs as mentioned above can be 

created through the forced expression of four transcription factors, OCT3/4, SOX2, KLF4 
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and C-MYC (Takahashi et al., 2007; Takahashi & Yamanaka, 2006). This places 

emphasis on the importance of their roles in the potency of stem cells and two of these 

factors, KLF4 and C-MYC were significantly differentially expressed in the microarray 

data. In addition to their roles in inducing pluripotency in somatic cells, C-MYC and 

KLF4 have reported involvement with other stem-like functions. Abnormal expression of 

C-MYC is reported in many tumours and it is known for its role in cell growth and 

differentiation (Hoffman & Liebermann, 2008), and KLF4, also upregulated in cancers, 

increases colony formation and cell migration (Yu et al., 2011). Some other mRNAs 

differentially expressed within the microarray data included those involved with specific 

differentiation pathways such as MGP and OGN, which both have roles in osteogenic 

differentiation (Tanaka et al., 2012; Zebboudj et al., 2002) and SCRG1 that has a role in 

chondrogenesis (Ochi et al., 2006). GREM1 has a part to play in proliferation and cell 

fate and was also found to be differentially expressed in ASCs at different time points 

(Davis et al., 2015). Also of interest is POSTN, with a function in tissue development and 

metastasis (Kudo et al., 2007; Wang & Ouyang, 2012), and CXCL14, which is involved 

with immunomodulation and inflammatory processes (Lu et al., 2016).  

 

1.3.2 The role of miRNAs in the maintenance of ASC potency 
 

microRNAs (miRNAs) are short, single stranded, non-coding RNAs that have a crucial 

role to play in gene expression, and which are important for regulation throughout the 

transcriptome. They work by targeting mRNAs to reduce their translation and stability 

(Chen et al., 2014; Clark et el., 2014; Gangaraju & Lin, 2009; Ghosh et al., 2007). In the 

cell nucleus, miRNA genes are transcribed into primary transcripts (pri-miRNAs), which 

are processed into pre-miRNAs. These pre-miRNAs are then transported into the 

cytoplasm where they are processed by Dicer, an RNAse III enzyme into mature single 

stranded miRNAs. One strand forms a complex with the RNA-induced silencing complex 

(RISC) and targets the 3’ untranslated region (UTR) of an mRNA through an imperfect 

match between the miRNA and the mRNA resulting in down-regulation of mRNA 

translation (figure 1-3) (Chen et al., 2014; Gangaraju & Lin, 2009; Ghosh et al., 2007). 

Translation of the mRNA can be repressed, the mRNA can be cleaved and degraded or, 

more rarely, the miRNA can activate translation of the target mRNA. The activity 
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depends on the degree of complementarity to the mRNA and the proteins present in the 

RISC complex (Chen et al., 2014; Gangaraju & Lin, 2009; Ghosh et al., 2007). 

 

As base-pairing is typically not 100 % complimentary to the mRNA, and one miRNA can 

target hundreds of mRNAs, miRNAs are thought to regulate the expression of well over 

half of the human transcriptome (Pasquinelli, 2012). Consequently, they are thought to 

play a role in the maintenance and/or loss of differentiation potential of ASCs in culture 

(Chen et al., 2014; L. Chen et al., 2013; Clark et al., 2014; Fang et al., 2015; Gangaraju & 

Lin, 2009; Son et al, 2014) and in the differentiation, paracrine activity, proliferation, 

migration and survival of MSCs (Chen et al., 2014; Clark et al., 2014). 

Cell differentiation involves complex signalling pathways both within and between cells, 

including, for example, bone morphogenic protein (BMP), Wnt and Notch signalling 

pathways (Chen et al., 2014; Huang et al., 2016). Certain miRNAs have already been 

implicated as modulators of these pathways as MSCs differentiate down particular 

lineages. For example miR-20a was found to target negative regulators of the BMP 

pathway, resulting in the upregulation of BMP/Runx2 signalling and increased osteogenic 

differentiation (Zhang et al., 2011). In an alternate process, expression levels of miR-204 

was found to determine the differentiation fate of MSCs with overexpression leading to 

Figure 1-3: Schematic representation of miRNA biogenesis and activity. (Figure  from Yim et al., 
2012) 
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an inhibition and promotion of osteogenic and adipogenic differentiation respectively 

(Huang et al., 2016). Osteogenic differentiation was also affected by miR-31, which was 

found to bind to the 3’ UTR of Osterix and initiate degradation. Inhibiting this miRNA 

resulted in an increase in endogenous Osterix expression (Baglìo et al., 2013). Various 

miRNAs have also been implicated in adipogenesis with some such as miR-27a and miR-

27b being anti-adipogenic and others such as miR-143 and miR-375 being pro-adipogenic 

(Son et al., 2014).  

 

In addition to a role in driving differentiation, miRNAs have also been implicated in the 

maintenance of “stemminess”. For example, the majority of miRNAs expressed in 

undifferentiated ESCs come from the miR-290 family and the miR-302 clusters, 

suggesting a role for these molecules in maintaining pluripotency (Mathieu & Ruohola-

Baker, 2013). miR-195 has been suggested to play a role in proliferation as when 

overexpressed, cell proliferation is increased (Mathieu & Ruohola-Baker, 2013). In 

addition to the anti-adipogenic role stated above, miR-27b has also been shown to inhibit 

the acquisition of cancer stem cell properties in luminal breast cancer (Takahashi et al., 

2015). This suggests a role for miR-27b in loss of “stemminess”. Interestingly, miR-27b 

was also found to be upregulated in less potent ASCs in preliminary studies of ASC 

differentiation potential by the host laboratory (unpublished data).  Furthermore, miRNAs 

can be utilised in cellular reprogramming as an alternative to transcription factors for the 

creation of iPSCs. Expression of the miR-302/367 cluster is sufficient to induce 

pluripotency in mouse embryonic fibroblasts (Anokye-danso et al., 2011). This highlights 

the high level of transcriptional control that miRNAs possess. Therefore, increasing our 

understanding of the specific actions of miRNAs involved in the loss of differentiation 

and proliferation potential of ASCs may give insight into how to maintain and/or restore 

potency lost during culture, thereby increasing clinical utility. 

 

The expression of miRNAs in ASCs is able to be manipulated in vitro through the use of 

miRNA mimics and/or miRNA inhibitors, which allow overexpression and inhibition of a 

miRNA respectively. miRNA mimics can be used to overexpress a particular miRNA to 

assess its function within the cell (Thomson et al., 2013). A miRNA mimic is a synthetic, 

double stranded miRNA-like fragment of RNA that is designed to function like a specific 

miRNA. By adding a mimic of a particular miRNA to a cell, it functions like the miRNA 
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of choice, thereby effectively upregulating expression of that miRNA (figure 1-4). 

miRNA inhibitors are designed to block miRNA function by matching the sequence of 

the miRNA target site. The endogenous miRNA binds to the inhibitor instead of the 

mRNA target, making it unavailable to perform its regular role (figure 1-4). miRNA 

inhibitors are also resistant to degradation by the miRNA as they are engineered to 

prevent RISC-induced cleavage (Robertson et al., 2010).  

 

The expanding knowledge base on miRNA function and how to manipulate that function 

has led to the idea of miRNAs as promising targets for therapeutics. After successful 

outcomes of miRNA manipulation in-vivo it becomes appealing to transfer these 

applications to the clinic (Hydbring & Badalian-Very, 2014). One major concern with 

using miRNA targeting stems from their non-specific binding, which poses a technical 

challenge to the development of such therapies (Hydbring & Badalian-Very, 2014). 

Nevertheless there are a few current trials using miRNA-based approaches. MesomiR-1 is 

Figure 1-4: Use of miRNA mimics to overexpress and miRNA inhibitors to suppress miRNA 
function. Figure from tech notes on Dharmacon™ mimics and inhibitors from GE healthcare (GE 
Healthcare, 2016) 
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a phase I clinical trial using miRNA mimics in a therapy for lung cancers (Reid et al, 

2016). The first miRNA based drug to emerge in the clinic was SPC3649, an miRNA 

inhibitor based drug currently in stage II clinical trial for the treatment of hepatitis C 

(Baek et al., 2014; Lindow & Kauppinen, 2012). This highlights that in addition to their 

innumerable in-vitro applications, miRNAs are also becoming a feasible option for the 

clinic. 

 

1.3.2.1 Differential expression of miRNAs in freshly isolated versus late 
passage ASCs 
 

Previously, this laboratory used microarray analysis to assess the differential expression 

of miRNAs in ASCs at 3 time points of culture: day 0, day 3, day 28 as well as for 

passage 9 cells. Large differences in the expression patterns of miRNAs were found 

between the day 0 and the day 28 time points. There were even some striking differences 

in expression between day 0 and day 3 ASCs suggestive of an almost immediate change 

in the cells when they come into contact with plastic (figure 1-5). This microarray data, 

along with a parallel microarray analysis done on mRNA expression in the same cells, 

formed the background for this project. 
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1.3.2.2 miR-378, miR-21 and miR-31 and their roles in ‘stemminess’ 
 

As mentioned, there are specific miRNAs that play a role in the regulation of ASC 

proliferation and differentiation pathways. miR-21, miR-378 and miR-31 fall among 

these miRNAs. All three of these miRNAs have been linked to both adipogenic and 

osteogenic differentiation in mammals and miR-378 is also reported to have a role in cell 

metabolism. 

 

Figure 1-5: Hierarchical heat-map clustering of differentially expressed miRNAs in ASCs at 
different time points in culture. Time points used for clustering day 0 (1), day 3 (2), day 28 (3) and P9 
(4). Data from 3 donors. Red = upregulated miRNAs, green = downregulated miRNAs. (Damani, 
2015). 
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Expression profiling of BM-MSCs undergoing osteogenic differentiation has implicated 

miR-31 as a key regulator of Osterix. miR-31 is thought to suppress Osterix expression 

by binding to and degrading the mRNA and inhibition of miR-31 resulted in an 

upregulation of Osterix (Baglìo et al., 2013). miR-31 is also reported to regulate 

osteogenesis by targeting SATB2, a promotor of osteoblast differentiation. 

Overexpression of SATB2 was shown to increase differentiation of ASCs while 

inhibition decreased osteogenesis. miR-31 is thought to repress translation of SATB2, 

thereby impairing osteogenic differentiation. In this study overexpression of miR-31 

decreased osteogenesis and knockdown of miR-31 increased osteogenic differentiation 

(Xie et al., 2014). Similarly, miR-31 is also reported to negatively regulate adipogenic 

differentiation as it is substantially downregulated during adipogenic differentiation of 

ASCs (Chen et al., 2013; Son et al., 2014; Tang et al., 2009). 

 

miR-21 acts within the Wnt signalling pathway to positively regulate osteogenesis in 

human umbilical cord MSCs by indirectly activating the transcription of RUNX2. 

Overexpression of miR-21 correlated with an increase in osteo-related genes including 

Runx2 and osteocalcin. Accordingly inhibition of miR-21 correlated with a 

downregulation of these genes (Huang et al., 2016; Meng et al., 2015). Interestingly, Kim 

et al (2009) observed a transient increase in miR-21 expression in ASCs soon after the 

induction of adipogenic differentiation, and by 3 days after differentiation the expression 

levels began to decrease again. By overexpressing miR-21 in ASCs using a lentivirus, 

they found no difference in osteogenic differentiation but an increase in adipogenic 

differentiation of the cells (Kim et al., 2009). The published evidence therefore suggests 

that miR-21 is likely to promote adipogenesis and inhibit osteogenic differentiation 

(Meng et al., 2015). 

 

It has been reported that miR-21 is involved in the adaptation of MSCs to their substrate 

by controlling the ‘fibrotic memory’ of the cells. Expression of miR-21 increases 

progressively as MSCs are cultured on plastic but remains low if they are cultured on soft 

substrates. This correlates to overexpression of miR-21 in soft-primed MSCs displaying 

an increased capacity for osteogenic and a reduced capacity for adipogenic 

differentiation. The opposite was seen for plastic/stiff substrate cultured MSCs. (Li et al., 

2016). Li et al propose that resetting miR-21 expression levels on plastic could alter the 
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mechanical memory of the cells, thereby affecting not only the differentiation potentials 

but also the levels of fibrosis so also the capacity for regeneration and wound healing of 

the MSCs (Li et al., 2016). In addition, miR-21 is extremely abundant in solid tumours, 

which suggests a role in the control of cell proliferation and/or apoptosis (Yadav et al., 

2016). 

 

miR-378 has a known role in adipogenesis and has been linked with PPARγ, a regulator 

of adipogenesis. miR-378 and miR-378* ( the complimentary strand to miR-378) are 

coexpressed with peroxisome proliferator-activated receptor γ coactivator 1-beta (PGC-

1β), which, among other roles, regulates fatty acid metabolism (Lin et al., 2005). The 

localization of miR-378 to the first intron of PGC-1β adds to its interest as it is an area 

highly conserved between species suggesting functional importance (Gerin et al., 2010). 

In mice it was found that miR-378/378* knockout mice have a resistance to high-fat-diet 

induced obesity (Carrer et al., 2012). Not only is it apparent that miR-378 plays a role in 

adipogenesis, it is also likely to play a role in lipid metabolism. Overexpression of miR-

378 during adipogenesis in mice increased triacylglycerol accumulation and the size of 

lipid droplets but did not appear to affect levels of adipogenesis from preadipocytes to 

adipocytes (Gerin et al., 2010). In addition to regulating adipogenesis, there is some 

evidence of miR-378 playing a role in osteogenesis through the bone morphogenic 

protein (BMP) signalling pathway. Overexpression of miR-378 is reported to increase 

levels of BMP-induced osteogenic differentiation in mice (Huang et al., 2016; Hupkes et 

al., 2014). In conjunction with being pro-osteogenic, miR-378 also functions to activate 

pathways such as the phosphoinositide 3-kinase (PIK3) pathway, which in turn leads to 

the suppression of proteins that enhance apoptosis (You et al., 2014). This suggests that 

this microRNA may have a role in maintenance of a ‘stemmy’ state in cells.  

 

Metabolism plays an integral part in the determination of cell lineage fate in the early 

stages of differentiation in MSCs (Wanet et al., 2015). PCG-1β as well as being involved 

in adipogenesis is also a transcriptional regulator of oxidative metabolism. Interactions 

between miR-378 and PCG-1β can determine metabolic shifts within cells. This has been 

revealed in breast cancer cells whereas the cell progresses to a cancerous state miR-378* 

expression is upregulated. Induction of miR-378* resulted in an increase in cellular 

proliferation and a decrease in cellular respiration and ATP turnover. Inhibition of miR-
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378* showed the reverse effect (Eichner et al., 2010). Cancer cells are able to exploit 

existing pathways and alter them in order to improve growth and proliferation and it 

seems that miR-378/378* is potentially a prime target for this purpose due to its 

involvement in cell ‘stemminess’. 

 

1.4 Aims of the Project 
 

In the field of regenerative medicine there are a vast number of disorders, diseases and 

trauma cases in need of tissue repair methodologies. Recently the use of stem cell 

therapies for this purpose has become an appealing option. ASCs are already being used 

in clinical trial for various disorders such as limb ischemia (Bura et al., 2014), fistulas 

(García-Olmo et al., 2005; Herreros et al., 2012), heart disorders (Houtgraaf et al., 2012; 

Perin et al., 2014) and arthritis (Bui et al., 2014; Shafaei et al., 2016). The majority of 

trials are currently using expanded ASC populations, which are shown to be less potent 

than unpassaged cells. Success in these early clinical trials highlights the possibilities 

using potentially sub-optimal ASCs. Ours and other data (Lo Surdo et al., 2013; Park et 

al., 2011; Wan Safwani et al., 2011) suggest that further improvements to therapeutic 

efficacy may be achieved by using more potent cells.  

 

The primary goal of this project is to characterise the molecular mechanisms underlying 

loss of ASC differentiation potential. Understanding this will provide insight into the 

observed phenomenon of the decrease in potency with time in culture. Selection of 

miRNAs, mRNAs and pathways of interest and assessment of the function of these 

molecules may provide a way to remedy the decrease in potency. If this is accomplished, 

it could result in methods to maintain and/or rescue differentiation potential of ASCs. 

miRNA-targeted therapies are growing in interest within the field of regenerative 

medicine (Shibata et al., 2013). Developments in this area may soon mean wider-spread 

use for miRNA manipulation. Success in restoration of ASC potential to late passage cells 

in turn could mean that the most potent cells will be available for future regenerative 

therapies. 
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2. METHODS 
 
2.1 Tissue Collection 
 
Human lipoaspirate was obtained from four donors that underwent cosmetic liposuction 

surgery at the New Zealand Liposuction Institute. All donors were consenting and 

collection of biological materials was done as per protocol outlined by the Northern 

Regional Ethics Committee, New Zealand (ethics number NTX/07/02/003). 

 

2.2 Media and Buffers 
 

Standard ASC Medium  
Dulbecco’s modified eagle media/ Ham’s F12 nutrient mixture (DMEM F-12; Cat# 

11330-32, Gibco® /Life Technologies, Carlsbad, CA, United States)  

10% Fetal Bovine Serum (FBS), (Cat# 10091-148, Life Technologies)  

1% Penicillin-Streptomycin 10,000 U/ml (P/S; Cat# 15140-122 Invitrogen™ Carlsbad, 

CA, United States)  

1× GlutaMAX (GMAX; Cat# 35050-061, Invitrogen™)  

 

Freezing medium  
20ml FBS  

20% (5 ml) Dimethyl Sulfoxide Hybri-Max™ (DMSO; Cat# 2650, Sigma-Aldrich, St. 

Louis, MO, United States)  

 

Adipogenic Differentiation Medium  
50ml ASC medium  

200μM indomethacin (Cat# I7378, Sigma-Aldrich)  

10μM human insulin (Cat# 19279, Sigma-Aldrich)  

0.5mM 3-isobutyl-1-methylxanthine (IBMX; Cat# I5879-100 mg, Sigma-Aldrich; 

dissolved in DMSO)  

1μM dexamethasone (Cat# D2915, Sigma-Aldrich) 
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Osteogenic Differentiation Medium 

StemPro® Osteocyte/Chondrocyte Differentiation Basal Medium StemPro®  (Cat# 

A10069-01) 

Osteogenesis Supplement (Cat# A10066-01) 

 

Alizarin Red Stock Solution 
2g Alizarin Red (Cat# A5533, Sigma-Aldrich) 

-Dissolved in 100ml distilled H2O and filtered with 0.45µm filter to remove particles. 

 

FACS Buffer 

PBS 

1% AB-Human Serum (HS; Cat# 34005-100, Invitrogen™) 

 

Phosphate Buffered Saline (PBS)  
One PBS tablet pH 7.4 (Cat# P4417-100 TAB, Sigma-Aldrich)  

Dissolved in 200 ml deionized water.  

 

Tris Buffered Saline (TBS)  

80g NaCl (Cat# 1064041000, Merck)  

2g KCl (Cat# 1049360500, Merck)  

30g Ultrapure Tris Base (Cat# 15504-020, Invitrogen; A10861000, Applichem)  

-Dissolved above in 900 ml of distilled H2O (autoclaved). Adjusted pH to 8 with 

concentrated HCl. Stored at room temperature and diluted 1:10 for use. 

 
0.25% Casein Blocker  

0.5g casein  

0.195g sodium azide  

Dissolved in 200 ml of PBS with overnight stirring. Stored at -20°C. 

 

Dilution Buffer 

TBS 

10% AB-Human Serum (HS; Cat# 34005-100, Invitrogen™) 
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2.3 Lipoaspirate Processing and SVF Isolation 
 

ASCs were isolated from samples of human subcutaneous adipose tissue taken with 

informed consent from healthy non-obese donors during elective liposuction surgery. All 

tissue processing was carried out under sterile conditions in a class II tissue culture hood. 

Lipoaspirate was poured into 50ml falcon tubes and washed twice with equal measure of 

sterile PBS at room temperature. The samples were centrifuged at 1800rpm for 10 

minutes. The adipose tissue was then incubated in a water bath at 37°C for 60 minutes in 

a solution of 0.15% collagenase type I in PBS for enzymatic digestion. After digestion, 

the samples were centrifuged allowing the formation of cell pellets of stromal vascular 

fraction (SVF). Pellets were combined, resuspended in 50ml of standard ASC medium 

and passed through a 100µm Falcon™ cell strainer to remove any remaining tissue. Once 

filtered, the cells were centrifuged to reform pellets. Supernatant was discarded and 

pellets were resuspended in ASC medium combined with freezing medium for storage in 

liquid nitrogen. 

 

2.4 ASC Isolation  
 

ASCs were isolated from SVF using three methods outlined below. 

 

2.4.1 Plastic adherence culture 
 

ASCs were isolated from SVF using the methods outlined below and were then cultured 

in ASC medium in a Falcon™ T75 culture flask. Cells were passaged when they reached 

between 80% and 95% confluence as described in more detail below. 

 

2.4.2 Magnetic activated cell sorting 
 

MACS sorts were performed by Eloise Williams. SVF samples were removed from liquid 

nitrogen and thawed in a 37°C water bath. Using a pasteur pipette the samples were 

transferred to a 15ml falcon tube. They were washed with 12ml pre-warmed standard 

ASC medium and spun in a centrifuge for 5 minutes at 1300rpm. The supernatant was 

removed and the pellet was resuspended in 10ml ASC media with 5µl benzonase. 
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Following this, the cell suspension was rested for 1 hour in a 37°C, 5% CO2 incubator and 

then strained using a Falcon™ 100µm cell strainer. Cells were then resuspended in 

MACS buffer. The cell suspension was stained with an antibody cocktail made up of 

CD31, CD45, CD146 and CD235a to negatively select known non-ASCs from within the 

SFV (table 2). After staining the cells were incubated at 4°C for 10 minutes after which 

they were washed with MACS buffer and spun twice, each time for 10 minutes at 300G. 

Cells were resuspended in a solution of 200µl MACS buffer and 20µl Miltenyi Biotec 

Anti-FITC MicroBeads (Miltenyi, Bergisch Gladbach, Germany) and incubated at 4°C 

for 15 minutes. This wash and spin step was repeated and then the cells were resuspended 

in 500µl MACS buffer. The LS MACS column was attached to the magnet and washed 

with 3ml MACS buffer. The cells were then passed over the column and washed three 

times with 3ml MACS buffer. The flow-through and the ASCs were collected in 15ml 

falcon tubes. The column was then removed from the magnet and washed with 5ml 

MACS buffer to collect the rest of the cell population. Cells were counted and checked 

for purity on the BD Accuri C6 flow cytometry machine. MACS sorted ASCs were then 

used in assays or kept in continuous culture for later experiments. 

 

Antibody Full Name Clone Catalogue Number  Dose (µl) 

CD31 FITC anti-human CD31  WM59 303104 2 

CD45 FITC anti-human CD45  HI30 304006 2 

CD146 FITC anti-human CD146 PIH12 361012    2 

CD235a FITC anti-human CD235a H1264 349104 2 

Table 2: Antibodies and doses used for MACS sorting of ASCs from SVF. All antibodies from 
BioLegend. 

 

2.4.3 Fluorescence activated cell sorting 
 

FACS sorted cells from previous student Tanvi Damani were used, process outlined in 

her masters thesis (Damani, 2015) 
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2.5 Cell Culture 
 

Cells were cultured for use in experiments using the methods described below. 

 

2.5.1 Continuous culture 
 

ASCs were cultured in standard ASC medium in Falcon™ T75 culture flasks and stored 

in a 37°C, 5% CO2 incubator. In continuous culture, media was changed every 3-4 days. 

To passage cells media was removed and the cells were incubated at 37°C for 5 minutes 

in 2ml TryPLE™ Select (Life Technologies) to lift the cells from adhesion to the plastic. 

After 5 minutes the flasks were tapped to encourage the cells to detach from the surface, 

this was checked under the microscope and a further 3 minute incubation was allowed if 

some cells were still stuck to the plastic. The TryPLE™ was washed off using 12ml 

standard ASC medium and the cell suspension was transferred into a 15ml falcon tube to 

be spun for 5 minutes at 1300rpm. The supernatant was removed and the cell pellet was 

resuspended in 1ml ASC medium. This 1ml cell suspension was split put into new flasks 

with 12ml pre-warmed ASC medium. Cells passaged when between 80% - 90% 

confluent, approximately twice a week when early passage and once a week when cells 

are older. Cells were kept in 37°C, 5% CO2 incubator while growing. 

 

2.5.2 Freezing cells 
 

ASCs were frozen in a 50/50 solution of standard ASC medium and freezing medium. 

They were put into a 1.5ml cryovial (ThermoFisher Scientific) and frozen at -80°C in a 

Mr Frosty to control the rate of freezing. Cryovials were then transferred to liquid 

nitrogen for long term storage. 

 

2.5.3 Thawing cells 
 

SVF samples were removed from liquid nitrogen and thawed in a 37°C water bath. Using 

a pasteur pipette the samples were transferred to a 15ml falcon tube. 12ml of pre-warmed 

standard ASC medium was added drop by drop and then spun at room temperature (20°C) 
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for 5 minutes at 1300rpm. The wash step was repeated and the cells were resuspended in 

ASC medium and seeded into T75 flasks for culture. 

 

2.6 Molecular Biology 
 

2.6.1 RNA extraction 
 

All RNA work was done using filter pipette tips on a specified RNA bench that had been 

cleaned with RNAZap (ThermoFisher Scientific). RNA extraction was done using the 

mirVana miRNA isolation kit (Invitrogen) following the manufacturer’s protocol for 

isolation of RNA retaining miRNA. ASCs freshly isolated from a MACS sort were spun 

to a pellet (5 minutes at 1300rpm) and the supernatant was removed. The pellet was 

washed with 2ml ice cold sterile PBS and the spin step was repeated. The supernatant was 

removed completely, cells were resuspended in 600µl lysis buffer and moved to a 1.5ml 

Eppendorf tube for storage at -80°C. Remaining cells from the MACS sort were cultured 

for 3 days or 28 days and the above process was repeated resulting in cells in lysis buffer 

for days 0, 3 and 28 ready for RNA extraction. The frozen RNA in lysis buffer was 

removed from the freezer for 3 donors at each time point and, once thawed, put 

immediately on ice. 60µl of miRNA homogenate additive was added to each tube, mixed 

well with a short vortex and incubated on ice for 10 minutes. 600µl of phenol/chloroform 

was added to each tube, this was taken from the bottom layer of the phenol/chloroform 

solution. Each tube was vortexed for 30-60 seconds and then spun at room temperature 

for 5 minutes at maximum speed to separate the aqueous and organic phases. The top 

(aqueous) layer was removed and put into a fresh 1.5ml Eppendorf tube with care not to 

disturb the bottom layer, which was discarded. 750µl of molecular grade room 

temperature EtOH was then added to each tube and mixed thoroughly. The first 700µl of 

the lysate/EtOH mix was placed onto a filter cartridge in a fresh collection tube from the 

mirVana kit and centrifuged for 15 seconds at 10,000rpm. The flow through was 

discarded and the filter step was repeated with the remaining 700µl of the mix. The filters 

were then washed with 700µl of wash solution 1 and spun for 5-10 seconds at 10,000rpm, 

after which the flow through was discarded. 500µl of wash solution 2/3 was then added 

onto each filter and the spin and discard steps were repeated. This was done twice. The 

wash was poured out of the collection tube for a final time and tubes with filter cartridges 
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were dry-spun for 1 minute. After the dry spin the filter cartridges were moved to fresh 

collection tubes and the RNA was eluted with 40µl of 95°C nuclease-free H2O. Tubes 

were spun for 30 seconds at 10,000rpm and then a second elution was done into the same 

tube using the same 40µl that had just been passed through the filter. Tubes spun again 

for 30 seconds at 10,000rpm and filter cartridges were then discarded. The RNA was 

nanodropped to determine concentration and purity and then frozen at -80°C. 

 

2.6.2 cDNA synthesis 
 

2.6.2.1 cDNA synthesis for miRNA 
 

cDNA synthesis for small RNAs was done using the TaqMan® microRNA Reverse 

Transcription Kit (ThermoFisher Scientific). All reagents were thawed on ice including 

the RNA and 5x TaqMan® primers (ThermoFisher Scientific). RNA samples were diluted 

to 2ng/µl with nuclease free water. In an 1.5ml Eppendorf tube, one master mix was made 

for each probe which included enough for 0.15µl 100mM dNTPs, 0.5µl 50U/µl 

MultiScribe RT, 1.5µl 10x RT buffer, 0.095µl 20U/µl RNAse inhibitor and 4.76µl 

nuclease free water per sample. Enough probe for 3µl per sample was added to each 

master mix and then 10µl of the master mix was added to 5µl of 2ng/µl RNA in a 96-well 

PCR plate. This was then sealed with a cover sheet and put into a thermal cycler for the 

following incubations; 30 minutes at 16°C, 30 minutes at 42°C, 5 minutes at 85°C, held at 

4°C. If not used immediately for qPCR, cDNA was stored at -20°C. 

 

2.6.2.2 cDNA synthesis for mRNA 
 

First strand cDNA synthesis was done using the SuperScript III First-Strand Synthesis 

System kit (Invitrogen) for qPCR to validate expression patterns of genes of interest from 

the microarray data. 8µl of RNA from each sample was added to a 96-well PCR plate 

(Scientific Specialties Inc.). A master mix was made containing 50ng/µl random 

hexamers and 10mM dNTPs, enough for 1µl of each per well and added 2µl of master 

mix to each well containing RNA. The plate was then sealed with a cover sheet and 

incubated at 65°C for 5 minutes, it was then kept on ice for at least once minute. A second 

master mix containing enough for 2µl of 10x RT buffer, 4µl 25mM MgCl2, 2µl 0.1M 

DTT, 0.5µl RNAseOUT and 0.5µl superscript III per well was made up. Half doses of 
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enzyme were used so an extra 1µl per well of H2O was added. 10µl of this master mix 

was assed to each well and the plate was sealed again and returned to a thermal cycler for 

the following incubations; 25°C for 5 minutes, 50°C for 50 minutes, 70°C for 10 minutes, 

then held at 4°C until collected. If not used immediately for qPCR, cDNA was stored at -

20°C. 

 

2.6.3 Quantitative real-time polymerase chain reaction (qPCR) 
 

2.6.3.1 miRNA qPCR 
 

qPCR was used to validate differential expression patterns of various miRNAs from the 

pre-existing microarray data. cDNA and TaqMan® 20x probes (ThermoFisher Scientific) 

were thawed on ice, Fast Advanced Universal Master Mix 2x (Applied Biosystems, 

Foster City, CA, United States) was also put on ice. Master mixes were made for each 

probe with enough for 0.5µl of 20x probe, 5µl Universal Master Mix and 3.84µl nuclease 

free water per sample in triplicates. 2.35µl of cDNA was added to separate wells of a 96-

well PCR plate, 32.65µl of master mix was added to each well manually and then the 

Eppendorf epMotion 5075 Liquid Handling Robot was used to pipette triplicates into a 

384-well PCR plate. A no template control with no cDNA was also included for each 

probe set.  Once all samples were loaded in the 384-well plate, the plate was sealed with a 

cover sheet and spun for 2 minutes at 1000rpm. qPCR was run using the Applied 

Biosystems 7900HT Sequence Detection System with a hold of 20 seconds at 95°C and 

then 40 cycles of 1 second at 95°C followed by 20 seconds at 60°C. Results were checked 

for correct thresholding and then exported and analysed against RNU44 as a housekeeper 

using Microsoft Excel. 

 

2.6.3.2 mRNA 
 

qPCR was used to validate differential expression levels of target genes from pre-existing 

microarray data. Master-mixes were made to allow for 5µl of 2x Roche TaqMan® FAST 

Universal PCR Master Mix, 0.5µl of 20x TaqMan® probe and 2.5µl nuclease free H2O per 

sample, with between 2-10ngs cDNA, or no template for control reactions. 8µl of master 

mix plus 2µl of cDNA was transferred to a 384-well plate. This step was completed using 

the Eppendorf epMotion 5075 Liquid Handling Robot. Once all samples were loaded into 
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the 384-well plate, the plate was sealed with a cover sheet and spun for 2 minutes at 

1000rpm. qPCR was run using the Applied Biosystems 7900HT Sequence Detection 

System with a hold of 20 seconds at 95°C and then 40 cycles of 1 second at 95°C 

followed by 20 seconds at 60°C. Results were checked for correct thresholding and then 

exported and analysed against B2M and HPRT1 as housekeepers using Microsoft Excel. 

 

2.7 Differentiation Assays 
 

Two different differentiation assays were used during this project, one to direct ASCs 

down the adipogenic lineage and one to direct ASCs down the osteogenic lineage. These 

assays were used in conjunction with transfection assays to determine the differentiation 

potential of ASCs. Assays were all completed in sterile conditions in a class II tissue 

culture hood until the staining steps. 

 

2.7.1 Adipogenesis 
 

ASCs were seeded into a 96-well plate at 1x104 cells in 200µl of standard ASC medium 

per well. They were left to settle overnight in a 37°C, 5% CO2 incubator and then 100µl 

of ASC medium removed and replaced with 100µl adipogenic differentiation medium in 

experimental wells; control wells cultured in standard ASC medium. Media was changed 

every 2-3 days with standard ASC medium or adipogenic differentiation medium for 

control and experimental wells respectively. On day 14, images were taken of wells pre-

staining using the Leica DMI3000 B Inverted Microscope equipped with a Leica DFC290 

camera and Leica Application Suite (LAS) software. Cells were then stained with FABP4 

in order to ascertain differentiation into adipocytes. 

 

2.7.2 Osteogenesis 
 

ASCs were seeded into a 96-well plate at 5x103 cells in 200µl of standard ASC medium 

per well. Plates were left in the 37°C, 5% CO2 incubator overnight to settle. 100µl of 

medium was removed and replaced with StemPro® osteogenic differentiation medium in 

experimental wells and with standard ASC medium in control wells. Media was changed 

as aforementioned every 2-3 days for 3 weeks. On day 21 images were taken of wells pre-
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staining with the Leica DMI3000 B Inverted Microscope equipped with a Leica DFC290 

camera and LAS software. Cells were then stained with Alizarin Red to assess 

differentiation into osteoblasts. 

 

2.8 Immunocytochemistry 
 

2.8.1 FABP4 
 

ASCs were stained with FABP4 on day 14 of all adipogenic assays in order to quantify 

differentiation of ASCs into adipocytes. All media was removed from the wells and 50µl 

of ice cold methanol was added to each well and left at room temperature with the lid half 

off to fix and permeabilise. After 5 minutes the methanol was removed and each well was 

washed with 200µl TBS. 50µl of 0.25% casein blocker was added to each well and 

incubated with the lid closed for 10 minutes. Wells were washed again with TBS and 

50µl of rabbit anti-human FABP4 polyclonal antibody (Cayman Chemical, Ann Arbor, 

MI, United States) 1:200 in dilution buffer was added to each well. Only dilution buffer 

was added to no primary control wells. Plates were incubated at room temperature with 

the lids closed for 1 hour. Wells washed again with 200µl TBS and then 3 more times 

with TBS plus gentle rocking for 5 minutes. 50µl of Alexa Fluor® 488 conjugated Goat 

anti-Rabbit IgG secondary antibody (ThermoFisher Scientific) at a 1:200 dilution made 

with 1:2000 DAPI in dilution buffer was added to each well and incubated with the lids 

closed for 1 hour (covered with foil to prevent bleaching). After incubation the wells 

washed once with 200µl TBS and again with 200µl TBS for 15 minutes with gentle 

rocking, still covered with foil. Wells were blotted dry ad 100µl of 0.4mg/ml thimerosal 

was added to each and allowed to set overnight at 4°C. Plates were imaged within 5 days 

of staining using the ImageXpress Micro XLS high content screening system. 

 

2.8.2 AHNAK 
 

ASCs were cultured in Falcon™ 8-well chamber slides and stained for AHNAK 

expression as a positive control to test efficiency of DharmaFECT (GE Dharmacon, 

Lafayette, CO, United States) as a transfection reagent. All media was removed from the 

wells and 100µl of ice cold acetone was added to each sample for 5 minutes to fix. Cells 

were washed once with 250µl TBS and blocked with 75µl of 0.25% casein blocker for 10 
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minutes at room temperature. The cells were washed again with TBS, then 75µl of 

AHNAK mAb IgG1 1:100 in dilution buffer was added to each well and incubated for 1 

hour at room temperature. Cells were washed once with 250µl TBS, and then 3 times 

with TBS and gentle rocking for 5 minutes. 100µl secondary antibodies aIgG1 Alexa 488 

1:200 with 1:2000 DAPI in dilution buffer was added to each well and incubated for 1 

hour, covered with foil to prevent bleaching. After incubation, the cells were washed once 

with 250µl TBS and again 2 times with gentle rocking for 15 minutes, also covered with 

foil. Slides were separated from the walls of the wells and covered with ProLong® Gold 

Antifade Mountant (ThermoFisher Scientific) and a cover slip. Clear nail polish was used 

to seal the edges of the cover slip and the slides were kept wrapped in foil at 4°C. Slides 

were imaged within 2 days of staining on the Nikon Ni-U Fluorescence Microscope at 

200x magnification. 

 

2.9 Alizarin Red Stain 
 

Alizarin Red stain was used to assess the differentiation of ASCs down the osteogenic 

lineage following an osteogenesis assay. In preparation for staining, approximately 15ml 

of Alizarin Red stock solution was transferred into a 50ml falcon tube and the pH was 

measured to ensure it was between 4.1 and 4.3. Once the stock solution was at the right 

pH it was filtered using a 0.45µm Millex® syringe filter (Millipore, Billerica, MA, United 

States). Media was removed from all wells and the cells were fixed with 50µl of 4% 

formaldehyde for 30 minutes at room temperature. Cells were washed twice with 200µl 

H2O, then 50µl of 2% Alizarin Red was added to each well and left to incubate for 5 

minutes at room temperature. Cells were washed again with water 3 times and gently 

blotted dry. Once dry the cells were imaged using the Leica DMI3000 B Inverted 

Microscope equipped with a Leica DFC290 camera and Leica Application Suite (LAS) 

software. 

 

2.9.1 Quantification of Alizarin Red stain by measuring absorbance 
 

For quantification of Alizarin Red staining, a protocol from Gregory et al was adapted 

(Gregory et al., 2004). First, 160µl of 10% (v/v) acetic acid was added to each well 

containing stain of the 96-well plate, and the plate was incubated at room temperature for 
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30 minutes with shaking. The monolayer, now loosely attached to the plate, was then 

scraped with a plastic tip cut to form a chisel shape and transferred with the 10% (v/v) 

acetic acid to a 96-well PCR plate. After vortexing for 30 seconds, the slurry was overlaid 

with a few drops of mineral oil (Sigma–Aldrich, St. Louis, MO, United States) and heated 

to exactly 85°C for 10 minutes with a rubber mat sealing the plate. The plate, still sealed 

with the rubber mat was then transferred to ice for 5 minutes. Care was taken at this point 

to avoid removing the mat until fully cooled, at which point the plate was sealed with a 

plastic cover sheet. The slurry was then centrifuged at 4700rpm for 15 minutes 

and 100µl of the supernatant was moved to a fresh well in the 96-well plate. If there were 

enough fresh wells the same plate was used, otherwise a new plate was used. 30µl of 10% 

(v/v) ammonium hydroxide was added to neutralize the acid. In some cases, the pH was 

measured at this point using pH strips to ensure that it was between 4.1 and 4.5. 100µl 

aliquots of the supernatant were read in triplicate at 405nm in a 96-well format using a 

standard Falcon™ 96-well clear plastic tissue culture plate. We used the Envision plate 

reader to measure absorbance. 

 

2.9.2 Quantification of Alizarin Red stain using ImageJ software 
 

For quantification of Alizarin Red stain using Image J software the images were imported 

into the program. The correct scale was set using the ‘set scale’ option in the ‘analyse’ 

menu and a representative image taken at the same magnification on the same microscope 

inclusive of a scale bar. Once the scale was set the Alizarin Red stained image was 

selected. In the ‘image’ menu, the image type was changed to RGB stack and the green 

channel was selected. Once this was done the threshold was adjusted, also from the 

‘image’ menu, so that only the positively stained areas were above the threshold. 

Importantly this threshold was used for all related images. Next, in the ‘analyse’ menu, 

the ‘set measurements’ option was selected. In this menu all boxes were unticked aside 

from area, area fraction, limit to threshold and display label. The measurements only 

needed to be set once. Then the image was selected again and the option ‘measure’ was 

selected from the ‘analyse’ menu. The image type, thresholding and measure steps were 

repeated for each image and measurements were recorded as percentages of the wells 

stained in an exportable table by ImageJ. 
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2.10 Transfection Assays 
 

2.10.1 Preliminary transfection assays 
 

As ASCs had not yet been transfected in this laboratory, a number of preliminary assays 

were performed in order to ascertain which commercially available transfection reagent 

was most effective at transfecting ASCs, and to optimise use of this reagent. 

 

2.10.1.1 Assessing efficiency of 3x reagents 
 

To find the most effective transfection reagent for the cell type, ASCs were transfected 

with a fluorescently labelled siRNA BLOCKiT™ (Invitrogen) at 3 different 

concentrations using each of 3 commercially available transfection reagents, 

Lipofectamine® (ThermoFisher Scientific), HiPerFect (Qiagen, Hilden, Germany) and 

DharmaFECT 1 (GE Dharmacon) also at 3 concentrations. This was done in duplicate in 

3 different donors. Cells were seeded in 200µl of antibiotic-free standard ASC medium in 

a 96-well plate at 1x104 cells per well and left to settle overnight in a 37°C, 5% CO2 

incubator. The next day, transfection was done according to protocols specific to each 

reagent using 0.4µl, 0.5µl and 0.6µl of 5µM BLOCKiT™ and 1µl, 1.5µl and 2µl of 

transfection reagent plus a no BLOCKiT™ control and a no transfection reagent control. 

Therefore there were a total of 11 experimental conditions for each donor (table 3) 

 
Condition Transfection Reagent BLOCKiT™  (5µM) 
1 1µl 0.4µl 
2 1µl 0.5µl 
3 1µl 0.6µl 
4 1.5µl 0.4µl 
5 1.5µl 0.5µl 
6 1.5µl 0.6µl 
7 2µl 0.4µl 
8 2µl 0.5µl 
9 2µl 0.6µl 
No siRNA 1.5µl 0µl 
No Reagent 0µl 0.5µl 
Table 3: Experimental conditions for assessing transfection efficiency. 

 

For Lipofectamine®, in a 1.5ml Eppendorf tube, 3 of each volume of BLOCKiT™, was 

diluted in 12.5µl of Opti-MEM® Reduced-Serum Medium (Life Technologies). In a 

separate tube 3 of each volume of Lipofectamine® was diluted in 12.5µl Opti-MEM®. 
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Tubes 1 and 2 were mixed together so there was one of each of the 11 conditions (table 3) 

in a total of 25µl of Opti-MEM® and incubated at room temperature for 5 minutes. 100µl 

of media was removed from each well and replaced with 10µl of each mixture plus 90µl 

of antibiotic-free standard ASC medium. Plates were incubated overnight at 37°C, 5% 

CO2.  

 

For HiPerFect, in a 1.5ml Eppendorf tube 3 of each volume of BLOCKiT™ was diluted 

in 25µl of Opti-MEM®. Then 3 of each volume of HiPerFect was added as appropriate to 

meet the conditions in table 3, these were then mixed by vortexing and incubated for 5-10 

minutes at room temperature. 100µl of media was removed from each well and 10µl of 

complexes was added to each well slowly, plus 90µl of antibiotic-free standard ASC 

medium. Plates were incubated overnight at 37°C, 5% CO2. 

 

For DharmaFECT, tubes 1 and 2 were prepared as for Lipofectamine®, described above, 

however each tube was incubated for 5 minutes at room temperature before mixing 

together. After the 5 minute incubation the contents of each tube were mixed together 

carefully by pipetting up and down and then incubated for a further 20 minutes at room 

temperature. Following this second incubation, 200µl of antibiotic-free standard ASC 

medium was added to each tube. 100µl of media was removed from each well and 

replaced with 100µl from each of the appropriate tubes. Plates were incubated overnight 

at 37°C, 5% CO2. 

 

Transfection efficiency was assessed on the BD Accuri C6 using flow cytometry to pick 

up the percentage of cells expressing BLOCKiT™ in the experimental wells in 

comparison to the control wells. To do this the cells were detached from the plate by 

removing all media from wells, adding enough TryPLE™ to cover the cells and 

incubating at 37°C for 2-5 minutes. Detachment was assessed under a light microscope 

and when cells were sufficiently detached 200µl of FACS buffer was added to each well. 

The contents of each well were moved to a curved bottomed plate and spun at 1300rpm 

for 5 minutes. The plate was flicked upside down to remove the media, cells were 

resuspended in 50µl FACS buffer and moved to FACS tubes. The tubes were kept on ice 

until they were vortexed and run on the BD Accuri C6.  
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2.10.1.2 Optimisation of DharmaFECT 
 

To find the optimal concentrations of siRNA and transfection reagent for DharmaFECT, 

ASCs were transfected with BLOCKiT™ at 3 different concentrations and DharmaFECT 

at 3 different concentrations. This was done in duplicates in 2 different donors. ASCs 

were seeded at 1x104 cells per well in antibiotic-free ASC medium in a 96-well plate and 

left to settle overnight. The transfection protocol was carried out the next day as 

previously described for DharmaFECT using the experimental conditions in table 4. 

 

Condition  DharmaFECT BLOCKiT™  (5µM) 
1 0.25µl 0.4µl 
2 0.25µl 0.6µl 
3 0.25µl 0.8µl 
4 0.5µl 0.4µl 
5 0.5µl 0.6µl 
6 0.5µl 0.8µl 
7 1µl 0.4µl 
8 1µl 0.6µl 
9 1µl 0.8µl 
No siRNA 1µl 0.0µl 
No Reagent 0µl 0.8µl 
Untouched 0µl 0.0µl 
Table 4: Experimental conditions for optimising DharmaFECT transfection efficiency. 

 

Transfection efficiency was assessed using flow cytometry as described above with an 

additional control of ‘untouched’ wells which were treated with only Opti-MEM® when 

the other wells were transfected according to the conditions in table 4. 

 

2.10.1.3 Time course and differentiation with DharmaFECT 
 

ASCs were transfected in conjunction with an adipogenic differentiation assay and 

analysed with flow cytometry at varying time intervals. Cells from one donor at P10 were 

seeded into a 96-well plate at 1x104 cells in 200µl of antibiotic-free standard ASC media 

per well and left to settle overnight. The cells were transfected according to the 

previously described protocol for transfection with DharmaFECT using condition 6 from 

table 4. At the 24 hour time point after transfection the necessary wells were treated with 

adipogenic differentiation medium, control wells were treated with standard ASC 

medium and this continued throughout the experiment as with a regular adipogenesis 

assay. Both cells grown in differentiation media and control cells were detached using 
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TryPLE™ at 24 hours, 72 hours, 8 days, 10 days and 14 days after the initial transfection 

for analysis using flow cytometry. This was to see how much of the BLOCKiT™ 

remained in the cells over time, and whether transfection was still efficient while ASCs 

were differentiating. Additionally, a number of the wells underwent a repeat transfection 

one week after the initial transfection (day 6) and were likewise detached for flow 

analysis 24 hours, 72 hours and 8 days after this second transfection. This was to assess 

whether the cells could tolerate repeat transfection and whether this resulted in a higher 

transfection rate over a long culture period. All wells were imaged on a light microscope 

on days 0, 4, 7 and 14 of the experiment. Apart from the initial 24 hour time point which 

only had cells that were yet to be treated with adipogenic differentiation media, all time 

points had an untouched control, a DharmaFECT only no BLOCKiT™  control and a 

fully transfected well for both standard ASC medium and adipogenic differentiation 

medium wells. 

 

2.10.1.4 AHNAK as positive control for transfection 
 

To be able to use AHNAK as a positive control to test transfection rates, localisation of 

AHNAK in ASCs had to be determined. ASCs at P12 were used and HaCaT cells (a 

human immortalised keratinocyte cell line) were used as a positive control as localisation 

of AHNAK in HaCaTs is known. ASCs and HaCaTs were seeded at 2x104 cells in 250µl 

of ASC media per well of an 8-well chamber slide. They were left to grow in a 37°C, 5% 

CO2 incubator for 3 days until confluent and then stained according to AHNAK protocol 

outlined in ICC section of methods.  

 

AHNAK was used as a positive control for transfection of ASCs as it is more similar in 

function to the miRNA mimic and inhibitor than BLOCKiT™, which only fluoresces. 

Transfection with 10 nmol/l ON-TARGETplus SMARTpool siRNA targeting AHNAK 

was done according to the DharmaFECT transfection protocol in 8-well chamber slides in 

2 donors at P10. A time-course was done with one chamber slide for each of 3, 7, 10 and 

14 day time points. Each chamber slide had a DharmaFECT only no AHNAK control, a 

scrambled control, and two fully transfected experimental wells, one to be used as a no 

primary antibody control for ICC staining. Volumes were scaled up from 200µl per well 

used in 96-well plates to 250µl per well of the chamber slides in order to maintain 

consistency in reagent concentrations. At each time point cells were stained for AHNAK 
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and imaged on the Nikon Ni-U upright epifluorescent microscope. The day 10 and 14 

slides were both re-transfected on day 7. Half media changes were done in all wells every 

2-3 days.  

 

2.10.2 Transfection with differentiation assays 
 

A number of experiments were carried out using a combination of transfection and 

adipogenic or osteogenic differentiation assays. All of these used the optimised conditions 

for DharmaFECT (condition 6 in table 4) and standard adipogenic or osteogenic 

differentiation assays. For each of these assays cells were seeded in the morning and then 

transfected either later the same day once the cells had settled or were transfected the next 

day. The first treatment with differentiation media was the day after transfection and 

continued every 2-3 days for 14 days or 21 days for adipogenic and osteogenic assays 

respectively. These assays all included untouched, DharmaFECT only and scrambled 

controls for cells grown in both standard ASC medium and differentiation medium. Cells 

were transfected with BLOCKiT™, miRNA mimic MC11360 human miR-378-3p 

(Applied Biosystems), mirVana® miRNA inhibitor, hsa-miR-21-5p, MH10206, 

miRBase Accession #MIMAT0000076 (Invitrogen) and mirVana™ miRNA Inhibitor, 

Negative Control #1 (Invitrogen). 

 

2.11 Colony Forming Unit Assays 
 

Colony forming unit assays were done to assess proliferative capabilities of ASCs. This 

assay was done using transfected cells. Cells from 3 donors were seeded at 1x104 cells per 

well in a 96 well plate and transfected with the following conditions; untouched, 

DharmaFECT only, scrambled control, miR-21 inhibitor, miR-378 mimic and mimic + 

inhibitor. Two extra wells were seeded, one untouched and one transfected with 

BLOCKiT™, these were to be run on the BD Accuri C6 at the end of the assay to confirm 

transfection. Three days after transfection the cells were detached with TryPLE™, moved 

to a 96-well curved-bottomed plate and washed with antibiotic-free standard ASC 

medium. The plate was spun at 1300rpm for 5 minutes, supernatant was removed and 

cells were resuspended in ASC medium. Cells from each transfection condition were 

seeded in a serial dilution starting with 5x103 cells to fill a 6-well plate. Each well 

contained 2ml of antibiotic-free standard ASC media and plates were kept in a 37°C, 5% 
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CO2 incubator. Cells were cultured for 7 days with a half media change every 2-3 days. 

On day 7 media was removed from each well, cells from the plates containing untouched 

cells and BLOCKiT™ were detached using TryPLE™ and run on the BD Accuri C6. All 

other plates were washed twice with PBS and fixed with absolute methanol for 5 minutes. 

Cells were then stained with 0.1% crystal violet for 60 minutes at room temperature. 

Wells were washed 2 times with water and colonies were counted under a light 

microscope.  

 

2.12 Fluorescence and Light Microscopy 
 

Fluorescent images of 96-well flat bottom plates for adipogenic differentiation assays 

were taken using either the ImageXpress Micro XLS high content screening system 

(Molecular Devices™, Sunnyvale, CA, United States), or using the Operetta High 

Content Imaging System (PerkinElmer, Waltham, MA, United States). On the 

ImageXpress, 4 images were taken per well at 10x magnification and quantitative data 

was assessed using the MetaXpress v 5.3.0.1 (Molecular Devices™) software. On the 

Operetta, 5 images were taken per well and quantitative data was assessed using the 

Columbus™ Image Data Storage and Analysis System software (PerkinElmer). Images 

for AHNAK transfection carried out in chamber slides was taken using the Nikon Ni-U 

Fluorescence Microscope at 20x magnification. Bright field images of osteogenic 

differentiation assays were taken using the Leica DMI3000 B Inverted Microscope 

equipped with a Leica DFC290 camera and LAS software and quantitative data was 

assessed using ImageJ software. All images were processed using Cytosketch image 

processing software. 

 

2.13 Flow Cytometry 
 

All flow cytometry to analyse transfection efficiencies was done using the BD Accuri C6. 

Detachment of cells from the plate described above. The samples were run using the BD 

Accuri C6 software, vortexing and backflushing between each sample. All further 

analysis was done using FlowJo Version 10 software. Figure 2-1 shows representative 

gating strategy used for all samples. Initial gating was done on SSC-A/FSC-A and the cell 

population of ASCs was gated (A). Next doublet exclusion was performed by gating on 
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FSC-A/FSC-H (B) followed by SSC-A/SSC-H (C). Finally a histogram showing FITC 

expression of the untransfected control was used to gate for FITC– (untransfected) and 

FITC+ (transfected) cells. This gating strategy was applied for all analysis of transfection 

efficiencies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.14 Analysis 
 

2.14.1 Microarray data and pathway analysis 
 

The Affymetrix® Transcriptome Analysis Console (TAC) 3.0 was used to analyse pre-

existing microarray data that had already been analysed for quality control using the 

Affymetrix® Expression Console™ Software. TAC was used to define genes and 

A B 

C D 

Figure 2-1: Flow cytometry gating strategy used for all flow analysis of transfection efficiencies. 
(A) Initial gating of population of interest using SSC-A/FSC-A. Doublet exclusion using (B) FSC-
A/FSC-H and (C) SSC-A/SSC-H. (D) Histogram of untouched cells to gate for percentage of 
transfected cells. FITC+ (transfected cells) represented by the right bar and FITC– (untransfected 
cells) represented by the left bar. Plotted in FlowJo v.10. 
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miRNAs that were significantly (P-value = < 0.05) differentially expressed between 

different time points of culture (day 0, day 3, day2 8) and to select target genes and 

miRNAs of interest in the loss of ‘stemminess’ of ASCs throughout continuous culture. 

Interaction network analysis was also done using TAC to marry up the miRNA and 

mRNA data in order to more carefully select targets of interest. 

 

The DIANA miRPath v.3.0. software was used with the Tarbase v.7.0. option for 

pathway analysis of top miRNA hits from the microarray data. This software displayed 

statistically significant target genes and pathways at P-value = < 0.05. 

 

2.14.2 Statistical analysis 
 

The experimental data shown represents 3 technical replicates and at least 3 biological 

repeats per experiment unless otherwise specified. All statistical analysis was done in R 

or in GraphPad Prism 4. To compare differences within and between multiple sample 

groups, one-way ANOVA with a Tukey post-test was used. This test assumes data sets 

have equal variance and a normal distribution, when these assumptions were violated the 

data was log transformed to correct unequal variances. In general the one-way ANOVA is 

fairly robust to slight violations of the normality assumption as well as disturbances to 

equality of variance when the sample sizes are equal. Therefore in some cases certain 

violations of these assumptions were tolerated during analysis as the alternative was to 

use non-parametric tests that are less robust to inequality of variance. To compare 

differences between two groups a two-sample t-test was used. Significance was accepted 

at P-value = < 0.05.  
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3. RESULTS 
 

3.1 Characterisation of ASCs in Culture 
 

ASCs that have been in continuous culture for an extended period display an altered 

morphology compared to freshly isolated ASCs. Over time in culture ASCs change in 

shape from thin, spindle-like cells to having a much flatter and larger appearance. With 

this change in shape comes the more regular presence of cytoplasmic inclusions and an 

increase in apoptosis. In addition, other properties are altered such as proliferation rate 

and differentiation capabilities. Population doubling of ASCs increases from 

approximately 3-5 days in early passage cells to 10-14 days in late passage cells (passages 

15 and above). Previous work done in this laboratory, which formed the foundation of 

this project, found a dramatic decrease in adipogenic differentiation potential of ASCs in 

late passage versus early passage cells (figure 3-1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-1: Adipogenic differentiation potential of ASCs decreases with serial passaging. ICC 
staining was used to detect FABP4 expression (shown in green), which is a marker of adipogenesis. 
Adipogenic differentiation potential is high in early passage cells (A – (P5) and B – (P8)) and 
decreases steadily as seen in (C) – P16 and (D) – P25. Images taken by Tanvi Damani (Damani, 2015) 
with Leica Fluorescence Microscope at 200x magnification. ASCs from donor 15. Cell nuclei in blue. 
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3.1.1 Late passage ASCs have decreased differentiation potential 
down the osteogenic lineage 
 

To further investigate the loss of differentiation potential in ASCs, cells were assessed for 

their differentiation potential down the osteogenic lineage. Passage 3 and passage 24 cells 

were cultured in StemPro® osteogenic differentiation medium for 21 days. To test for 

osteogenic differentiation, cells were stained with Alizarin Red. When treated with 

StemPro® osteogenesis medium, early passage (P3) ASCs produced more calcified ECM 

(indicative of osteogenesis) than late passage (P24) ASCs, as indicated by the red 

precipitate formed with Alizarin Red staining (figure 3-2). This was confirmed 

statistically significant (P-value = <0.01) by two separate quantification methods (figure 

3-3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.2 Alizarin Red stain can be reliably quantified either by 
measuring absorbance or by image analysis in ImageJ 
 

There was no established method in our laboratory to quantify Alizarin Red staining. Two 

methods were trialled using the plate shown in figure 3-3 (A). The first method involved 

solubilisation of the stain followed by measurement of absorbance using the Envision 

Figure 3-2: Osteogenic differentiation potential decreases comparing early to late passage ASCs. 
Alizarin Red staining of (A) early (P3) and (B) late (P24) passage cells from donor 30. Images 
representative of 4 images taken from each of 3 replicate wells for each passage. Images taken at 100x 
magnification using the Leica DMI3000 B Inverted Microscope equipped with a Leica DFC290 camera 
and Leica Application Suite (LAS) software. 

A 

B 
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Plate Reader (figure 3-3 (B)). The second method involved image analysis of the stained 

cells using ImageJ software (figure 3-3 (C)). These two methods yielded very similar 

results, both suggesting an approximate 30% increase in stain intensity in passage 3 cells 

compared to passage 24.  This suggests that either method can be reliably used to 

quantitate positive Alizarin Red staining in osteogenic differentiation assays. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

3.2 Microarray Data Analysis 
 

Affymetrix Transcriptome Analysis Console (TAC) software was used in order to select 

miRNAs and mRNAs that show statistically significant differences in expression when 

comparing early to late passage ASCs.  The analysis was performed using existing, 

normalised microarray data sets from 3 donors. Fold differences in gene expression were 

determined by taking the average values derived from individual expression data from 

Figure 3-3: Osteogenic differentiation potential of ASCs decreases with serial passaging. 
Quantification of (A) Alizarin Red staining in early (P3) versus late (P24) cells was performed following 
an osteogenic differentiation assay. (B) Results when quantifying the Alizarin Red stain as shown in (A) 
using a solubilisation technique followed by absorbance measurements using the Envision plate reader 
(P-value = 0.007) (C) Results when quantifying the Alizarin Red stain as shown in  (P-value = 0.001)  
(A) using ImageJ software to quantitate staining intensity from 4 fixed position images per well. Error 
bars represent standard deviations from 3 replicate wells. ** = P-value = < 0.01. 
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each donor. Any mRNA or miRNA with a fold difference greater than 2-fold and an 

ANOVA P-value less than 0.05 was considered to be differentially expressed. The time 

points used in these analysis are uncultured cells freshly isolated from SFV (day 0), cells 

recently exposed to plastic adherent culture (day 3) and cells that have been in continuous 

culture on plastic for 4 weeks (day 28). 

 

3.2.1 Selection of target miRNAs differentially expressed when 
comparing early to late passage ASCs 
 

There was a total of 1,733 human mature miRNA probe sets included in the array, of 

which 224 were found to be differentially expressed across all 3 time points. When 

comparing day 0 to day 28 a total of 188 miRNAs were differentially expressed; 145 

were up-regulated and 43 were down-regulated over time in culture. Based on fold 

changes table 5 shows the top 7 miRNAs that were upregulated and the top 7 miRNAs 

that were downregulated between day 0 and day 28. From this data and further 

investigation into current literature on the topic, we chose to validate miR-21 and miR-

378 with qPCR as the primary miRNAs of interest. Also of interest to a lesser extent was 

miR-31.  

 
miRNA  Fold Change ANOVA p-value 
hsa-miR-126_st 82.71 0.002 
hsa-miR-146b-5p_st 57.19 0.002 
hsa-miR-199b-5p_st 52.83 0.000 
hsa-miR-125b-2-star_st 48.48 0.000 
hsa-miR-378_st 36.13 0.004 
hsa-miR-148a_st 33.87 0.009 
hsa-miR-328_st 28.27 0.000 
hsa-miR-21_st -20.2 0.015 
hsa-miR-503_st -25.22 0.000 
hsa-miR-210_st -29.41 0.003 
hsa-miR-424-star_st -29.63 0.001 
hsa-miR-4521_st -56.05 0.002 
hsa-miR-138_st -106.1 0.001 
hsa-miR-31_st -720.93 0.000 
Table 5: Top 10 differentially expressed miRNAs between day 0 and day 28 
based on fold change and a significant ANOVA P-value (<0.05). Highlighted 
values indicate the miRNAs selected for further validation. Positive numbers 
reflects increased expression in day 0 cells versus day 28 cells and negative 
numbers reflect increased expression in day 28 cells compared to day 0 cells. 
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3.2.2 Selection of target mRNAs differentially expressed when 
comparing early to late passage cells 
 

A total of 49,372 probes were included in the analysis, with 11,215 found to be 

differentially expressed across all 3 time points. A total of 9,376 hits came up as 

differentially expressed between day 0 and day 28, 3,018 of which were up-regulated and 

6,358 were down-regulated. mRNAs of interest were selected based on the array analysis 

and a knowledge of gene function to identify which were likely to be most functional in 

differentiation pathways. Array data for the mRNAs that were selected for validation with 

qPCR are shown in table 6. The OKSM transcription factors were also selected based on 

their role in induced pluripotency (Takahashi et al., 2007; Takahashi & Yamanaka, 2006), 

even though only SOX2 and KLF4 were differentially expressed when comparing 

between day 0 and day 28 according to our criteria. 

 
Transcript ID Gene Fold Change ANOVA p-value 
11719634_a_at KLF4 8.25 0.00002 
11719633_a_at KLF4 33.42 0.00002 
11758746_a_at MGP 48.89 0.0001 
11716203_a_at MGP 53.68 0.005 
11742821_s_at OGN 83.12 0.00002 
11748546_a_at OGN 126.86 0.001 
11742820_s_at OGN 128.22 0.00002 
11736191_s_at OGN 266.46 0.000006 
11736190_a_at OGN 334.72 0.000008 
11717911_x_at CXCL14 4.19 0.001 
11756059_a_at CXCL14 819.27 0.002 
11717912_s_at CXCL14 940.41 0.002 
11716697_at FABP4 797.16 0.001 
11720992_a_at SOX2 2.24 0.005 
11758229_s_at GREM1 -208.27 0.001 
11717067_a_at GREM1 -189 0.0001 
11717066_at GREM1 -144.59 0.0002 
11749527_a_at POSTN -206.34 0.021 
11736423_a_at POSTN -31.11 0.002 
11747927_a_at POSTN -28.93 0.003 
11747928_x_at POSTN -27.57 0.001 
11736422_s_at POSTN -10.73 0.0001 
11718605_a_at SCRG1 -108.32 0.00004 
11757502_x_at SCRG1 -107.68 0.00005 
Table 6: Differentially expressed mRNAs between day 0 and day 28 chosen for 
validation by qPCR. Positive numbers reflect increased expression in day 0 cells 
versus day 28 cells and negative numbers reflect increased expression in day 28 cells 
compared to day 0 cells. 
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3.2.3 Interaction networks from TAC analyses reveal connections 
between selected target mRNAs and miRNAs  
 

Combination of the miRNA and mRNA microarray data in TAC enabled the creation of 

interaction networks. This analysis was not particularly useful. It did reveal shared 

networks between miR-21, miR-424 and FABP4, with a downregulation of the miRNAs 

correlating with an upregulation of FABP4 expression (figure 3-4 (A)). A similar 

connection existed between miR-21 and the transcription factor SOX2 (figure 3-4 (B)), 

though the upregulation of SOX2 was very small (~2-fold change). miR-148a was found 

within the interaction networks of both MGP and KLF4  (figure 3-4 (C) and (D)) where 

there was an upregulation in both the miRNA and the gene. There were also other 

miRNAs not from our top 14 identified by the networks. Additionally, for a number of 

the other genes and miRNAs including miR-378 no interaction network was identified 

therefore a full picture of the interactions between all our genes and miRNAs of interest 

was not possible. 

 

 

 

 

 

 

  

 

 

 

 

 

 
Figure 3-4: Interaction networks from combination of miRNA and mRNA microarray data. 
Interaction networks for (A) FABP4, (B) SOX2, (C) MGP and (D) KLF4. Red means the mRNA or 
miRNA is upregulated in day 0 cells compared with day 28 cells, green means it is downregulated in 
day 0 cells versus day 28 cells. Colour scale shows fold changes.  
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3.2.4 Pathway analysis from microarray data 
 

A preliminary pathway analysis was performed on the top 14 differentially expressed 

miRNAs between day 0 and day 28 using the DIANA-miRPath software version 3.0 with 

the Tarbase v. 7.0 option. Analysis was done on all 14 differentially expressed miRNAs 

together as well individual analyses performed separately on the top 7 upregulated and 

downregulated miRNAs when comparing day 28 versus day 0 cells. Both the genes union 

and pathways union analysis methods were used, and results were compared in order to 

identify common hits. The results from all analyses predicted many different cancer 

pathways to be affected by the miRNAs, which is indicative of involvement in stem cell 

proliferation as well as the cell cycle pathway, important for differentiation as cells need 

to stop dividing to undergo differentiation (figure 3-5 (A)) and cell adhesion pathways. 

Interestingly, the fatty-acid biosynthesis pathway (figure 3-5 (B)) appeared as the result 

of analysis on only the miRNAs that were downregulated in day 28 versus day 0 cells, as 

did a number of others including the ECM-receptor interaction pathway and the pathway 

for central carbon metabolism in cancer. Acetyl-CoA carboxylase alpha (ACACA) was 

highlighted as a target of miR-378 within the fatty-acid biosynthesis pathway. Our own 

microarray data supports this as we see downregulation of miR-378 in day 28 cells versus 

day 0 cells to correlate with a 3.5 fold increase in ACACA expression in day 28 cells 

compared to day 0 cells. Pathway analysis although interesting did not immediately 

reveal any strong indications about miRNA targets and was therefore not extensively used 

to identify target genes and miRNAs. 
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Figure 3-5: Pathways affected by top miRNAs with differential expression between day 0 and day 
28 in culture. Pathway analysis was done using the DIANA miRPath software. (A) Pathway analysis of 
the cell cycle pathway. Yellow represents a gene/gene cluster associated with one miRNA, orange 
signifies it is associated with more than one. (B) The fatty acid biosynthesis pathway. The box in red 
represents acetyl-CoA carboxylase alpha (ACACA) which catalyses the rate-limiting step in fatty acid 
synthesis and is associated with miR-378. Significance accepted at P-value = < 0.05. 
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3.3 Isolation of ASCs  
 

3.3.1 Purification of the stromal vascular fraction 
 

Lipoaspirate from four healthy, non-obese, consenting donors was received and processed 

on the same day. One litre of adipose tissue was processed for all donors except one 

where limited sample availability meant that only 825ml was processed (table 7). The 

SVF obtained from lipoaspirate processing was frozen in cryovials. The estimated SVF 

pellet volumes determined how many vials the sample was split into but on average 1L 

would yield 15 vials of approximately 20 million cells/vial. ASCs were isolated from the 

frozen SVF of three donors, ASC 30, 31 and 32 to be used for further experiments. All 

three of these donors were female and at the time of surgery were 44 years, 56 years and 

36 years old respectively. All donors were harvested in 2016 with the exception of ASC 

30, SVF purification was completed 2014. 

 
Donor ID Gender Age (yr) Weight (kg) Amount (ml) Area  
ASC 30 Female 44 Unknown 1000 Unknown 
ASC 31 Female 56 81 1000 Abdomen 
ASC 32 Female 36 94.5 1000 Abdomen 
ASC 33 Female 21 52 825 Calf/ankle 
ASC 34 Female 54 72 1000 Abdomen 
Table 7: Donor details for SVF purified in 2016 and for donors used in this project. All 
donors were consenting to lipoaspirate donation. Age and weight is at time of donation. Amount is 
the volume of lipoaspirate processed, not the amount donated. Area is the body region from which 
the sample was obtained. 

 
 
3.3.2 ASCs used were isolated with high yield and purity by MACS 
 

The ASCs used for this project came from either MACS or FACS sorted cells which were 

then cultured from passage 0 to obtain ‘late’ passage ASCs (passage 9 and over were 

considered late). After isolation from the SVF, new donors were MACS sorted by 

negative selection using markers outlined in methods and approximately 20%-30% of 

cells from the SVF were isolated as ASCs with between 94% and 99% purity. Figure 3-6 

shows representative purity data from MACS sorted ASCs. There are still some non-

ASCs coming through with the ASC population during the sort as seen in (C), likewise 

there are some ASCs retained with the rest of the cells as seen in (D). However the 

percentages of these residual cells are low (<1% and <5% respectively) and the MACS 
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sort does result in ASC populations with high purity. The FACS sorted cells were 

restored from cryopreserved samples that had been sorted by previous laboratory 

members.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-6: Representative flow cytometry data showing ASC purity after MACS sort. These plots 
are for CD73-PE antibody stained cells versus FITC-labelled CD45+, CD31+, CD146+ and CD235a+ 
cells. Phenotyping also done with CD90 and CD34 versus the same FITC-labelled cells (data not 
shown). In panel (A) Unstained SVF, panel (B) complete SVF with full panel of staining, panel (C) 
represents the cells post MACS sort which are > 98% CD73+ and < 1% FITC + . Panel (D) shows the 
cells retained on MACS column. Flow by Eloise Williams (unpublished data). 
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3.4 Validation of Microarray Data Using Quantitative 
Real-Time PCR (qPCR) 
 

3.4.1 There is no significant difference in expression of miRNAs or 
mRNAs comparing MACS versus FACS sorted cells 
 

ASCs from donors that were processed previously in this laboratory (ASC 15, 17, 23, 24, 

27) were all sorted from the SVF via FACS, whereas donors processed during the course 

of this project (ASC 30, 31, 32) were sorted via MACS. Comparison of the qPCR data 

derived from MACS or FACS sorted cells was performed using one-way ANOVA to 

confirm that there were no statistical differences between these two sorting methods. In 

each comparison P-values were greater than 0.05 and were often close to 1.00. There was 

no statistically significant difference in expression of miRNAs or mRNAs at any of the 

time points when comparing MACS and FACS sorted cells, this suggests that sorting 

method has no effect on miRNA and/or mRNA expression (table 8).  

 

3.4.2 Microarray data successfully validated by qPCR 
 

Three miRNAs and 11 mRNAs were chosen from the microarray data as targets of 

interest as described above. miR-21, miR-378 and miR-31 were validated using qPCR in 

5-8 donors. The mRNAs were validated in 4-8 donors. All qPCR experiments confirmed 

the microarray data except for GREM1 where qPCR revealed an opposite trend. 

 

3.4.2.1 Differential expression of target miRNAs validated with qPCR 
 

One-way ANOVA of qPCR data indicated that there was statistically significant 

differences in expression of the target miRNAs when comparing cells which had been in 

culture for 0, 3 or 28 days. In all eight donors tested miR-21 and miR-31 were expressed 

 
KLF4 CXCL1

4 
OGN MGP FABP4 C-MYC OCT4 SOX2 miR-21 miR-378 

Day 0 0.999 0.9572 1 0.9984 0.8621 0.9982 0.9987 0.9937 0.978 0.116 
Day 3 0.996 0.7865 0.971 0.9996 0.993 1 0.8412 0.6846 0.996 1 
Day  28 0.7629 0.8962 0.1355 0.6965 0.9999 1 1 1 0.534 0.959 
Table 8: P-values from one way ANOVA with Tukey post analysis comparisons of expression levels at 
matching time points between MACS and FACS sorted cells. All P-values are greater than 0.05 and most are close 
to 1, this suggests that sorting method does not affect expression levels of any of the genes or miRNAs validated 
using qPCR at any of the 3 time points.  
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at significantly higher levels in day 28 cells compared with day 0 cells. miR-21 showed 

no statistically significant difference in expression levels between day 0 cells and day 3 

cells, whereas there was a statistically significant difference in expression of miR-31 

between day 0 and day 3 cells (figure 3-7 (A) and (B)). Contrastingly, miR-378 showed 

significantly lower expression in day 28 cells compared with both day 0 cells and day 3 

cells (figure 3-7 (C)). These results validate the trends observed within the microarray 

data. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

 
 

Figure 3-7: Differential expression of selected miRNAs in ASCs at 3 time points in culture, day 0, 
day 3, day 28. qPCR was used to validate miRNA expression in targets selected from microarray data. 
(A) miR-21 expression in day 28 compared with day 0 and day 3 cells. (B) miR-31 expression in ASCs 
at three time points in culture. (C) differences in miR-378 expression between day 0, day 3 and day 28 
ASCs. Data from qPCR analysis, error bars represent three technical replicates (*** = P-value  < 0.001, 
** = P-value < 0.01). ASCs from donors ASC 15, 17, 23, 24 and 27 sorted from SVF by FACS, ASCs 
from donors ASC 30, 31 and 32 sorted from SVF by MACS.  
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 3.4.2.2 Differential expression of selected mRNAs validated by qPCR  
 

Of the 11 mRNAs validated by qPCR, two showed a significant increase in expression in 

day 28 compared with day 3 and day 0 cells (figure 3-8 (A) and (B)) and six showed a 

significant trend of decreased expression in both day 28 and day 3 cells compared with 

day 0 cells (figure 3-8 (C-H)). The remaining three showed no significant differences in 

expression between any of the time points. SCRG1 and POSTN showed higher expression 

at the later time point with statistical significance. mRNAs GREM1, KLF4, CXCL14, 

OGN, MGP and C-MYC were all downregulated in day 3 and day 28 cells compared with 

day 0 cells. This validated what was observed with the microarray data with the exception 

of GREM1, which in the array data was shown as having increased expression later in 

culture. FABP4 also showed decreased expression in day 3 and day 28 time points 

compared with day 0 (figure 3-8 (I)). Results on the last two mRNAs OCT4 and SOX2 

confirmed the microarray data with no significantly differential expression observed 

between the different time points (figure 3-8 (J) and (K)).  
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Figure 3-8: Differential expression of mRNAs in ASCs at 3 time points in culture, day 0, day 3, 
day 28. Eleven genes were validated by qPCR. (A-C) SCRG1, POSTN, and GREM1 validated in four 
donors (D-K) KLF4, CXCL14, OGN, MGP, FABP4, C-MYC, OCT4 and SOX2 validated in seven 
donors. All qPCR normalised to 2 housekeepers, *** = P-value <0.001, * = P-value <0.05.  
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3.5 Transfection and Differentiation Assays 
 

Transfection efficiency of ASCs for all experiments was assessed with flow cytometry 

using the BD Accuri C6 machine with subsequent analysis of the flow data performed 

using FlowJo Version 10 software. 

 

3.5.1 Preliminary transfection assays 
 

Preliminary experiments were performed in order to optimise the transfection rates of 

miRNAs into ASCs. This included finding an appropriate transfection reagent, optimising 

the transfection efficiency of the chosen reagent for a 96-well plate format and assessing 

cell tolerance to transfection. 

 

3.5.1.1 DharmaFECT 1 is the most effective out of 3 commercially available 
transfection reagents at transfecting ASCs 
 

Three transfection reagents, Lipofectamine™, HiPerFect and DharmaFECT 1 were used 

in a preliminary experiment to select the best commercially available reagent for 

transfection of ASCs. These reagents were each assessed at 3 different concentrations for 

their efficiency to transfect the ASCs using 3 different concentrations of BLOCKiT™, a 

fluorescently labelled siRNA, which we reasoned would perform similarly to our miRNA 

reagents. HiPerFect was found to be ineffective at transfecting ASCs, with a maximum of 

0.1% of cells transfected when using the highest concentration of reagent and 

BLOCKiT™ (figure 3-9 (A)). Lipofectamine™ transfected ASCs with a maximum of 

18% efficiency with the highest volumes of reagent and BLOCKiT™ (figure 3-9 (B)). 

DharmaFECT proved to be extremely efficient at transfecting ASCs with a minimum of 

49% and a maximum of 64% of cells transfected using the lowest and highest 

concentrations respectively (figure 3-9 (C)).  
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3.5.1.2 Transfection efficiency using DharmaFECT reagent optimised for 
ASCs and tolerated by late passage cells. 
 

Transfection using DharmaFECT was optimised using late (P9) and very late (P19) 

passage ASCs to ascertain the most useful concentrations of reagent and siRNA and to 

see if there was any difference in efficiency between passages. As expected, transfection 

efficiency increased with increasing concentrations of DharmaFECT and of BLOCKiT™ 

(figure 3-10).  

 

 

 

 

Figure 3-9: Transfection efficiencies of 3 different commercially available transfection reagents on 
ASCs. ASC were transfected with 1 of 3 commercially available reagents using 3 concentrations of a 
FITC labelled siRNA molecule to assess transfection efficiency using flow cytometry. The resulting 
histogram plots indicate the percentage of cells that were successfully transfected with (A) 
Lipofectamine™, (B) HiPerFect or (C) DharmaFECT1. The black bars on the graph represent 
thresholding of FITC+ and FITC– cells. The right bar represents cells positive for FITC i.e. successfully 
transfected with BLOCKiT™, the left bar represents those that are negative for FITC. For numerical 
data see supplementary table 1. 

0.5µl reagent per well 0.75µl reagent per well 1µl reagent per well 

No siRNA No Reagent 0.3µl siRNA per well 0.25µl siRNA per well 0.2µl siRNA per well 
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There was a slight observable difference in the transfection efficiencies of P9 versus P19 

cells, with the percentages of transfected P9 cells being on average 14.5% higher than 

P19 cells transfected with the same conditions (table 9).  

Reagent Volume (µl) siRNA Volume (µl) P9 (% FITC+) P19 (% FITC+) 
0.25 0.4 15.7  8.37  
0.25 0.6 29.7  13.6  
0.25 0.8 35.6  21.8  
0.5 0.4 54.4  36.1  
0.5 0.6 60.1  46.0  
0.5 0.8 68.1  47.8  
1 0.4 63.0  47.2  
1 0.6 74.5  61.9  
1 0.8 78.5  66.3  
Table 9: Transfection efficiencies of P9 versus P19 ASCs for each transfection condition. 
Flow cytometry data analysed in FlowJo of percentage FITC+ cells after transfection of P9 
and P19 ASCs with BLOCKiT™ using DharmaFECT at different concentrations. 

 
Despite this difference, the P19 cells were still able to be transfected effectively (figure 3-

11). From this experiment the treatment of 0.5µl of DharmaFECT and 0.8µl of siRNA per 

well was chosen by taking into consideration costs of reagents and comparative 

transfection efficiency. These volumes were then used for all future transfection 

experiments. 

Figure 3-10: Transfection efficiencies of DharmaFECT increases with higher concentrations of 
reagent and siRNA in both (A) P9 and (B) P19 ASCs (donor 21). Flow cytometry histograms 
showing transfection efficiencies. The right bar represents FITC+ (transfected cells) and the left bar 
represents FITC– (untransfected cells). 

0.25µl reagent per well 0.5µl reagent per well 1µl reagent per well 

No siRNA No Reagent 0.4µl siRNA per well 0.3µl siRNA per well 0.2µl siRNA per well 
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3.5.1.3 ASCs tolerate transfection with DharmaFECT over extended culture 
during adipogenic differentiation 
 

A time-course experiment was done using DharmaFECT and BLOCKiT™ to assess 

transfection efficiency over time in culture and when exposed to differentiation media. 

Transfection rates after 24 hours were approximately 80%. This rose to approximately 

90% after 72 hours. One week after transfection the efficiency had dropped to between 

60%-70% and by day 14, the typical end-point of an adipogenic differentiation assay, 

transfection rates were between 25%-30%. These figures are representative of cells that 

were transfected only once on day 0 of the experiment. We found that the ASCs could 

tolerate a repeat transfection halfway through the differentiation assay. This brought 

transfection rates for the one-week time point back up between 80%-90% and by day 14 

this had only dropped to between 45% and 60%. The cells that were treated with 

Figure 3-11: Overlay data of successful transfection of both P9 and P19 ASCs (donor 21) using 
DharmaFECT at various concentrations. Flow cytometry histograms showing transfection 
efficiencies. The right bar represents FITC+ (transfected cells) and the left bar represents FITC– 
(untransfected cells). 

0.4µl siRNA per well 0.3µl siRNA per well 0.2µl siRNA per well 

P9 P19 

0.25µl 
reagent per well 

0.5µl 
reagent per well 

1µl 
reagent per well 
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differentiation medium retained a higher level of transfection than those which were not 

differentiating and therefore were presumably still proliferating (figure 3-12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.1.4 DharmaFECT successful at transfecting an AHNAK inhibitor into 
ASCs 
 

The above experiments showed that DharmaFECT was successful at transfecting a FITC-

labelled siRNA into the cells. We still needed to determine for how long a miRNA 

inhibitor/mimic would remain functionally active within the ASCs. This was done using 

an AHNAK siRNA as it was a pre-existing reagent in the lab, had been tested and was 

known to be functioning well. AHNAK localisation in ASCs was determined using 

HaCaTs, as a positive control. This experiment confirmed the expression of AHNAK by 

ASCs (figure 3-13). 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-12: Transfection rates of ASCs at different time points during adipogenic differentiation 
assay. An adipogenic assay was performed using cells that were transfected with BLOCKiT™ at passage 
11. Cells were removed and assessed for transfection efficiency by flow cytometry at different time 
points during the assay. Control cells were run that were grown in standard ASC medium alongside those 
treated with adipogenic differentiation medium. For each of these conditions there was a group 
transfected only once and a group that had a repeat transfection at day 7. 
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A time-course of transfection with an AHNAK siRNA was run as a functional control in 

parallel with exposure to adipogenic differentiation media. From the BLOCKiT™ 

experiments we knew that it was possible to transfect a siRNA into the ASCs, the 

AHNAK experiment was to assess that the siRNA could function once inside the cell. 

The AHNAK siRNA is able to be traced and assessed for functionality, whereas 

BLOCKiT™ has no function. A visual inspection of the images suggested that AHNAK 

was successfully downregulated in the samples transfected with the AHNAK inhibitor 

when compared to those transfected with a scrambled control (figure 3-14). This was 

deemed to be sufficient evidence that the transfection regime was successful in delivering 

small RNA molecules to ASC, which were retained and functional over time. 

 
 
 
 
 
 
 
 
 
 
 

Figure 3-13: AHNAK is expressed in ASCs and HaCaTs. ICC experiments were performed in order 
to assess if we could detect AHANK in ASC. Panels (A) and (C) show representative images of the no-
primary control for ASCs and HaCaTs respectively. Panels (B) and (C) show representative images of 
AHNAK expressing ASCs (donor 21 P12) and HaCaTs respectively. Images are representative of four 
images taken per well using the Nikon Ni-U Fluorescence Microscope at 200x magnification. Green = 
AHNAK expression, blue = cell nuclei. 
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3.5.2 Confirmation of the effects of transfection with miR-21 
inhibitor and miR-378 mimic on ASCs during adipogenic 
differentiation assays 
 

Based on differential expression levels from the microarray data, we hypothesised that 

low expression of miR-21 and high expression of miR-378 may drive a more stem-like 

phenotype of ASCs and therefore produce cells with higher differentiation potential. To 

test this, late passage ASCs were transfected with an inhibitor of miR-21 and/or a mimic 

of miR-378 during a number of adipogenic assays. Transfection rates were high for both 

donors at day 14 of the assay. The transfection rates for ASCs in standard medium were 

lower than those in adipogenic differentiation medium however still maintained 

transfection rates 51.3% and 62.1% for donors 23 and 21 respectively. The transfection 

efficiency for ASCs in adipogenic differentiation medium was 86.8% and 89.3% for 

donors 23 and 21 respectively (figure 3-15). 

 

 

 

 

Figure 3-14: ICC analysis confirms ASCs transfected with AHNAK inhibitor using 
DharmaFECT show decrease in AHNAK expression at 3 different time points in culture. 
AHNAK expression continues to decrease over successive time points suggesting the inhibitor is still 
active within some cells after 10 days in culture. Panel (A) shows cells transfected with a scrambled 
control and panel (B) shows cells transfected with the AHNAK inhibitor. Images are representative of 
four images acquired per well using the Nikon Ni-U Fluorescence Microscope at 200x magnification. 
Green = AHNAK expression, blue = cell nuclei. 
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3.5.2.1 Effects of transfection with a miR-378 mimic on the adipogenic 
differentiation potential of passage 9 ASCs  
 

P9 ASCs from 2 donors (donors 21 and 23) were transfected with a miR-21 inhibitor 

and/or a miR-378 mimic combined with an adipogenic differentiation assay to assess the 

potential effect of the mimic and or the inhibitor on differentiation potential. There was a 

slight observable increase in adipogenesis when comparing the ASCs transfected with a 

scrambled control to those transfected with a miR-378 mimic, miR-21 inhibitor or both. 

This was most readily seen in donor 23 (figure 3-16), which had a much higher rate of 

differentiation overall compared to donor 21, but it was not statistically significant (figure 

3-17).  

 

 

 

 

 

 

 

 

 

Figure 3-15: Transfection rates with BLOCKiT™ at day 14 of the adipogenic differentiation 
assay.  Histograms derived from flow cytometry analysis. Transfection rates shown are levels of FITC-
labelled BLOCKiT™ in ASCs cultured in both standard medium and adipogenic differentiation 
medium alongside ASCs transfected with the miR-21 inhibitor and/or miR-378 mimic. Numerical 
values represent transfection efficiencies of cells cultured in ASC medium. Bar represents the 
untransfected control with the right bar representing FITC positive and the left representing FITC 
negative ASCs. 



64 
 

        Adipogenesis Day 14

Untouch
ed

Dharm
aF

ECT O
nly

Scra
mbled

 C
ontro

l

miR
-21

 In
hibito

r

miR
-37

8 M
im

ic

Inhibito
r +

 M
im

ic
20

30

40

50

60
ASC 21
ASC 23

Treatment

%
 D

iff
er

en
tia

tio
n

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-16: Subtle increase FABP4 expression observed in ASCs post transfection with miR-378 
mimic. ICC staining is shown of cells derived from (A) ASC 21 and (B) ASC 23 transfected with a 
scrambled control, a miR-21 inhibitor, a miR-378 mimic or a combination of the miR-21 inhibitor and 
the miR-378 mimic. Four images were acquired per well using the ImageXpress Micro XLS High 
Content Screening System at 100x magnification. Green = FABP4, blue = cell nuclei. 

Figure 3-17: Differentiation percentages of ASC 21 and ASC 23 increase marginally when 
transfected with miR-21 inhibitor and/or miR-378 mimic. Quantitated data from analysis of ICC 
images. No statistical significance found from ANOVA analysis. 
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3.5.2.2 Transfection with a miR-378 mimic increases adipogenic 
differentiation potential of passage 18-30 ASCs  
 

From the above observation it seemed as though transfection with miR-378 may have an 

effect on adipogenic differentiation in the passage 9 ASCs, however the differences 

between control and experimental treatments were small. Therefore we repeated the same 

experiment with much later passage ASCs as it could be easier to reconstitute lost 

potential from cells with lower starting potential. As in the preliminary experiment 

described above ASCs were transfected with either the miR-21 inhibitor, miR-378 mimic 

or both to assess any changes in adipogenic differentiation potential. Extremely late 

passage ASCs were used from a total of 6 donors in triplicate, donor 15 (P28), donor 21 

(P28), donor 23 (P30), donor 30 (P23), donor 31 (P18) and donor 32 (P21). Assays were 

stained for FABP4 expression at day 7 as well as at day 14 to ascertain whether any 

acceleration of adipogenesis was occurring. A marked increase in differentiation potential 

and a decrease in time taken to differentiate was seen as a result of transfection with miR-

378 mimic. 

 

3.5.2.2.1 Transfection with a miR-378 mimic decreases time taken for adipogenic 
differentiation of passage 18-30 ASCs 
 

To estimate transfection rates over the 7 days a BLOCKiT™ control was run on each 

plate and assessed using flow cytometry on day 7. The transfection rates were high for all 

donors at the day 7 time point, but slightly higher for cells cultured in adipogenic 

differentiation medium (89%-98%) compared to ASCs still proliferating (67%-85%) 

(figure 3-18).  
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In all donors there was a visible increase in differentiation between all the control groups 

and the ASCs transfected with the miR-378 mimic or with both the miR-378 mimic and 

the miR-21 inhibitor at the 7 day time point. There was little to no difference in most 

donors between the control groups and the ASC transfected with the miR-21 inhibitor 

(figure 3-19) 

 

 

 

 

 

 

 

 

 

Figure 3-18: Flow cytometry suggests high levels of transfection are maintained throughout the 7 
day experiment. Histograms of flow data represent the number of transfected cells. The left bar contains 
untransfected cells (FITC–), the right bar contains transfected cells (FITC+). Numbers displayed are for 
ASCs grown in adipogenic differentiation medium. See supplementary table 2 for all transfection 
percentages. 
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A multiple comparison was performed between groups for all donors and the observed 

differences were found to be statistically significant (P-value = 0.00) (figure 3-20).  

 

 

 

 

 

Figure 3-19: Increases in FABP4 expression observed in ASCs at 7 day time point post transfection 
with miR-378 mimic. ICC staining showing cells from 5 donors that were (A) untouched or were 
transfected with (B) DharmFECT only, (C) a scrambled control, (D) a miR-21 inhibitor, (E) a miR-378 
mimic, or (F) both the miR-21 inhibitor and the miR-378 mimic. For donors 15, 21 and 23 four images 
were acquired per well using the ImageXpress Micro XLS High Content Screening System at 100x 
magnification.  For donors 30, 31 and 32 five images were taken per well using the Operetta High 
Content Imaging System at 100x magnification. Green = FABP4, blue = cell nuclei. 

ASC 15 ASC 21 ASC 23 ASC 30 ASC 31 ASC 32 

A 

C 

B 

D 

E 

F 



68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.2.2.2 Increased adipogenic differentiation at endpoint (day 14) of adipogenic 
assay in late passage ASCs transfected with miR-378 mimic 
 

As with the day 7 assay, a BLOCKiT™ control was run on each plate and assessed using 

flow cytometry, this time on day 14. The transfection rates remained high for all donors at 

the day 14 time point, again higher for cells in adipogenic differentiation medium (79%-

99%) than for those ASCs still proliferating (48%-83%) (figure 3-21).  

 

 

 

 

 

 

 

 

 

Figure 3-20: Statistically significant differences in adipogenic differentiation potential at 7 days 
between transfection groups across the 6 donors. Quantitated ICC data showing adipogenic 
differentiation percentages for each condition. Data points represent averages from each treatment group 
for each donor.  *** = P-value < 0.001. 
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For some of the donors, the visual disparities in FABP4 expression had lessened between 

the groups when comparing day 7 to day 14 results. Donors 30, 31, and 32 however 

maintained striking differences in the percentage of differentiation between control 

groups and miR-378 mimic transfected groups even at day 14 (figure 3-22). Donors 21 

and 23 had less differentiation in general when compared with the other groups, perhaps a 

result of these donors showing a lower confluency of cells. Notably the wells containing 

cells transfected with the miR-378 mimic showed a differentiation potential more similar 

to early passage ASCs, rather than that of passage 18 and above (figure 3-22). 

 

 

 

 

 

Figure 3-21: Flow cytometry suggests high levels of transfection are maintained throughout the 14 
day experiment. Histograms of flow data represent the number of transfected cells, the left bar contains 
untransfected cells (FITC–), the right bar contains transfected cells (FITC+). Numbers displayed are for 
ASCs grown in adipogenic differentiation medium. See supplementary table 2 for all transfection 
percentages. 
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ANOVA and a multiple comparison was performed between groups and the observed 

differences in differentiation potential were found to be statistically significant between 

the miR-378 mimic transfected group and all control groups, including the miR-21 

inhibitor transfected ASCs (P-value = < 0.001). The same result was found between the 

group transfected with both the mimic and the inhibitor and all other control groups (P-

value = < 0.001). There was however no statistically significant difference between the 

mimic and inhibitor group and the ASCs transfected only with the miR-21 inhibitor 

(figure 3-23). 

Figure 3-22: Increases in FABP4 expression observed in ASCs at 14 day time point post 
transfection with miR-378 mimic. ICC staining showing cells from 5 donors that were either (A) 
untransfected or were transfected with (B) DharmaFECT only, (C) a scrambled control (D) a miR-21 
inhibitor, (E) a miR-378 mimic, or (F) both the miR-21 inhibitor and the miR378 mimic. For donors 15, 
21 and 23 four images were acquired per well using the ImageXpress Micro XLS High Content 
Screening System at 100x magnification.  For donors 30, 31 and 32 five images were taken per well 
using the Operetta High Content Imaging System at 100x magnification. Green = FABP4, blue = cell 
nuclei. 
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3.5.3 ASCs transfected with miR-21 inhibitor and miR-378 mimic 
during osteogenic assays 
 

If microRNAs miR-21 and miR-378 were affecting stem cell potential, differentiation 

potential down other lineages would be also be increased. To test that this was not an 

effect specific to the adipogenic pathway we repeated these assays using an osteogenic 

differentiation assay. ASCs were transfected as described above for the adipogenic 

differentiation assay, but were instead treated with osteogenic medium. This was to 

ascertain if transfection of the miR-21 inhibitor and/or miR-378 mimic would increase 

differentiation potential of late passage ASCs down the osteogenic lineage. 

 

3.5.3.1 Transfection with miR-378 increases Alizarin Red staining in late 
passage ASCs during an osteogenic assay 
 

A preliminary assay was done using cells from 2 donors at late passage ASC 15 (P28) and 

ASC 21 (P29). Assays were stained with Alizarin Red on day 21 and quantified using 

Figure 3-23: Statistically significant differences in adipogenic differentiation potential at 14 days 
between transfection groups across the 6 donors. Quantitated ICC data showing percentages of 
adipogenic differentiation for each transfection condition. Data points represent averages from each 
treatment group for each donor. *** = P-value < 0.001. 
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ImageJ. There was a striking increase in Alizarin red staining of the cells that had been 

transfected with the miR-378 mimic or the mimic plus miR-21 inhibitor when compared 

with all other groups for one donor (figure 3-24). This effect was less obvious in the 

second donor, however when the images were analysed using imageJ the same trend was 

observed (figure 3-25). 
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Figure 3-24: Alizarin Red staining in ASCs transfected with miR-378 mimic and inhibitor + mimic 
and cultured in osteogenic medium. Both donors shown in duplicate for the following transfection 
conditions (A) untransfected, or transfected with (B) DharmaFECT only, (C) a scrambled control, (D) a 
miR-21 inhibitor, (E) a miR-378 mimic, (F) both the miR-21 inhibitor and the miR-378 mimic. Images 
representative of 4 replicates taken per well at 100x magnification using the Leica DMI3000 B Inverted 
Microscope equipped with a Leica DFC290 camera and Leica Application Suite (LAS) software. 
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The differences between the miR-378 mimic transfected ASCs and all other groups were 

statistically significant (P-value = <0.001). In contrast to the adipogenic assays there was 

also a statistically significant difference between the ASCs transfected with just the miR-

378 mimic alone and those transfected with both the mimic and the inhibitor (P-value = 

0.0159) (figure 3-25). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

3.5.3.1.1 Alizarin Red staining of osteogenic assay with late passage ASCs in 5 
donors transfected with a miR-378 mimic and /or miR-21 inhibitor shows no clear 
pattern of effect from transfection 
 

Based on this encouraging preliminary data we repeated the experiment in 5 donors in 

triplicate using late passage ASCs, ASC 15 (P31), ASC 21 (P32), ASC 30 (P30), ASC 31 

(P19) and ASC 32 (P29). A BLOCKiT™ control was run on each plate and assessed 

using flow cytometry at the end point of the assay. The transfection rates were far lower 

than at the end point of the adipogenic differentiation assays, with the highest transfection 

efficiency being 35% (figure 3-26). 

 

 

Figure 3-25: Transfection with a miR-378 mimic appears to increase osteogenic potential of 
ASCs. ImageJ quantification data of Alizarin Red stain shown as percentage of total area of the well. 
Percentage as an average from eight images of each treatment condition (four per duplicate well). *** 
= P-value < 0.001, * = P-value <0.05. 
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An analysis of the cells prior to Alizarin red staining did suggest that transfection with the 

miR-378 mimic may be enhancing osteogenic differentiation potential. This was based on 

the visual appearance of the cells including dark nodules of mineralisation as observed in 

figure 3-28. However, when these plates were subjected to the staining procedure the 

expected increase in stain in the miR-378 mimic transfected cells was not observed 

(figure 3-27). 

 

There was no clear trend to suggest that the transfected cells had enhanced levels of 

oestogenic differentiation when visually assessing the Alizarin Red stain of the 

osteogenic transfection assay (figure 3-27). This was confirmed when these plates were 

quantified using imageJ software (figure 3-28) 

 

Standard media Osteogenic differentiation media 

ASC 15 ASC 21 

ASC 30 ASC 31 ASC 32 

Figure 3-26: Transfection rates at end point of 21 day osteogenic differentiation assay were low. 
Black bar representative of unstained control, left of the division cells are negative for FITC expression 
and right of the division cells are positive for FITC expression due to transfection with FITC-labelled 
BLOCKiT™. Numbers displayed are for ASCs grown in osteogenic differentiation media. See 
supplementary table 3 for all transfection percentages. 
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When quantified in ImageJ there were highly variable levels of significance between 

transfection conditions but these were not consistent among the different treatment groups 

across donors. Intense staining of the DharmaFECT only, scrambled control and miR-21 

inhibitor ASCs led to significant differences in percentage of Alizarin Red stain between 

these and all other transfection conditions in donor 15 (figure 3-28 (A)). In donor 21 there 

were only significant differences between the untransfected group and the 3 groups which 

were transfected with miR-21 inhibitor, miR-378 mimic or both, the significance of these 
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Figure 3-27: Osteogenesis does not appear to be enhanced by over-expression of miR-378 and 
knock-down of miR-21 in late passage cells. Cells were either (A) untransfected or were transfected 
with (B) DharmaFECT only, (C) a scrambled control, (D) the miR-21 inhibitor, (E) a miR-378 mimic or 
(F) both the miR-378 mimic and the miR-21 inhibitor and exposed to StemPro® osteogenic 
differentiation medium for 21 days. Osteogenic differentiation assessed using the Alizarin red stain. 
Images representative of 3 replicates taken per triplicate well at 100x magnification using the Leica 
DMI3000 B Inverted Microscope equipped with a Leica DFC290 camera and Leica Application Suite 
(LAS) software. 
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differences was variable (figure 3-28 (B)). There were no significant differences in 

Alizarin Red staining between any of the groups for donor 30 (figure 3-28 (C)). The 

untransfected control showed statistically significant differences in staining to all other 

transfection conditions in donor 31 with varying levels of significance. There was also a 

significant difference between the miR-21 inhibitor and the miR-378 mimic transfected 

ASCs (figure 3-28 (D)). Donor 32 displayed significant differences in the amount of 

Alizarin Red staining in the miR-21 inhibitor ASCs and all other groups except for the 

scrambled control ASCs. These too were with varying levels of statistical significance 

(figure 3-28 (E)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-28: Results from ImageJ quantification of Alizarin Red staining in transfected ASCs 
from osteogenic assay are inconclusive with regards to effect of transfection of a miR-378 mimic 
and/or a miR-21 inhibitor.  Percentage of Alizarin Red stain from quantification in ImageJ as an 
indicator of osteogenic differentiation in (A) ASC 15, (B), ASC 21, (C) ASC 30, (D) ASC 31 and (E) 
ASC 32. Error bars representative of quantification from 9 images of each transfection condition for 
each donor. *** = P-value < 0.001, ** = P-value < 0.01, * = P-value <0.05. 
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3.5.3.1.2 Alizarin Red staining from an osteogenic assay with late passage 
transfected ASCs in 5 donors did not match levels of osteogenesis seen in the wells 
pre-stain 
 

Although there was no clear trend seen from the Alizarin Red stain or its quantification, 

there was an observable pattern seen in the wells prior to staining. The ASCs transfected 

with the miR-378 mimic produced a higher number of nodules indicative of osteogenic 

differentiation than the ASCs from any other transfection condition. This was not 

reflected by the Alizarin Red stain, which was often more intense in the wells containing 

less granules. In the scrambled control and miR-21 inhibitor transfected ASCs in donors 

15 and 21 there is a very intense almost total coverage of Alizarin Red staining that is not 

congruent with the level of osteogenesis present. Contrastingly, there is a large amount of 

potential osteogenesis happening in the miR-378 mimic transfected wells that is not 

highlighted by the Alizarin staining, this is particularly apparent in donors 30, 31 and 32. 

It is also of note that there is some spontaneous adipogenic differentiation occurring in the 

miR-378 and inhibitor + mimic wells for donor 32 as indicated in the pre-stained images 

by the formation of lipid droplets within the cells (figure 3-29).  
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Figure 3-29: Comparison of images before and after staining with Alizarin Red shows large 
discrepancies in the level of osteogenic differentiation apparent between transfection conditions in 
all donors. Images were taken on day 21 prior to staining with Alizarin Red and then again after staining. 
Images shown are representative for wells transfected with (A) a scrambled control, (B) the miR-21 
inhibitor, (C) the miR-378 mimic or (D) both the miR-21 inhibitor and the miR-378 mimic. Black arrow 
in ASC 32 (C) shows lipid droplet formation in the well treated with osteogenic differentiation medium. 
Images representative of 9 replicates taken per donor at 100x magnification using the Leica DMI3000 B 
Inverted Microscope equipped with a Leica DFC290 camera and Leica Application Suite (LAS) 
software. 
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3.5.4 qPCR confirms over-expression of miR-378 and suggests that 
miR-21 inhibition failed 
 

The results described above suggested the miR-21 inhibitor was potentially having no 

effect on the cells. To test for the efficacy of our reagents we used qPCR to quantify 

levels of miR-378 and miR-21 seven days post transfection with the mimic and inhibitor 

reagents. Results are shown in figure 3-30, it can be seen that the miR-378 mimic was 

effective and increasing levels of this microRNA in the cells. Expression increased 

between 2000 to 5000 fold relative to an endogenous control. Contrastingly, there was no 

difference in miR-21 expression in the cells transfected with the miR-21 inhibitor 

suggesting that this reagent failed to knock down miR-21 expression levels (figure 3-30). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

3.6 Colony Forming Unit Assays  
One assay to determine how “stemmy” a cell is its ability to form colony forming units 
(CFUs). Therefore, as another indicator to assess the potential of ASCs we performed 
CFU assays on cells transfected with a miR-378 mimic or miR-21 inhibitor. As can be 
seen in figure 3-31 there were no discernible, obvious differences in colony number 
between samples when a visual inspection was carried out of the assay. This initially 
suggests that these microRNAs have no effect on the CFU capabilities of these cells. 
However, when transfection rates were assessed at the end of this assay (day 7) using the 
BLOCKiT™ fluorescently labelled siRNA reagent, they were found to be low, 4.6%, 
5.7% and 2.9% for donors 30, 31 and 32 respectively (3-32).  The low transfection rate 
would likely mean that any positive effects mediated by transfected cells were diluted out 
by untransfected cells.  
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Figure 3-30: qPCR confirmed effectiveness of miR-378 mimic and ineffectiveness of miR-21 
inhibitor at overexpressing and inhibiting their respective miRNAs. Cells were transfected with 
either a scrambled control, an inhibitor of miR-21 or a mimic of miR-378. After one week of culture 
these conditions were tested using qPCR for either (A) miR-21 expression or (B) miR-378 expression. 
Error bars representative of triplicate values for each condition. *** = P-value <0.001. 
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Figure 3-31: 6-well plates containing CFU assays of 5 different transfection conditions in late 
passage ASCs from 3 donors. The ASCs were either (A) untouched or were transfected with (B) a 
scrambled control, (C) the miR-21 inhibitor, (D) the miR-378 mimic or (E) both the miR-21 inhibitor 
and the miR-378 mimic. After staining with crystal violet there was no obvious pattern in any of the 
donors or transfection conditions to suggest an effect of the miR-21 inhibitor or miR-378 mimic on 
proliferation. Arrows represent the direction of the serial dilution starting with 1x104 cells in the first 
well and decreasing by half in all subsequent wells. No further quantification was done on this assay. 
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Figure 3-32: Flow cytometry data showing low transfection rates at the endpoint of the CFU 
assay. In all 3 donors the transfection rates at the end of the CFU assay were extremely low, 4.6%, 
5.7% and 2.9% for donors 30, 31 and 32 respectively. Bars represent thresholding on untouched cells. 
FITC positive cells are to the right of the division.  
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4. DISCUSSION 
 

It has been found that serial passaging of ASCs leads to a decrease in their potency in 

terms of differentiation, proliferation and immunomodulatory potential. (Lo Surdo et al., 

2013; Park et al., 2011; Wan Safwani et al., 2011). The overall objective of this project 

was to examine the molecular mechanisms underlying this change in potency. The 

reasoning for this was two-fold, first was to improve our current understanding about why 

ASCs cultured on plastic lose their potency. Secondly, we wanted to ascertain whether 

through manipulation of the molecular mechanisms we could restore late passage ASCs 

to a more stem-like state. ASCs have a promising level of clinical utility, however most 

therapies utilising ASCs necessitate extended periods of culture to expand and purify the 

cell population (Bura et al., 2014; García-Olmo et al., 2005; Herreros et al., 2012; Perin et 

al., 2014; Shafaei et al., 2016). If less potent late passage ASCs could have their full stem 

cell potential restored, it could mean availability of higher quality cells in larger numbers 

for use in clinical applications. The primary focus was to use differentiation potential as 

an indicator of stemminess and to determine the role miR-21 and miR-378 play in 

maintenance or loss of this potential. An analysis of microarray data indicated that there 

was differential expression of miRNAs and mRNAs in ASCs at different time points of 

culture. Specifically we found that expression of miR-21 increased and miR-378 

decreased with time in culture, correlating to a loss of differentiation potential. We 

therefore hypothesised that suppression of miR-21 expression and overexpression of miR-

378 in late passage ASCs may restore or improve the differentiation potential in these 

cells. In order to test this hypothesis, further characterisation of ASCs in extended culture 

and optimisation of transfection and differentiation methods was required. 

 

4.1 Summary of Results 
 

ASCs are an increasingly promising type of MSC in the field of regenerative medicine 

due to their proliferative, multipotent differentiation and immunomodulatory capabilities, 

yet their clinical utility is limited by the decline in these properties over time in plastic 

adherence culture. Previous studies performed in the host laboratory have confirmed a 

loss of adipogenic differentiation potential in late passage ASCs. It was important to 



83 
 

determine if this was an adipogenic-specific phenomenon and therefore we confirmed 

that a similar decrease in differentiation potential was also observed down the osteogenic 

lineage in late passage ASCs.  

 

An analysis of miRNAs and mRNA microarray data performed on RNA harvested from 

ASCs at different time points in culture indicated that a number of miRNAs and mRNAs 

were found to be significantly up or down regulated over time. From this initial analysis, 

three miRNAs and 11 mRNAs were selected for further validation using qPCR. As 

miRNAs play a crucial role in regulation throughout the transcriptome and in stem cell 

function (Chen et al., 2014; Clark et al., 2014; Gangaraju & Lin, 2009; Ghosh et al., 

2007) two differentially expressed miRNAs, miR-21 and miR-378 were chosen for 

testing in functional assays. There are many studies implicating these two miRNAs as 

having a role in the differentiation potential of stem cells, cancer cells and mesenchymal 

stem cells (Huang et al., 2016; Kim et al., 2009; Meng et al., 2015), however the literature 

is limited in functional studies in ASCs, particularly in human ASCs. We found 

DharmaFECT 1 to be the most efficient transfection reagent for transfecting small 

siRNA-like molecules into the ASCs (figure 3-9). Additionally, we demonstrated that late 

passage ASCs could tolerate long-term and repeated transfections during differentiation 

assays, with efficiencies remaining high for approximately 7 days (figure 3-12). 

 

From the functional assays we discovered that transfection with a miR-378 mimic was 

able to reliably increase adipogenic differentiation potential of late passage ASCs 

(passage 18 and above) (figure 3-20 and figure 3-23). This same effect was seen to some 

extent with differentiation down the osteogenic lineage, however Alizarin Red staining 

did not prove to be an effective method of quantification (figure 3-29). The positive 

results from overexpression of miR-378 were not matched by inhibition of miR-21 in 

either adipogenic or osteogenic differentiation experiments. It was subsequently found 

that the miR-21 inhibitor had failed to suppress expression of miR-21, whereas the miR-

378 mimic had been extremely successful at upregulating miR-378 expression (figure 3-

30). This is likely to be a contributing factor to the negative data resulting from 

transfection with a miR-21 mimic. A notable difference in the effect of a combination of 

the miR-21 inhibitor and the miR-378 mimic between the osteogenic and the adipogenic 

transfection assays was apparent. Transfection with a combination of the miR-21 inhibitor 
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and the miR-378 mimic produced a significant increase in adipogenic differentiation 

potential, albeit a smaller increase than the miR-378 mimic alone. This significant 

difference was lost in the osteogenic differentiation assay. 

 

In addition to testing modulation of differentiation potential, CFU assays were used to 

assess the proliferation capabilities of transfected late passage ASCs. CFU assays are a 

standard test for stem-like proliferation as stem cells are able to create colonies when 

plated at low densities (Pochampally, 2008). The attempted CFU assay using transfected 

ASCs failed. There was no clear pattern of changes in proliferation capacity between 

different transfection conditions (figure 3-31). This was likely due to the very low 

transfection rates observed at the end of the assay (figure 3-32).  

 

Taken together, these data suggest promise for miR-378 as a target miRNA for restoration 

of both osteogenic and adipogenic differentiation potential to late passage ASCs. This 

could be of clinical interest for regenerative therapies requiring fat or bone formation. 

miR-21 function as yet remains unconfirmed. However it remains important to modify 

transfection methods and/or reagents in order to test the function of miR-21 in the future 

as the literature suggests that it is an interesting target. These miRNAs may also have a 

beneficial effect on other ASC properties such as proliferation or immunomodulatory 

capabilities, an area which could be investigated further in future. 

4.2 Characterisation of Serially Passaged ASCs 
 

The most widely practised current method of ASC isolation from SVF is serial passaging 

to homogenise the population and yield enough cells for clinical application. It has been 

reported that this method results in ASCs with a lower potency than they had prior to 

passaging (Lo Surdo et al., 2013; Park et al., 2011; Wan Safwani et al., 2011). If the most 

potent therapies are to be produced, it is important to appreciate the biological limitations 

of ASCs and to understand the molecular mechanisms underlying these limitations. 

 

4.2.1 Decreased differentiation potential of late passage ASCs 
 

The majority of reports agree that ASCs show a loss of differentiation potential after 

serial passaging, however there are varying opinions on when in culture this decline in 



85 
 

potential begins. Some studies have observed a decline in adipogenic differentiation 

potential of ASCs as early as passage 7 (Lo Surdo et al., 2013), though most report 

maintenance of differentiation potential until at least passage 10. Gruber et al and Zuk et 

al each report osteogenic and chondrogenic differentiation potential past passage 14. Zuk 

et al also confirm the same for adipogenic differentiation (Gruber et al., 2012; Zuk et al., 

2001). Zuk et al also observed an increase in cell death of ASCs grown in adipogenic 

differentiation medium after 28 days of culture (Zuk et al., 2001). Other studies have 

suggested passage 10 as a cut off for ASC potency as although they still observed 

differentiation at passage 20, increases in adipogenic and osteogenic related gene 

expression started to decrease after passage 10 with significant decreases by passage 15 

(Wan Safwani et al., 2011). Data from Park et al shows a much longer time over which 

differentiation potential decreases, with decreases in both differentiation and gene 

expression starting at passage 20 and only becoming distinct at approximately passage 40. 

This study does report much higher starting differentiation potentials compared to the rest 

of the literature, possibly due to donor variability, therefore this could be a contributing 

factor to the later decrease in potential (Park et al., 2011). Interestingly, a study by Wall et 

al has shown a similar trend of steady decline of adipogenic differentiation potential in 

ASCs after passage 8 but a contrasting pattern for osteogenic differentiation. They report 

osteogenic differentiation to begin to decline between passages 4 and 6, and then to 

increase again from passage 10 onwards. They also observed osteogenesis-like 

calcification in ASCs treated with adipogenic differentiation medium after passage 10 

(Wall et al., 2007). 

 

Unlike most of the existing literature, our data compares freshly isolated cells, rather than 

early passage cells, with cells that have been in both short (3 days) and extended (28 

days) culture. A limitation is that the MACS and FACS isolation methods can stress the 

cells on top of the stress created by SVF processing, so it remains difficult to truly 

recapitulate what the cells were like in vivo. MACS does not inflict the same high 

pressure fluid force that FACS does, but is not as gentle on the cells as plastic adherence 

culture. However, from our gene expression studies we have seen an almost immediate 

change in expression as the cells come into contact with plastic. This suggests that the 

MACS and FACS freshly isolated cells, although put through higher stress, are still likely 
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to have a more similar expression pattern to in vivo cells than those that have come into 

contact with plastic. 

 

Previous data from our lab reveals high adipogenic differentiation potential to passage 9 

with steady decreases from passage 18 to passage 30, after which adipogenic 

differentiation was rarely seen (Damani, 2015). My own data for decreases in osteogenic 

differentiation potential supports that of Gruber et al (2012), Zuk et al (2001) and Wan 

Safwani et al (2011) as I observed osteogenic differentiation up to and past passage 20, 

however with significantly decreased potential when compared to early passage cells 

(passage 3) (figure 3-3). Our data does not support the observation by Wall et al that 

osteogenic differentiation is increased again after passage 10 (Wall et al., 2007). Taken 

together, these results suggest that serial passaging of ASCs is detrimental to their 

differentiation potential, which is a key stem cell property. Therefore if ASCs are to be 

clinically useful it is important to minimise passaging. This is problematic as expansion is 

required in order to achieve the numbers currently required for use in the clinic. An 

appealing alternative would be the ability to change the way we culture the cells in order 

to maintain/restore lost differentiation potential to ASCs that have been in extended 

culture. 

 

4.2.2 Selection of target miRNAs and mRNAs from microarray 
data  
 

The conflicted literature highlights the need for a more in-depth characterisation of the 

loss of ASC potency over time in culture. In addition to studies that examine gene 

expression changes for lineage-specific differentiation (Park et al., 2011; Wan Safwani et 

al., 2011) there is also wide interest in miRNA expression. Recent reviews highlight the 

extensive research that has been conducted in relation to the roles of miRNAs in MSC 

function in general (Clark et al., 2014) as well as in both adipogenesis (Chen et al., 2014; 

Chen et al., 2013; Son et al., 2014) and osteogenesis (Fang et al., 2015). From our pre-

existing miRNA and mRNA microarray data we were able to select targets of interest that 

may play a role in the loss of potency in late passage ASCs. The microarray data 

interrogated a total of 1,733 human mature miRNA probe sets and 49,372 mRNA probes 

of which 224 and 11,215 respectively were significantly differentially expressed (P-value 

= < 0.05) across all three time points. Due to the large numbers of genes and miRNAs 
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identified, only a fraction of the potential hits could be validated by qPCR. Therefore 

miRNA validation was performed on the top 7 upregulated and downregulated miRNAs 

based on fold change and ANOVA P-value.  

miR-21, miR-378 and miR-31 were selected for further validation based on reports of 

function from within the literature, which suggest a likely role in the maintenance or loss 

of stem cell potency. Of the three, miR-31 had the most striking expression with a ~720 

fold downregulation in day 0 cells versus day 28 cells. It has previously been reported as 

a negative regulator of osteogenic differentiation in BM-MSCs through its interaction 

with the mRNA for Osterix (Baglìo et al., 2013). Likewise, miR-31 is thought to 

negatively regulate adipogenic differentiation (Chen et al., 2013; Son et al., 2014; Tang et 

al., 2009). miR-21 was also downregulated in day 0 cells compared with day 28 cells, 

albeit with a smaller fold change of ~20. Nevertheless, miR-21 was of interest due to its 

regulatory role within the Wnt signalling pathway, which is involved in differentiation 

(Meng et al., 2015). Additionally, miR-21 is expressed highly in tumours suggesting a 

potential role in cell proliferation (Yadav et al., 2016). In contrast to miR-21 and miR-31, 

miR-378 had a ~36 fold higher expression in day 0 cells, compared to day 28 cells, a 

factor that was important in its selection. It was desirable to choose miRNAs with 

opposing expression patterns for validation, and it was also interesting to have miRNAs 

with apparently opposite regulatory functions. miR-378 is widely reported to have a role 

in adipogenesis due to its link with PPARγ, a gene involved in adipogenesis (Carrer et al., 

2012; Gerin et al., 2010; Lin et al., 2005) as well as having a part to play in osteogenesis 

(Hupkes et al., 2014). Further interest in miR-378 function stemmed from its reported role 

in cell metabolism as the process of differentiation involves a metabolic shift (Eichner et 

al., 2010; Krist et al., 2015; Wanet et al, 2015). 

 

From the thousands of differentially expressed mRNAs identified by mRNA microarray 

analysis, selection of candidates for further validation was based predominantly on prior 

literature suggesting a stem-cell related function of particular genes. Of the genes 

downregulated in day 0 cells compared with day 28 ASCs we chose to validate MGP and 

OGN, which are related to osteogenesis (Tanaka et al., 2012; Zebboudj et al., 2002), 

FABP4 as a marker of adipocyte differentiation (Shan et al., 2017) and CXCL14 which 

encodes proteins involved in inflammation and immune modulation (Lu et al., 2016). Out 

of the mRNAs upregulated at day 0 compared with day 28, validation was done on 
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POSTN with a function in tissue development and regeneration as well as GREM1 and 

SCRG1, which are both linked to the process of tissue and bone regeneration. We also 

chose to include the four transcription factors OCT4, SOX2, KLF4 and C-MYC because of 

their role in inducing a stem cell state in terminally differentiated cells (Takahashi et al., 

2007; Takahashi & Yamanaka, 2006) 

 

4.2.3 Addressing the possible effects of different isolation methods 
of ASCs from SVF 
 

Freshly isolated (day 0) ASCs that had not come into contact with plastic were needed for 

this project, as well as those that had been cultured on plastic for 3 days and for 28 days. 

ASCs from the donors that were harvested in 2016 were all isolated by MACS, whereas 

the ASCs from donors that were harvested prior to 2016 were isolated from the SVF by 

FACS. It is inevitable that there will be donor to donor variability, particularly when 

comparing donors of different weights and ages. As this variability is unavoidable it is 

important to control for other factors that could introduce inconsistencies in cell 

behaviour outside of the experimental conditions. Isolation method has been suggested as 

a potential factor influencing donor variation (Baer, 2014) and therefore we wanted to 

address this issue. Isolation of ASC from the SVF by MACS resulted in higher numbers 

compared to FACS, which is why we chose to process SVF samples in this way for this 

project. There were also other important advantages including the fact that MACS sorting 

is gentler on the cells, more clinically applicable, easier and cheaper than FACS sorting. 

Comparisons of the qPCR data from MACS and FACS donors for each gene and miRNA 

that was validated revealed that there were no differences in gene expression between 

MACS and FACS sorted ASCs at any of the time points in culture (table 8). This gave us 

confidence that the data from MACS and FACS donors could be combined without 

affecting their reliability. In addition, it was a concern that the stress the cells are 

subjected to by FACS could have affected the expression data we saw in the microarrays. 

The fact that the microarray data could be validated by qPCR in cells that were sorted by 

a completely different isolation system suggests that the expression data seen is reflective 

of in vivo cells and is not an artefact of the isolation procedure. 
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4.3 Effect of Manipulation of miRNA Expression on 
Differentiation Potential of ASCs 
 

The primary objective of this project was to assess the function of miR-21 and miR-378 

with respect to the differentiation potential of ASCs. Ideally we would have liked to test 

this down all three lineages that characterise MSCs, namely chondrogenic, osteogenic and 

adipogenic (Dominici et al., 2006). However reliable assessment of differentiation down 

the chondrogenic lineage was not possible with the resources available. Fortunately, we 

had success with differentiating ASCs down both the adipogenic and osteogenic lineages. 

Assessing at least two lineages was important to indicate the multipotent potential of the 

cells.  

 

4.3.2 Transfection of late passage ASCs with a miR-21 inhibitor 
 

The microarray data suggested that high miR-21 expression correlated with late passage, 

less potent ASCs. qPCR using eight donors demonstrated miR-21 expression was 

significantly upregulated in late passage ASCs with statistical significance (P-value = < 

0.001) (figure 3-7). This expression pattern suggested that inhibition of miR-21 in late 

passage cells would potentially restore some of the lost potency to late passage ASCs.  

 

As a promising target, it was initially surprising that we did not see any changes in either 

adipogenic or osteogenic differentiation potential of late passage ASCs transfected with 

the miR-21 inhibitor. Later we established that the miR-21 inhibitor had failed to suppress 

miR-21 expression. This is likely to be the reason for the absence of any changes in the 

differentiation potentials of cells transfected with the miR-21 inhibitor. Also, we observed 

that the combination of miR-21 inhibitor and the miR-378 mimic produced a 

differentiation potential much closer to the control conditions than to the miR-378 mimic 

alone condition in the osteogenic assays. This was not observed in the adipogenic assays 

where the combination, although to a slightly lesser extent, still increased adipogenic 

differentiation potential of the cells. 

 

The literature suggests that overexpression of miR-21 is thought to promote both 

adipogenesis (Kim et al., 2009) and osteogenesis (Huang et al., 2016; Meng et al., 2015). 



90 
 

This is contradictory to our hypothesis that inhibition of miR-21 in late passage cells 

might improve their differentiation potential. An important distinction to make between 

this project and the literature is that while most of the literature looks at miRNA effects 

down a single lineage, we are interested in the effect on the overall multipotent potential 

of the cells. Kim et al reported an interesting expression pattern of miR-21 in ASCs 

undergoing adipogenesis with expression transiently increased following induction of 

adipogenesis and then decreasing a few days later. When functionally assessed using 

lentivirus mediated overexpression of miR-21, they observed an increase in adipogenic 

differentiation. Further investigation led to the hypothesis that this effect was mediated 

via miR-21 downregulating expression of the TGF-β1 receptor, which is a known 

inhibitor of adipogenic and differentiation. miR-21 overexpression had  no effect on 

osteogenic differentiation (Kim et al., 2009). The TGF-β1 pathway has been implicated 

as an inhibitor of osteogenic as well as adipogenic differentiation, and there are reports of 

other miRNAs acting through this pathway to affect osteogenic differentiation potential 

(Huang et al., 2016). Therefore it is curious that Kim et al did not see an effect on 

osteogenic differentiation either. In contrast, Meng et al observed that overexpression of 

miR-21 did promote osteogenesis. Their results suggest that this is achieved via targeting 

the PI3K-AKT-GSK3β pathway, which then increases expression in osteogenic related 

genes (Meng et al., 2015). Taken together the current literature is divided and indicates 

that further investigation into miR-21 function in differentiation potential is warranted.  

 

In light of the negative results observed following transfection with the miR-21 inhibitor 

qPCR was used to assess miR-21 and miR-378 levels post transfection to assess just how 

effective these reagents were. The results clearly indicated that the miR-21 inhibitor had 

failed to suppress miR-21 expression in the cells (figure 3-30). qPCR to confirm 

functional efficiency was not done earlier in the project as the BLOCKiT™ experiments 

indicated that transfection rates were high, we were using a commercially validated 

reagent and transfection with the miR-378 mimic was demonstrably functional. In 

addition, our preliminary experiments using the AHNAK targeting siRNAs had 

confirmed in vitro function. However, each reagent needs individual validation in each 

cell type and condition it is used in. Therefore in hindsight this validation exercise could 

have been performed sooner to allow for alternative inhibiting reagents to be tested. In 

addition, had resources allowed, a panel of inhibiting and mimic reagents would have 
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been used to account for the fact that some reagents may fail and to further validate 

positive result. 

 

4.3.3 Functional analysis of miR-378 using a miRNA mimic 
 

Microarray data suggested that miR-378 was downregulated in day 28 cells compared to 

day 0 cells. This trend was validated by qPCR and found to be statistically significant (P-

value = < 0.001). Therefore we decided to assess miR-378 function in ASC by using a 

miRNA mimic to simulate overexpression in late passage cells. qPCR analysis indicated 

that the miR-378 mimic significantly and substantially increased expression of miR-378 

in ASCs. This suggests that the results we observed were due to overexpression of miR-

378. It is important to note a potential limitation here, and that is the extent to which miR-

378 expression was increased within the cells. We saw a 2000-5000 fold increase in miR-

378 expression, this might be exceeding physiologically relevant levels and could be 

having off-target effects within the cells. Ideally and in future it would be useful to try 

other methods to overexpress miR-378 and compare effects at different levels of 

overexpression. 

 

Our interest in miR-378 was two-fold; it had a reported role in cell differentiation, and it 

was linked to cell metabolism. From the pathway analysis miR-378 was highlighted as a 

target of ACACA, a gene within the fatty acid biosynthesis pathway (figure 3-5). Both 

miR-378 and its complimentary strand miR-378* are expressed from an intron with PCG-

1β, which is highly induced during adipogenesis and regulates fatty acid metabolism 

through co-activation of PPARγ (Gerin et al., 2010; Lin et al., 2005). The literature 

linking overexpression of miR-378 or miR-378* to adipogenesis is relatively extensive. 

Research by Carrer et al emphasised the importance of miR-378/378* to adipogenesis by 

showing that a miR-378/378* knock-out mouse did not succumb to obesity induced by a 

high-fat diet in mice compared to its wild-type litter mates (Carrer et al., 2012). In a 

separate mouse study, overexpression of miR-378, although not directly linked to an 

increase in adipogenesis was shown to promote accumulation of lipids within 

preadipocytes. This was therefore thought to be an effect upon lipid metabolism (Gerin et 

al., 2010). Our results provide for the first time as far as we are aware evidence from 

human cells that miR-378 overexpression can restore adipogenic differentiation potential 
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to late passage cells. In all five donors tested there was a significant increase in 

adipogenic differentiation potential of cells transfected with the miR-378 mimic (figure 3-

20 and figure 3-23). We have not tested the function of the complimentary strand miR-

378*, however in future this might be useful to see it is synergistic in its effect. 

 

The adipogenic assay results suggest one of 2 options: that miR-378 has a specific 

positive affect on adipogenesis or that it has a positive effect on multipotent 

differentiation differentiation. To test the second hypothesis the effect of the miR-378 

mimic on osteogenic rates was also tested. Evidence from the literature also suggested 

that miR-378 may be involved in osteogenic differentiation. For example, it was reported 

to have an effect on BMP-2 induced osteogenic differentiation (Huang et al., 2016; 

Hupkes et al., 2014). Hupkes et al theorise that miR-378 may not be a direct determinate 

of the osteogenic fate, but is more likely to be involved in the fine-tuning of osteogenic 

gene expression during osteogenic differentiation (Hupkes et al., 2014). This aligns with 

our results. In preliminary assays we saw a significant increase in osteogenic 

differentiation of late passage ASCs transfected with a miR-378 mimic compared to 

controls (figure 3-25), although a subsequent repeat assay was less conclusive (figure 3-

28).  Further repeat experiments will be required to determine the effects of miR-378 on 

osteogenic differentiation of late passage ASCs. 

 

Although not confirmed by Alizarin Red staining, we did observe what appeared to be an 

increase in osteogenic differentiation potential in the miR-378 mimic transfected ASCs. 

Visual examination of the assay prior to staining with Alizarin Red revealed more nodule 

formation and mineralisation in the cells transfected with the miR-378 mimic compared 

to controls (figure 3-29). Some of the control samples were displaying evidence of ECM 

calcification, a step which happens prior to the formation of nodules in the process of 

osteogenesis (Fang et al., 2015). As Alizarin Red is a non-specific stain for calcified 

ECM it is possible that the intense staining seen in some control samples containing fewer 

nodules could indicate that they were at an earlier stage of osteogenic differentiation. This 

therefore suggests that the Alizarin Red stain is unreliable as a definitive indicator of the 

level of osteogenic differentiation (Locke et al., 2011). Due to the volumes of reagent that 

would be required we were unable to test for osteogenic-related gene changes using this 

assay and the current resources available. However such an assay may be more likely to 
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give a definitive result. In addition, re-transfection was done at the halfway point for both 

the adipogenic and the osteogenic assays. The adipogenic assay is only 14 days long, 

whereas the osteogenic assay is 21 days long. Transfection rates of BLOCKiT™ at the 

endpoint of the osteogenic assay were lower than those at the endpoint of the adipogenic 

assay (on average 19.6% versus 92.1% for cells grown in differentiation media). This 

would have to be validated by qPCR to assess the levels of miR-378 itself but does 

suggest that in future experiments weekly repeat transfections may help to increase the 

effect seen by the miR-378 mimic in osteogenic differentiation. 

 

In one donor only we surprisingly and reproducibly observed high levels of adipogenesis 

in the miR-378 transfected sample under osteogenic differentiation assay conditions. This 

was unexpected and could be caused by a number of factors. One reason may be the 

integral role of miR-378 as a driver of adipogenesis. We are unable to determine what 

components are present in the StemPro® osteogenic differentiation medium as the 

composition of the medium is not disclosed by the supplier. There may be overlap with 

the components used in our adipogenic differentiation medium, which could have 

initiated some adipogenesis. Donor variability may explain why this was observed in one 

specific donor only. This particular donor (donor 32) had a higher weight than our other 

donors (see table 7) which may indicate a higher predisposition towards adipogenesis. 

The ASCs from this donor also had the highest rates of adipogenic differentiation at day 

14 of the adipogenic transfection assay in all transfection conditions, lending further 

support for a predisposition towards adipogenesis. 

 

In another study, miR-378 was shown to promotes osteoblast differentiation through the 

PI3K pathway (You et al., 2014). This is interesting as miR-21 was also reported to act 

within the same pathway to regulate osteogenic differentiation (Meng et al., 2015). It is 

therefore disappointing that the miR-21 inhibitor failed as it would have been interesting 

to observe if these miRNAs had a synergistic effect in our assays. 

 

Taken together our results suggest that miR-378 has the power to control differentiation 

potential and thus predict a potential role for miR-378 in the maintenance of stem cell 

potency in ASCs in a biological and potentially a therapeutic sense. 
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4.3.4 Assessment of colony forming unit capability of transfected 
ASCs 
 

CFU assays are widely regarded as an effective means to evaluate stem cell proliferation. 

They assess the ability of single cells to form colonies in low dilutions. In addition to loss 

of differentiation potential in ASCs that have been in extended culture, there is also an 

observed loss of proliferative potential (Lo Surdo et al., 2013; Park et al., 2011; Wan 

Safwani et al., 2011). This further indicates that there is a general loss in ASC potency 

with serial passaging. After the successful manipulation of miR-378 expression to 

increase the differentiation potential of late passage ASCs, we wanted to assess its effect 

on proliferative capabilities. Unfortunately we were unsuccessful due to a number of 

limiting factors. 6-well culture plates were used in the assay to provide sufficient surface 

area for low density seeding of cells. However, these conditions are not conducive for 

successful transfection. Therefore a constant number of cells were transfected in a 96-

well plate format, left for 24 hours and then transferred in a serial dilution to the 6-well 

plate. This led to two major and previously unforeseen problems. Firstly, although care 

was taken, it is unlikely that the initial cell number remained entirely constant between 

samples. This may have been exacerbated during the transfer step from the 96-well to 6-

well plates. 

 

Re-counting at this stage would have been ideal but the cell counting methods available 

did not allow for accurate counting of such low cell numbers. Therefore subtle differences 

between conditions may have been masked. Secondly, transfection rates at the end of the 

assay were extremely low (on average 4.4%) which was significantly lower to the rates 

we had observed in the adipogenic and osteogenic differentiation assays (on average 

92.1% and 19.6% respectively). This is probably due to the fact that in this assay the cells 

are proliferating and so dilution of transfected reagents would occur. In contrast a cell 

committed to differentiation would cease proliferation.  As this is an important indicator 

of ‘stemminess’ future work should concentrate on identifying alternative methods to 

assess this capability. Alternatives could include the use of a live cell imaging system 

which would allow one to trace CFU formation at much earlier time points. An 

IncuCyte™ system that could be used to this end and one is due to be installed in the host 

lab soon.   
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4.4 Differential Expression of mRNAs 
 

mRNA analysis were not the primary focus of this project, but we analysed mRNA array 

data and qPCR validated 11 targets which may have a role to play in the maintenance of 

stem cell properties.  

 

Included in our qPCR validation were the four key transcription factors used to reprogram 

somatic cells into iPSCs: OCT4, SOX2, C-MYC and KLF4 (Takahashi et al., 2007; 

Takahashi & Yamanaka, 2006). We chose to include all four in our analysis even though 

they were not all identified as targets of interest from the microarray data as they are all 

key to stem cell potency. Of these, OCT4 and SOX2 were not significantly differentially 

expressed over time in culture according to the microarray data, and this was confirmed 

by qPCR validation (figure 3-8 (J) and (K)). When creating iPSCs, Takahashi and 

Yamanaka found OCT4 and SOX2 to be significantly decreased in expression during 

differentiation (K. Takahashi & Yamanaka, 2006). Similar processes behind their 

observation could be behind the non-significant differential expression in ASCs. C-MYC 

and KLF4 both showed a significant downregulation in expression in day 28 cells 

compared with day 0 cells and this was validated by qPCR (figure 3-8 (H) and (D)). 

Higher expression levels of these two pluripotency factors in freshly isolated ASCs may 

have functional effects on promoting a more stem cell like phenotype in these cells 

compared to cultured cells. 

 

Having the correct levels of C-MYC is important for regular cell function. C-MYC has a 

role in proliferation and cell growth and in cellular differentiation. Abnormal expression 

of C-MYC has been linked with tumorigenesis and cell apoptosis (Adhikary & Eilers, 

2005; Hoffman & Liebermann, 2008). These qualities make C-MYC a less appealing 

potential target for manipulation in order to restore or maintain ASC potency. However, 

manipulation of KLF4 levels may hold more promise in this regard. The KLF proteins are 

also regulators of apoptosis, differentiation and proliferation. KLF4 in particular is a 

stimulator of differentiation (Son et al., 2014) and has already  been suggested as a 

promising target for tumour suppression in breast cancers (Yu et al., 2011). In ASCs, 

KLF4 could potentially be a useful target to restore potency to late passage cells, perhaps 

using a plasmid to overexpress the mRNA. Manipulation of KLF4 would however require 
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close monitoring to identify any off-target deleterious effects. Another option, which is 

maybe more viable would be to use KLF4 as a marker for ASC potential. Instead of 

manipulating KLF4 levels in the cells, treatments could be engineered to maintain KLF4 

levels, thereby maintain ASC potency. 

 

There were seven other target mRNAs identified from the microarray data that were 

further validated by qPCR. All qPCR results matched the microarray data except for 

GREM1, which displayed the opposite trend of differential expression (in the microarray 

data GREM1 was upregulated in day 28 cells compared with day 0 cells, whereas qPCR 

showed a statistically significant downregulation). qPCR is accepted to be the gold 

standard to measure gene expression, we used TaqMan® probes, which use three probes 

to target a gene. This is very specific and likely to be more robust than microarray data 

which could have non-specific hybridisation to a probe. The literature aligns more with 

the qPCR data as GREM1 is reported to alter cell fate towards the persistence and/or re-

acquisition of stem-cell properties (Davis et al., 2015). Interestingly, Grem1 is reported to 

be a target of miR-378 during the induction of osteogenic differentiation via BMP2 

signalling in mesenchymal progenitor cells (Hupkes et al., 2014). In our system we do not 

observe the expected inverse correlation of expression that would be present if miR-378 

did target GREM1 for degradation. However this may only happen after the induction of 

osteogenic differentiation.  

 

Only two mRNAs, POSTN and SCRG1, displayed an increase in expression in day 28 

cells compared to day 0 cells (figure 3-8 (B) and (A)). POSTN has a role in osteoblast 

formation and is also thought to help create the tumour microenvironment, enabling 

metastasis and promoting the maintenance of stem cells. It can be secreted by BM-MSCs 

for this purpose. (Wang & Ouyang, 2012). From this, it is curious that POSTN is 

upregulated in day 28 cells as it seems to promote stem cell qualities. For SCRG1 

however, the expression pattern makes sense as there is an anti-proliferative effect. 

SCRG1 is a stimulator of chondrogenesis. In MSCs forced expression of SCRG1 had the 

effect of repressing proliferation in order to stimulate chondrogenesis (Ochi et al., 2006). 

We also found osteogenic related mRNAs MGP and OGN to be downregulated at day 28 

along with CXCL14, a regulator of immune and inflammatory responses (figure 3-8 (E-

G)). Aside from multipotent differentiation potential, ASCs have immunomodulatory and 
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anti-inflammatory properties that make them appealing for use in regenerative medicine. 

This aspect of ASCs was outside the scope for this project but the differential expression 

pattern we see for CXCL14 is encouraging for our hypothesis that ASCs lose many 

aspects of their potency during extended culture.  

 

Of note is the fact that FABP4 expression was higher in day 0 versus day 28 cells (figure 

3-8 (I)). FABP4 was included as ASCs are derived from adipose tissue and it is a validated 

marker for differentiated adipocytes. It is unclear why FABP4 expression was detected in 

freshly isolated ASCs however it may be due to residual adipogenic progenitor cells 

within the ASC population. In general, adipogenic progenitors are not thought to express 

FABP4 but recently some FABP4-expressing progenitor populations have been found 

within the SVF of adipose tissues (Shan et al., 2017). Although MACS and FACS 

isolation of ASCs from the SVF yields ASC populations with high purity it is possible 

that some other cell types remain. The differences in expression of FABP4 that we 

observed between day 0 and day 28 were statistically significant (P-value = < 0.05) but 

there was wide variation in the level of FABP4 expression at day 0. This could be the 

result of differing numbers of residual adipogenic progenitor cells within the purified 

ASC population. By day 28 of culture the population would have become more 

homogenous in which may explain the reduction in FABP4 expression. We are fairly 

confident that there are no adipocytes present in the isolated ASC population and there is 

also the fact that the assay is an mRNA assay, which does not necessarily mean that the 

protein for FABP4 is present. 

 

An alternative theory is that ASCs with the highest potential (i.e. freshly isolated ASCs) 

maintain expression of genes required for differentiation in their undifferentiated state. 

Therefore, when they do differentiate they increase expression of these genes further, to a 

level required for terminal differentiation, but can do this much easier than late passage 

cells due to the higher baseline levels of the gene. This idea seems to fit most of our data 

as we see elevated levels of differentiation associated genes such as OGN, MGP and 

KLF4 in day 0 versus day 28 cells. 

 

Interestingly, for many of the top mRNA hits there was a significant difference between 

not only day 0 and day 28 cells, but also day 0 and day 3 cells (figure 3-8). This indicates 
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an almost immediate change in mRNA expression when ASCs come into contact with the 

plastic surface. This suggests that even a short time in culture may be detrimental to 

function. This is an important point to consider as some clinical trials are using cells that 

have been passaged only a few times (Shafaei et al., 2016). 

4.5 Future Research  
 

Whilst this study has increased our understanding of the molecular mechanisms 

underlying the loss of differentiation potential in ASCs that have been in extended 

culture, there is still much left to learn. 

 

This project has highlighted miR-378 and KLF4 as potential targets for the restoration 

and/or maintenance of ASC potential in culture. We have shown that overexpression of 

miR-378 in late passage ASCs can significantly increase differentiation potential down 

the adipogenic lineage. The same effect was observed, albeit less robustly at this stage, 

down the osteogenic lineage. Further work is needed to confirm the result in osteogenic 

differentiation. As it is thought that miR-378 functions to promote osteogenesis through 

the BMP signalling pathway, supplementing the osteogenic differentiation media with 

BMP2 may be informative in on-going experiments. Ideally to confirm the multipotency 

of these cells future experiments would also include assays to assess differentiation down 

the chondrogenic lineage.  

 

Based on my results further research into the role of KLF4 in the maintenance of 

“stemminess” in ASC is warranted. It would be useful to test the effects of 

overexpression of KLF4 on the potency of late passage ASCs. One method would be 

transfection of a KLF4 expression plasmid, although optimisation of transfection 

conditions would be required. Another interesting direction would be to assess KLF4 as a 

marker for potency. For instance, if KLF4 was established as a viable marker of stem cell 

potential, one could test for KLF4 expression levels in miR-378 transfected late passage 

ASCs as an indicator of potency. 

 

Other aspects that warrant further investigation include assessing the effect of miR-378 

manipulation on the immunomodulatory capability of the ASCs. Immunosuppression 

assays could be used to see whether immune regulation of late passage ASCs is increased 
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by overexpression of miR-378 in a similar way to differentiation potential. Cytokine bead 

arrays could also be used to analyse the paracrine factors released by ASCs and by ASCs 

overexpressing miR-378. Likewise, establishing effective CFU assays in order to assess 

proliferation would be useful. Expanding the in vitro experiments to include the testing of 

more stem cell functionalities would produce additional support for the use of miR-378 as 

a potential target to improve the clinical utility of ASCs. 

 

Unfortunately the miR-21 inhibitor used during this project failed to be effective. miR-21 

remains a promising target and therefore further experiments in this vein are justified. As 

a previous report suggests a pro-adipogenic role for miR-21, which is in contrast to our 

own results, it will be interesting to test the role of  this microRNA on adipogenic 

differentiation potential (Kim et al., 2009).  

 

The day 28 cells that were used in our experimental system represent the average length 

of time it takes to purify an ASC population by plastic adherence culture. Although some 

trials use the cells sooner, this is a useful time point when thinking about the clinical 

application of ASCs. However we also showed continued decreases in potency (at least in 

differentiation potential) far beyond this time point. Analysis of mRNA and miRNA 

expression data from very late passage ASCs, such as those used in this project (passage 

18 and above) could further highlight the molecular changes occurring over time in 

culture and potentially provide a clearer picture into the loss of potency of ASCs in 

culture. 

 

These results are however encouraging, particularly because of the emerging research into 

miRNA targeting as a clinically useful form of therapy (Baek et al., 2014; Lindow & 

Kauppinen, 2012). There is certainly precedent now for a miRNA targeted approach and 

new genome editing techniques such as CRISPR/Cas9 (Doudna & Charpentier, 2014) 

could potentially be used in conjunction with this new knowledge. For example, if 

successful it may be possible to create a bank of heterologous stem cells that are 

engineered to express high levels of miR-378 for use in ASC therapeutics. These ideas 

are far in the future but do highlight the possibilities of being able to manipulate ASCs to 

maintain their stem cell potency. 
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4.6 Conclusions 
 

This project aimed to provide insight into the molecular mechanisms underlying the 

decrease in potency of ASCs over extended time in culture. Using microarray data 

validated by qPCR we confirmed differential expression of three miRNAs and 11 

mRNAs of interest in day 0 versus day 28 ASCs. We identified miR-21, miR-378 and 

KLF4 as potential targets for manipulation to increase the potential of late passage ASC. 

Functional assays suggest that overexpression of miR-378 is able to restore adipogenic 

differentiation potential and is likely to restore osteogenic differentiation potential to late 

passage ASCs. These data, in combination with future investigations could form the 

foundation for methods to circumvent the use of potentially suboptimal cells in 

therapeutic applications of ASCs.  
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6. APPENDICES 
 

6.1 Supplementary Tables 

 

 

 

Donor Media 
Efficiency at 7 Days 
(% FITC+) 

Efficiency at 14 Days 
(% FITC+) 

ASC 15 Standard ASC 84.2  70.3  
ASC 21 Standard ASC 82.2  73.4  
ASC 23 Standard ASC 85.2  83.4  
ASC 30 Standard ASC 67.1  50.6  
ASC 31 Standard ASC 77.4  48.8  
ASC 32 Standard ASC 84.2  59.2  
ASC 15 Adipogenic Differentiation 94.5  97.8  
ASC 21 Adipogenic Differentiation 98.9  98.9  
ASC 23 Adipogenic Differentiation 98.8  99.7  
ASC 30 Adipogenic Differentiation 89.2  82.2  
ASC 31 Adipogenic Differentiation 93.5  94.3  
ASC 32 Adipogenic Differentiation 94.4  79.8  
Supplementary Table 2: Transfection efficiencies at 7 days and 14 day time point of adipogenic 
differentiation assay. Flow cytometry data analysed in FlowJo showing percentage of FITC+ cells 
at the 7 day time point of an adipogenic differentiation assay and at 14 days of an adipogenic 
differentiation assay. 14 days cells underwent a repeat transfection at halfway point of assay.	  

 

 

Reagent Volume (µl) siRNA Volume (µl) 
DharmaFECT 
(% FITC+) 

Lipofectamine 
(% FITC+) 

HiPerFect 
(% FITC+) 

1 0.4 52.9  4.30  0.078  
1 0.5 60.8  8.43  0.050  
1 0.6 61.1  10.8  0.059  
1.5 0.4 52.5  10.4  0.051  
1.5 0.5 60.6  9.40  0.062  
1.5 0.6 61.1  16.1  0.048  
2 0.4 48.7  8.92  0.012  
2 0.5 55.0  12.9  0.015  
2 0.6 64.9  18.2  0.12  
Average   57.5  11.05  0.055  
Supplementary Table 1: Transfection efficiencies using 3 different commercially available 
transfection reagents. Flow cytometry data analysed in FlowJo showing the percentage of FITC+ cells 
following transfection of ASCs with BLOCKiT™ using each reagent at varying concentrations. 
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Donor Media Efficiency at 21 Days (% FITC+) 
ASC 15 Standard ASC 14.4  
ASC 21 Standard ASC 10.0  
ASC 30 Standard ASC 13.9  
ASC 31 Standard ASC 28.6  
ASC 32 Standard ASC N/A 
ASC 15 Adipogenic Differentiation 19.4  
ASC 21 Adipogenic Differentiation 22.3  
ASC 30 Adipogenic Differentiation 35.3  
ASC 31 Adipogenic Differentiation 7.01  
ASC 32 Adipogenic Differentiation 13.9  
Supplementary Table 3: Transfection effieicnies at end point (21 days) of osteogenic 
differentiation assay. Flow cytometry data analysed in FlowJo showing percentage of FITC+ cells 
at the 21 day end point of the osteogenic differentiation assay. Error in collection of flow data for 
ASC 32 grown in standard ASC medium. 
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