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ABSTRACT 

 

Title of Thesis: Optimization of Human Adipose-derived Stem Cell (ADSC) Culture for 

Growth, Multi-lineage Differentiation and Regenerative Potential 

 

Stephanie Perkail, Master of Science, 2014 

 

Thesis Directed by: John C. McLenithan, PhD, Assistant Professor of Medicine, 

        Division of Endocrinology, Diabetes, and Nutrition,  

        University of Maryland Baltimore 

 

Adipose tissue is rich with stem cells and harvesting these cells is minimally invasive to 

donors, making it an ideal tissue to work with.  Stem cells have the capacity to maintain 

prolonged self-renewal, as well as the ability to differentiate into cells with more 

specialized functions.  Given their unique regenerative abilities, adipose-derived 

mesenchymal stem cells (ADSCs) offer new potentials for use in clinical therapy and 

regenerative medicine.  Optimizing ADSC growth for therapeutic use involves both rapid 

expansion of cells and cellular characterization including the growth factor/ cytokine 

secretome that may be crucial to promote healing. 

 

The first part of this study was to optimize stem cell growth using xeno-free medium.  

We grew cells in DMEM/F12 with 1% human serum (HS), 2.5% HS 10% fetal bovine 

serum (FBS) with and without FGF-2, with or without ITS, on uncoated polysterile or 



pre-coated fibronectin plates.  FGF-2 was essential for growth in low-serum conditions 

while pre-coated fibronectin plates provided minimal increases.  Doubling times on 

uncoated plates were 26.7 hours for 1%HS+FGF, 25.1 hours for 1%HS+FGF+ITS, and 

26.7 hours for 2.5%HS+FGF and 17.9 hours for 10%FBS+FGF. 

 

Additionally we evaluated the regenerative potential of ADSCs culture-expanded under 

different conditions by comparing the ratio of gene expression of hepatic growth factor 

(HGF) to the expression of transforming growth factor (TGF-beta) by quantitation with 

RT-qPCR.  The HGF/TGFB1 ratio was 20.5 for 1%HS+FGF, 23.8 for 1%HS+FGF+ITS, 

2.0 for 10%FBS+FGF and 0.1 for 10%FBS noFGF. 

 

Further evaluation of gene expression, of ADSCs culture-expanded in 1%HS+FGF, 

1%HS+FGF +ITS, 10%FBS+FGF, and 10%FBS noFGF, was done using an Affymetrix 

microarray.  Significant differences in pathway-dependent gene expression between 10% 

FBS and 1%HS conditions were reflected in the ability of the stem cells to undergo 

differentiation into osteogenic, chondrogenic, adipogenic and myogenic lineages. 

1%HS+FGF produced the best osteogenic differentiation whereas 10%FBS noFGF 

produced the best chondrogenic differentiation.  

 

The variation in gene expression observed between the growth conditions may help to 

predict the most efficient conditions to build tissue models for future genetic disease 

research and/or clinical drug screening and development. $$$
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Chapter I: 

Background Information 

Stem Cells     

Stem cells are unique in all of biology. With their capacity to maintain prolonged self-

renewal, stem cells have plastic adherence properties, as well as the ability to 

differentiate into cells with more specialized functions.1, 2, 3 

     In the presence of lineage-specific induction factors, adult stem cells have the ability 

to mature into myogenic, chondrogenic, osteogenic or adipogenic cells. 1, 2, 4, 5  In addition 

to having multipotent differential potential, stem cells also express a specific immune-

phenotype.  Mesenchymal stem cells are classified by the cell markers CD73+, CD90+ 

and CD45-, with an additional cell marker of CD105+ in culture-expanded stem cells.3, 5 

     Unlike embryotic stem cell and the controversy that surround them, resident adult 

stem cells can be found in a number of human tissues.   Stem cells have been isolated 

from bone marrow, adipose, muscle and even dental pulp. 4, 5, 6  Among these various 

tissue types, adipose remains one of the most practical for clinical applications due to the 

avail-ability of adipose, given the rise of obesity, and the abundance of adult stem cells 

found within human adipose tissue. 7, 8  As an additional advantage, harvesting stem  

cells from adipose tissue is also minimally invasive to donors and therefore contains 

minimal risk.7  

     In the United States there are more than 400,000 liposuction surgeries performed each 

year, with most of the aspirate collected being discarded post op.9  As it turns out, 

liposuction aspirate contains a heterogeneous cell population otherwise known as the 

stromal-vascular fraction (SVF).10 
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     A number of different cell types are found within the SVF, including fibroblasts, 

meso-thelial cells, visceral fat preadipocytes, immune cells and endothelial cells. 11, 12, 13  

Apart from these, SVF is a rich source of stem cells.  In fact, 20-50% of cells found in 

SVF are stem cells.14  While processing liposuction aspirate has yet to be standardized, 

many laboratories use common procedures to process the aspirate and isolate the  

stem cells.  

     Although individual techniques are applied, the first step is to enzymatically digest the 

tissue to release the cells from the extracellular matrix. 10, 15  Then the digest is filtered 

through nylon mesh to remove any connective tissue before centrifugation is performed 

to separate the denser SVF from the lightweight mature adipocyte population. 10  Only 

once the SVF pellet is isolated, can the heterogeneous cell population be cultured to 

select for the plastic adherent cell population. 15 

     Given their unique regenerative abilities, adipose-derived mesenchymal stem cells 

(ADSCs) offer new potentials for use in clinical therapy and regenerative medicine.   

 

Regenerative Medicine 

Regenerative medicine often includes stem cell therapy, but more broadly is associated 

with the idea of repair, replacement and regeneration of cells, tissue or organs.  As a 

growing field of medicine, autologous stem cells have already been used in a number of 

clinical applications ranging from wound healing, 16 bone repair, 17 and even in ischemic 

injuries, including myocardial infarction. 18 

     When I began this project, my primary interest was in the therapeutic use of ADSC to 

aid in the reversal of radiation-induced fibrosis (RIF) that results from radiation damage 
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of soft tissue after a breast lumpectomy.  RIF may be painful, even disabling, and is 

considered to be irreversible.  In the United States alone, approximately 10,000-30,000 

women are affected each year. 19, 20 

     There have been human breast studies that have looked at enriching fat grafts with 

SVF.    The studies isolated SVF from liposuction aspirate and then injected the cells in 

with an adipose graft in the same operative session. 21, 22  Although functional and 

symptomatic results were apparent, these studies contain no quantifiable system in which 

inflammation and fibrosis could be evaluated.21, 22  A recent study using autologous 

culture-expanded adipose-derived stem cells to enrich fat grafts has shown promising 

results in fat graft retention with newly formed connective tissue. 23
 

     Currently there have been no completed human trials that evaluate culture-expanded 

ADSCs on RIF. While human clinical data is lacking, there have been several animal 

studies that have looked at the effect of cultured stem cells on fibrosis. These have 

demonstrated a successful reversal of fibrosis. 24, 25, 26 

     With expanded research, regenerative medicine has the potential to confront crises on 

many fronts.  In terms of organ transplantation, more than 120,000 Americans are waiting 

for an organ transplant. 27  Even now, there is a growing need for transplants that is not 

being met by donor availability. 28  

     As a key component in regenerative medicine, stem cells have the potential to build 

autologous organs for patients that not only replace damaged organs but also reduce the 

need for a future transplant by eliminating cellular and antibody-mediated rejection and 

the adverse side effects of immunosuppression. 28  
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     As a less obvious but hugely important impact on both public health and organ 

transplantation, this field has the potential to regenerate or repair insulin-producing 

pancreatic islets. 29  Repairing or replacing pancreatic islets was originally thought to 

only improve the outcome of type 1 diabetes.  However, a recent study indicates that 

injecting mesenchymal stem cells have the potential to cure type 2 diabetes.115  This 

would improve the lives of nearly 26 million Americans with diabetes. 30  At 44%, 

diabetes is the most common cause of kidney failure 30 and accounts for just over 1/3 of 

the US kidney transplant waitlist. 27 

 

Regenerative Potential 

Optimizing ADSC growth for therapeutic use is not only about growing the cells quickly, 

but also ensuring that the cells are producing bioactive factors that promote healing.   

Two important cytokines that we focused on during this study included Transforming 

Growth Factor beta (TGF-β) and Hepatic Growth Factor (HGF).  These growth factors 

exist in inversely related fibrotic and anti-fibrotic pathways. 31  TGF-β is found to be part 

of the SMAD signaling pathway that can lead to fibrotic tissue.32 

     TGF-β has the ability to regulates several cell types and this regulation can lead to 

several outcomes that include: arrested cell cycle, induced differentiation, and 

apoptosis.33  When endothelial and epithelial cells are stimulated by TGF-β, they 

differentiate into fibroblasts and myofibroblasts.  These cells then contract the 

extracellular matrix, leading to excessive deposition of extracellular matrix, causing a 

dense fibrotic state. 32, 34   
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     On the other hand, HGF has angiogenic and protective effects.  HGF acts as an 

antagonist to TGF-β and is important for the reduction of fibrosis.  It has been shown that 

repair-promotion activities of ADSC in tissue ischemia are mediated by HGF. 35, 36 

Similarly, another group showed that blocking HGF signaling, in chronic kidney disease 

(CKD), actually promotes the progression of tissue fibrosis. 37 

 

Research Model 

ADSCs also offer an opportunity to be used as a research model from genetically defined 

populations.  By no means is the therapeutic potential of stem cells limited to tissue 

engineering solid organs nor is it limited to transplantation in humans, especially  

since it may currently be more advantageous to repair or regenerate tissue, given the  

risks of surgery.   

     Stem cells can be used to elucidate what symphony of signals is orchestrated in the 

repair process. 38  Stem cells can also be utilized as an in vitro model for use in drug 

development to identify new targets or screen for toxicity.  By differentiating the cells 

into different lineages, drug effects can be evaluated in different tissue types before 

starting human trials. 39  In a similar approach, differentiated cells could be used to better 

understand how a particular genetic disease affects various tissues. 39, 40  Without 

transplanting a single cell, this aspect of regenerative medicine is sure to have a 

significant impact on human health. 
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Specific Aims 

This study is divided into two separate but related themes.  The first part of this study was 

to optimize stem cell growth for therapeutic use in humans using xeno-free medium.  In 

order to comply with the FDA regulations and future requirements, xeno-free medium is 

desired.  The second was to help define the most appropriate conditions to grow cells 

with the intention to differentiate those cells down a particular lineage in order to use the 

cells for study in vivo.   

     In our first aim we looked at three main variables with culture expansion of stem cells.  

These include the percent human serum used in the medium, the effect of the exogenous 

growth factor FGF-2, and the effect of fibronectin pre-coated plates.   

     Though we optimized growth with commercial human serum, the intention is to 

eventually use a patient’s, or autologous, serum for culture expansion of his or her 

ADSCs.  Currently 10% fetal bovine serum (FBS) is used as the gold standard for 

culture-expanded ADSC growth, however using 10% human serum (HS) was not 

considered an option, given that it would require an excessive amount of blood to be 

drawn from the patient.  So as to be clinically viable, we decided to also look at both 1% 

and 2.5% HS. 

     FGF-2, otherwise known as fibroblast growth factor, has been shown previously to 

stimulate the growth of ADSCs and promotes differentiation of these cells into 

adipocytes and chondrocytes. 35 

     Fibronectin is a glycoprotein created as part of the extracellular matrix that the cells 

produce in order to attach to the plate.  We theorized that if the fibronectin coating is 
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already provided, the cells were able to focus their energy on producing growth factors 

that further augment their regenerative potential.   

     Insulin-Transferrin-Selenium (ITS) is used as a supplement to improve cell growth in  

low serum medium.  It is also used to aid in the differentiation of chondrocytes. 42  Insulin 

is a hormone that helps cells utilize glucose and amino acids.  Transferrin is a protein  

that transports iron into the cell to help maintain iron homeostasis.  Selenium is a cofactor  

that activates glutathione peroxidase and its activation is essential for detoxifying  

oxygen radicals. 

     The second aim focuses on the ratio between HGF and TGF-β production, by the cells 

under the various conditions, that we suggest defines their regenerative potential.  We 

used two methods to evaluate and quantify HGF and TGF-β expression.  After using 

qRT-PCR to narrow down the set of conditions, we wanted to pursue and then further 

evaluate more gene expression extensive analysis with an Affymetrix Microarray.   

     To determine whether or not ADSCs grown in human serum have a differential effect 

on multi-lineage stem cell differentiation compared to FBS grown ADSCs, we evaluated 

the results from the Affymetrix Microarray to identify pathway regulation, including both 

the fibrotic (TGF-β) and regenerative, or anti-fibrotic (HGF) pathways, to predict which 

culture conditions would be best suited to build tissue models for future genetic disease 

research.  Once we made our predictions, we tested them by differentiating cells, from 

varying culture conditions, into cartilage, adipose, bone and muscle and used histological 

staining to quantitate our results. 
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Hypotheses 

By adding exogenous growth factors to the cell culture medium and pre-coating the cell 

culture plates with extracellular matrix proteins, we postulate that enhanced growth and 

optimized regenerative potential of the stem cells can be achieved. Also by utilizing 

human serum for growth of the adipose-derived stem cells, these cells will exhibit 

enhanced regenerative potential when compared to FBS, or xeno, cultured cells.  
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Chapter II: 

Optimizing ADSC Growth Conditions 

Introduction 

There are a number of factors to consider when optimizing stem cell growth for 

therapeutic use in humans.  One such factor is serum.   

     The FDA, and other regulatory commissions worldwide, are concerned with the use of 

animal products being used to expand stem cells in culture for therapeutic use in humans.  

Many current protocols use fetal bovine serum (FBS) in medium for the culture of stem 

cells.  Regulatory agencies in Europe have particular concerns about using FBS due to 

the potential spread of bovine spongiform encephalopathy. 43 

     An additional concern to regulatory agencies, including the FDA, is that recipients 

may undergo an immune response to proteins found in the FBS.  Previous studies have 

shown that there is a potential risk of serum sickness resulting from antibody-mediated 

rejection of FBS related proteins. 44, 45 

     It is for these reasons that this study attempts to optimize stem cell growth in human 

serum.  After identifying a clinically relevant percent human serum for ADSC growth 

using pooled AB negative human serum, the next step would be to begin optimizing 

culture conditions using autologous cells and serum.  With the use of autologous serum, 

the risk of disease transfer is almost negligible or insignificant.  We also reduce the risk 

of causing an immune reaction to foreign proteins that could be found in FBS cultured 

stem cells or potentially even stem cells cultured in autologous human serum. 46  
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Research Design and Methods 

Approval from the Greater Baltimore Medical Center’s Institutional Review Board (IRB) 

was granted under Dr. Ricardo Rodriguez.  De-identified patients were consented prior to 

surgery.  Additional IRB approval from the University of Maryland Baltimore was 

obtained under Dr. John McLenithan. 

 

SVF Samples 

The following experiments were performed using adipose-derived stem cells isolated 

from SVF of human abdominal subcutaneous adipose tissue.  The de-identified subjects 

were likely to be young, healthy female donors undergoing routine cosmetic liposuction.  

Specific information regarding these donors was not provided aside from the location of 

where the tissue was derived. 

 

SVF culture 

Freshly isolated SVF was plated in Dulbecco’s Modified Eagle Medium (DMEM/F12) 

with 10% FBS and penicillin and streptomycin (Invitrogen) on an uncoated plastic 10cm 

dish and labeled passage 0.  To ensure even distribution of cells, the plate, without tilting, 

was gently moved in a forward-to-backward motion and then gently in a side-to-side 

motion. These plates were then incubated at 37°C in 5% CO2. 

 

Prepping for Passaging and Freezing (Trypsinization) 

Once cultured, cells were either passaged (1:5 dilution) at 90% confluence or frozen, if 

they were not being used for experiments.  The 10cm dish was tilted and all the medium 
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was aspirated off. Approximately 20ml of sterile phosphate buffered saline (PBS, 

Corning) was added and swished around the plate to wash any residual serum.  Again, the 

plate was tilted and all of the PBS was aspirated off.  0.5ml of 0.125% Trypsin-EDTA 

was then utilized to cleave the extracellular matrix upon which the cells were adhering to 

and thereby detaching the cells from the plate surface for passaging or counting. To 

ensure the entire bottom is coated, the plate was tilted and rotated several times, using the 

steering wheel method.  For approximately two minutes, the plate was placed in the 

incubator at 37°C in 5% CO2.  Once removed from the incubator, the plate was re-rotated, 

continuing the use of the steering-wheel method.  The cells were checked under the 

microscope to ensure they had detached from the plate.  Without splashing, the plate was 

tapped against the microscope stage in a 4-way direction.  The cells were checked under 

the microscope again.  If the cells all appeared to be fluid, the plate was returned to the 

cell culture hood.  Once in the hood, 4ml of medium with 10% serum, human or fetal 

bovine, depending on the culture conditions, was added to the plate to inactivate the 

trypsin.  On a tilted plate, the medium was pipetted to break up any cell clumps.  With 

cell clumps eliminated the cell medium was then transferred to a 15ml conical tube and 

centrifuged, using the IEC Centra CL2 centrifuge, for 5 minutes at 1,000rpm.  After 

centrifugation, the supernatant was removed as close to the cell pellet as possible and the 

pellet was suspended in 50ml of specified culture medium to plate.  Cells that were not 

used in experiments were frozen in DMEM/F12 with 10% serum, human or fetal bovine, 

determined by the growth condition, and 10% DMSO (dimethylsulfoxide, Sigma).  Each 

10cm plate was frozen in 1ml of freezing medium. 
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SVF to Stem Cell Culture 

ADSC were maintained in DMEM/F12 with L-glutamine growth medium, with penicillin 

and streptomycin (Invitrogen), containing either 1%HS (human AB serum, Lot: 

H64M03C, Gemini), 2.5% HS or 10%FBS (fetal bovine serum, Gibco).  2ng/ml of FGF-

2 (Fibroblast Growth Factor, Sigma) was added, if the culture condition contained FGF.  

10ml/L ITS supplement (insulin, transferrin and selenium, Sigma) was also included in 

the 1%HS with FGF-2 and ITS condition only.  A second human serum (human AB 

serum, Lot: A13003, Altanta Biologicals) was used to confirm that the cell counting 

results were not serum-specific. 

 

Fibronectin Coating for Tissue Culture Plates 

1ml of Milli-Q water (Ultrapure water, Millipore, Billerica, MA) was added to 1mg vial 

of human fibronectin (BD Biosciences).  After 30 minutes, without agitating or swirling 

the solution, it was transferred to a 50ml conical tube.  PBS was added to 25mls.  5mls of 

fibronectin/PBS solution was used to coat each 10cm dish or 1ml was used to coat each 

well of a 6 well plate.   

     After incubating in the tissue culture hood for 1 hour, the supernatant was returned to 

the 50ml tube and PBS was added to return it to a volume of 25mls.  This process was 

repeated no more than two times before the plates were quickly washed with 10ml  

Milli-Q water and allowed to dry in the hood before being placed in the 4°C refrigerator 

for storage.  
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Cell Counting Experiments and RNA Isolation 

Isolated SVF, in DMEM/F12 with 10% FBS, was then plated on an uncoated plastic 

10cm dish at high density (~106 cells) and labeled passage 0.  At passage 1, cells were 

cultured in DMEM/F12 plus 10%FBS with 2ng/ml FGF-2.  Starting as passage 2, the 

cells were cultured continuously under the different culture conditions until the cell 

counting experiments began in passage 3, 4 or 5.  New medium was added every 3 days 

until cells were 90% confluent for passage. 

     Since the cells grown under the various conditions grew at different rates, they needed 

to be counted and plated at the same density on Day 0 of the 3-day experiments.  After 

cells were trypsinized and inactivated in 4mls of medium containing 10% serum, the cells 

and medium were then transferred to a 15ml conical tube and centrifuged, using the IEC 

Centra CL2 centrifuge, for 5 minutes at 1,000rpm.   

     Once centrifugation was complete, the supernatant was removed as close to the cell 

pellet as possible and the pellet was suspended in 4ml of the appropriate culture media.  

At this point, the cell medium was diluted into isoton fluid at a 1:200 ratio and counted 

using the Coulter Z1 cell counter (Beckman-Coulter).  This resulted in a cell count per 

1ml of the cell suspension.  Cells were plated at a density of 0.5x104 to 2.0x104 cells per 

well, however all conditions were plated at the same density for a single experiment.   

     Cell counting experiments and RNA isolation were performed using 6 well plates.  

Each condition was designated two 6 well plates per experiment.  One plate was used for 

cell counting and the other was used for total RNA extraction.   
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Counting 

In order to count each well, the wells were first washed with PBS and then each well was 

trypsinized with 0.15ml 0.125% Trypsin-EDTA.  The trypsinized cells from each well 

were then diluted into 0.85ml DMEM/F12 + 10% FBS, for a total 1ml volume per well, 

in order to count.  The cell suspension was diluted into isoton fluid at a 1:200 ratio.  This 

resulted in a cell count per 1ml, or in other words, how many cells were present in each 

well.  Readings were taken in triplicate on the Coulter Z1 cell counter in order to ensure 

consistent measurements. 

 

RNA Isolation 

RNA was isolated each day, from the second plate, at the same time the cell counting was 

performed.  The RNA was later used to evaluate the HGF to TGF-β1 ratio for each 

ADSC culture condition on each day.  On day 1, 3 wells were isolated for RNA.  On day 

2, 2 wells were isolated for RNA.  On day 3, the remaining well was isolated for RNA. 

     Total RNA was isolated from ADSCs using Trizol (Invitrogen).  With the exception 

of allowing the RNA to precipitate from isopropanol overnight in a -20°C freezer, RNA 

was isolated according to the manufacturer’s instructions. 

 

Statistical Analysis 

Doubling time was calculated: Td = (t2 - t1) * [log(2) / log(q2 / q1)], t1 = 0 (time at plating), 

q1 = cell count at plating, t2 = time (hours) at Day 3 count, q2 = cell count on Day 3.   

Student’s t test analysis was done using a two-tailed t-test assuming the groups have 

equal variance.  
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Results 

II.1: Effects of FGF-2 and Fibronectin on ADSC Growth 

In order to simultaneously compare the effects of FGF-2 and the use of pre-coated 

fibronectin plates on ADSC growth, cells grown in 10%FBS medium or 1%HS medium 

were subjected to fibronectin-coated vs. uncoated plastic plates and FGF-2 vs. non-

exogenous growth factor conditions.  Cells were counted in triplicate, per well, after 24, 

48 and 72 hours.  Figure II.1A is a representative graph of the effect of FGF-2 and 

fibronectin observed, by the third day, on ADSC growth.   

     For this experiment, all comparisons between cells grown in media containing FGF-2 

versus without had a significant increase in growth.  On uncoated plastic plates, there was 

a 2.76 fold increase in cell number between ADSCs culture-expanded in 10%FBS with 

FGF-2 medium versus 10%FBS without FGF medium.  On fibronectin pre-coated plates, 

there was a 2.57 fold increase in cell number between ADSCs culture-expanded in 

10%FBS with FGF-2 medium versus 10%FBS without FGF-2 medium. 

     For human serum conditions, this change was even greater.  On uncoated plastic plates, 

there was a 4.36 fold increase in cell number between ADSCs culture-expanded in 1%HS 

with FGF-2 medium versus 1%HS without FGF-2 medium.  With regard to fibronectin 

pre-coated plates, there was a 3.38 fold increase in cell number between ADSCs culture-

expanded in 1%HS with FGF-2 medium versus 1%HS without FGF-2 medium. 
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Figure II.1A: Effects of FGF-2 and Fibronectin on ADSC Growth 

  

A representative graph of Day 3 cell counts of ADSC culture-expanded in 10%FBS 

medium or 1%HS medium while simultaneously comparing the effects of FGF-2 and the 

use of pre-coated fibronectin plates on ADSC growth.   All comparisons between cells 

grown in media containing FGF-2 versus without had a significant increase in growth. 

     Abbreviations: Fib = ADSCs grown fibronectin pre-coated plates; noFib = ADSCs 

grown on uncoated plastic plates; FGF = ADSCs grown with exogenous FGF-2; noFGF 

= ADSCs grown without exogenous growth factors. 
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When comparing samples grown, either with or without FGF-2, on fibronectin-coated 

versus uncoated plates, there was an approximate 20% increase in growth by day 3 in 

both the 1%HS and 10%FBS culture-expanded ADSC.  This was confirmed in 3 

independent experiments shown in Figure II.1B. 

     Figure II.1B shows the effect of fibronectin on ADSC growth over three independent 

experiments.  In order to compare different cell counts, counts for cells grown on 

uncoated plastic plates were set equal to 100, as a control, and cells grown on fibronectin 

pre-coated plates were calculated as a percent of it.  ADSC growth for cells cultured in 

10%FBS with FGF-2 medium on fibronectin pre-coated plates (122 ± 6.9) (n = 3, 

Student’s t test, *p = 0.03, Figure II.1B) were significantly increased when compared to 

cells cultured in 10%FBS with FGF-2 medium on uncoated plastic plates.  However, 

ADSC growth was not significantly changed for cells cultured in 1%HS with FGF-2 

medium on fibronectin pre-coated plates (119 ± 8.9) (n = 3, Student’s t test, p = 0.09, 

Figure II.1B) when compared to cells cultured in 1%HS with FGF-2 medium on plastic 

uncoated plates. 
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Figure II.1B: Effect of Fibronectin on ADSC Growth 

 

Culture-expanded ADSCs in 10%FBS with FGF-2 conditions are significantly increased 

when grown on pre-coated fibronectin plates (122 ± 6.9) as opposed to uncoated plastic 

plates.  Culture-expanded ADSCs in 1%HS with FGF-2 conditions were not significantly 

increased when grown on pre-coated fibronectin plates (119 ± 8.9) as opposed to 

uncoated plastic plates.   Student’s t test was used to compare the percentages of relative 

growth between conditions.  n = 3, *p = 0.03 (uncoated vs. fibronectin pre-coated).  

Mean ± SE. 
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II.2: ADSC Growth Curve: Effect of Serum 

Figure II.2 is a representative ADSC growth curve.  All the conditions were plated at the 

same density on Day 0.  Cells from two wells were isolated counted in triplicate 

approximately 24, 48 and 72 hours after plating.  The well counts were averaged and 

standard deviations of those counts were calculated for each time point and added to the 

graph as error bars.   

     There were fairly consistent counts between wells; however there were a few wells 

that had inconsistent counts, as was the case for 10%FBS with FGF on Day 2 in this 

example.  There were a number of factors that could have influence those numbers.  As 

the standard deviations of other wells for that condition, on Days 1 and 3, were fairly 

consistent, I do not think it was an issue of cell distribution, or clumping, in the medium.  

It was most likely that a transfer error occurred either with the initial plating, during the 

trypsinization, or during the 1:200 dilution in isoton prior to counting.   

     As was the case in this experiment, as well as the other entire cell counting 

experiments, ADSCs grown under 10%FBS with FGF-2 condition had a significant 

increase in cell numbers, compared to all other conditions, each day after plating.   

  



 20 

Figure II.2: ADSC Growth Curve: Effect of Serum 

 

This is an example of a representative ADSC growth curve examining the effect of serum 

on growth.  As was the case in this experiment, as well as the other cell counting 

experiments, ADSCs grown under 10%FBS with FGF-2 conditions had a significant 

increase in cell numbers, compared to all other conditions, each day after plating.   

Day 1: 10%FBS with FGF-2 (25,100 ± 2,458) was significantly increased from the next 

fastest growers in the 2.5%HS with FGF-2 (18,725 ± 1,610). 

Day 2: 10%FBS with FGF-2 (41,600 ± 2,715) was significantly increased from the next 

fastest growers in the 2.5%HS with FGF-2 (28,400 ± 818). 

Day 3: 10%FBS with FGF-2 (74,700 ± 5,543) was significantly increased from the next 

fastest growers in the 10%FBS without FGF-2 (48,400 ± 4,759). 

     There was little difference in ADSC growth between the human serum conditions or 

even the 10%FBS without FGF-2 condition.  n = 1, 2 wells, triplicate count, *p = 0.05, 

**p = 0.00, ***p = 0.00, Mean ± SE.  
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On Day 1, the cell count from those grown in 10%FBS with FGF-2 (25,100 ± 2,458) was 

significantly increased from the next fastest growers in the 2.5%HS with FGF-2 (18,725 

± 1,610) (n = 1, 2 wells, triplicate count, Student’s t test, p = 0.05, Figure II.2). The cell 

count on Day 2, from those grown in 10%FBS with FGF-2 (41,600 ± 2,715) was 

significantly increased from the next fastest growers in the 2.5%HS with FGF-2 (28,400 

± 818) (n = 1, 2 wells, triplicate count, Student’s t test, p = 0.00, Figure II.2). 

Additionally, the cell count on Day 3, from those grown in 10%FBS with FGF-2 (74,700 

± 5,543) was significantly increased from the next fastest growers in the 10%FBS 

without FGF-2 (48,400 ± 4,759) (n = 1, 2 wells, triplicate count, Student’s t test, p = 0.00, 

Figure II.2).  

     There was little difference in ADSC growth between the human serum conditions or 

even the 10%FBS without FGF-2 condition on any of those days after plating.  The next 

largest difference in cell numbers on any day, between any of the conditions excluding 

10%FBS with FGF-2, occurred on Day 3 between ADSCs grown in 10%FBS without 

FGF-2 (48,400 ± 4,759) and cells grown in 1%HS with FGF-2 (41,100 ± 2,114) and this 

was not significant (n = 1, 2 wells, triplicate count, Student’s t test, p = 0.18, Figure II.2). 
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II.3: ADSC Doubling Time: Effect of Passage 

With variation between cell counting experiments, it was determined that doubling time, 

or the amount of time it would take for a cell population to double, would be the most 

logical way to compare the growth ADSCs culture-expanded under different conditions.  

First we chose to determine if passaging under any specific conditions influenced ADSC 

growth, as seen in Figure II.3.  We began first by looking at the doubling times between 

the conditions for each passage. 

     For each passage we found the doubling time for ADSCs culture expanded in 

10%FBS with FGF-2 to be significantly shorter than the doubling times for cells grown 

in human serum conditions however no significant differences were seen between the 

cells grown in the human serum conditions themselves. 

     ADSCs culture expanded in 1%HS with FGF-2 (29.6 ± 2.3) had a slighter longer, but 

not significant, doubling time in passage 4 when compared to 1%HS with FGF-2 and ITS 

culture-expanded ADSCs (27.7 ± 1.5) (n = 2, Student’s t test, p = 0.56, Figure II.3). 

Again, ADSCs culture expanded in 1%HS with FGF-2 (29.6 ± 2.3) had a slighter longer, 

but not significant, doubling time in passage 4 when compared to 2.5%HS with FGF-2 

culture-expanded ADSCs (28 ± 0.1) (n = 2, Student’s t test, p = 0.56, Figure II.3). 
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Figure II.3: ADSC Doubling Time: Effect of Passage 

  

Although cells in human serum conditions tended to have a slightly faster doubling time 

in passage 5 than in passage 4, it was not significant for any of the conditions.  ADSCs 

grown in FBS had virtually the same doubling time passage 4 and passage 5 with almost 

no variation.  1%HS with FGF-2, passage 4 (29.6 ± 2.3) vs. passage 5 (25.5 ± 0.3).  

1%HS with FGF-2 and ITS, passage 4 (27.7 ± 1.5) vs. passage 5 (24.3 ± 0.4).  2.5%HS 

with FGF-2, passage 4 (28 ± 0.1) vs. passage 5 (24.3 ± 1.0).  10%FBS with FGF-2, 

passage 4 (17.9 ± 0.5) vs. passage 5 (18.0 ± 1.0).   

     ADSCs grown in FBS with FGF-2 had a significantly shorter doubling time than all of 

ADSCs culture-expanded in human serum.  P-values derived from the doubling time of 

cells grown in 1%HS with FGF-2 and ITS condition, the cells with the shortest doubling 

times for any of the human serum conditions per passage, compared to cells grown in 

10%FBS with FGF-2.  Student’s t test was used to compare the doubling time between 

conditions.  n = 2, *p = 0.03, **p = 0.03, Mean ± SE. 
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ADSCs culture expanded in 1%HS with FGF-2 (29.6 ± 2.3) had a significantly longer 

doubling time in passage 4 when compared to 10%FBS with FGF-2 (17.9 ± 0.5) (n = 2, 

Student’s t test, p = 0.04, Figure II.3). ADSCs culture expanded in 1%HS with FGF-2 

and ITS (27.7 ± 1.5) had a significantly longer doubling time in passage 4 when 

compared to 10%FBS with FGF-2 (17.9 ± 0.5) (n = 2, Student’s t test, p = 0.03, Figure 

II.3).  Additionally, ADSCs culture expanded in 2.5%HS with FGF-2 (28 ± 0.1) had a 

significantly longer doubling time in passage 4 when compared to 10%FBS with FGF-2 

(17.9 ± 0.5) (n = 2, Student’s t test, p = 0.003, Figure II.3). 

     ADSCs culture expanded in 1%HS with FGF-2 (25.8 ± 0.3) had a slighter longer, but 

not significant, doubling time in passage 5 when compared to 1%HS with FGF-2 and ITS 

culture-expanded ADSCs (24.3 ± 0.4) (n = 2, Student’s t test, p = 0.08, Figure II.3). 

Again, ADSCs culture expanded in 1%HS with FGF-2 (25.8 ± 0.3) had a slighter longer, 

but not significant, doubling time in passage 5 when compared to 2.5%HS with FGF-2 

culture-expanded ADSCs (24.3 ± 1.0) (n = 2, Student’s t test, p = 0.26, Figure II.3). 

     ADSCs culture expanded in 1%HS with FGF-2 (25.8 ± 0.3) had a significantly longer 

doubling time in passage 5 when compared to 10%FBS with FGF-2 (18.0 ± 1.0) (n = 2, 

Student’s t test, p = 0.02, Figure II.3). ADSCs culture expanded in 1%HS with FGF-2 

and ITS (24.3 ± 0.4) had a significantly longer doubling time in passage 5 when 

compared to 10%FBS with FGF-2 (18.0 ± 1.0) (n = 2, Student’s t test, p = 0.03, Figure 

II.3).  Additionally, ADSCs culture expanded in 2.5%HS with FGF-2 (24.3 ± 1.0) had a 

significantly longer doubling time in passage 5 when compared to 10%FBS with FGF-2 

(18.0 ± 1.0) (n = 2, Student’s t test, p = 0.04, Figure II.3). 
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We found no significant difference in the doubling time between passages for any of the 

human serum or FBS conditions.  ADSCs culture expanded in 1%HS with FGF-2, had a 

slighter longer, but not significant, doubling time in passage 4 (29.6 ± 2.3) vs. passage 5 

(25.8 ± 0.3) (n = 2, Student’s t test, p = 0.24, Figure II.3).  In 1%HS with FGF-2 and ITS 

culture-expanded ADSCs, doubling time was again not significant, but slightly longer in 

passage 4 (27.7 ± 1.5) vs. passage 5 (24.3 ± 0.4) (n = 2, Student’s t test, p = 0.15, Figure 

II.3).  As with the other human serum conditions, culture-expanded ADSCs in 2.5%HS 

with FGF-2 had a slightly longer, but not significant, doubling time in passage 4 (28 ± 

0.1) vs. passage 5 (24.3 ± 1.0) (n = 2, Student’s t test, p = 0.06, Figure II.3).  There was 

virtually no difference in the doubling time of culture-expanded ADSCs in 10%FBS with 

FGF-2 for either passage 4 (17.9 ± 0.5) or passage 5 (18.0 ± 1.0) (n = 2, Student’s t test, p 

= 0.97, Figure II.3). 
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II.4: ADSC Doubling Time: Effect of Serum Lot 

To ensure that the cell growth was not attributed to a particular human serum, we tested 

two different lots of human serum.  Again, with variation between cell counting 

experiments, it was determined that doubling time would be the most logical way to 

compare the growth ADSCs culture-expanded under different conditions.  

     We found no significant difference in the doubling time of the same ADSC growth 

conditions between two independent lots of human serum.  For ADSCs grown under 

1%HS with FGF-2 conditions, the doubling time of human serum 1 (26.7 ± 0.6) was 

slightly faster than human serum 2 (28.8, 3.2) (n = 2, Student’s t test, p = 0.60, Figure 

II.4).  When comparing the doubling time of ADSCs culture-expanded in 1%HS with 

FGF-2 and ITS, human serum 1 (25.1 ± 1.2) was slightly faster than human serum 2 (26.9 

± 2.3) (n = 2, Student’s t test, p = 0.55, Figure II.4).   

     Unlike the other two human serum conditions, ADSCs grown in 2.5%HS with FGF-2 

had a slightly slower doubling time in human serum 1 (26.7 ± 1.5) when compared to 

human serum 2 (25.6 ± 2.3) (n = 2, Student’s t test, p = 0.74, Figure II.4).  10%FBS with 

FGF-2 was not evaluated for changes since the same lot of FBS used in both experiments, 

however it remains in Figure II.3 as a control. 
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Figure II.4: ADSC Doubling Time: Effect of Serum Lot 

 

There was no significant difference in doubling time between two different lots of human 

serum.   No significant difference was seen in the doubling time between human serum 

culture conditions with either human serum 1 or human serum 2.  1%HS with FGF-2, 

human serum 1 (26.7 ± 0.6) vs. human serum 2 (28.8, 3.2).  1%HS with FGF-2 and ITS, 

human serum 1 (25.1 ± 1.2) vs. human serum 2 (26.9 ± 2.3).  2.5%HS with FGF-2, 

human serum 1 (26.7 ± 1.5) vs. human serum 2 (25.6 ± 2.3).  Student’s t test was used to 

compare the doubling time between conditions.  n = 2, Mean ± SE. 

     The average doubling time of all ADSCs culture-expanded under 10%FBS with  

FGF-2 was not evaluated for changes since the same lot of FBS used in both experiments, 

however it remains in Figure II.3 as a control.  As seen previously, ADSCs grown in  

FBS conditions had a shorter doubling time than any of ADSCs culture-expanded in 

human serum.  
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No significant differences were seen in the doubling times between human serum culture 

conditions with either human serum 1 or human serum 2.  When comparing ADSCs 

grown with human serum 1, the doubling time for 1%HS with FGF-2 (26.7 ± 0.6) was 

slightly longer than the doubling time for 1%HS with FGF-2 and ITS (25.1 ± 1.2) (n = 2, 

Student’s t test, p = 0.33, Figure II.4). 1%HS with FGF-2 (26.7 ± 0.6) grown stem cells 

had very little difference in doubling time when compared to ADSCs culture-expanded in 

2.5%HS with FGF-2 (26.7 ± 1.5) (n = 2, Student’s t test, p = 0.98, Figure II.4). 

     When comparing ADSCs grown with human serum 2, the doubling time for 1%HS 

with FGF-2 (28.7 ± 3.2) was longer, but not significantly, than the doubling time for 

1%HS with FGF-2 and ITS (26.7 ± 2.5) (n = 2, Student’s t test, p = 0.67, Figure II.4). 

1%HS with FGF-2 (28.7 ± 3.2) grown stem cells again had a longer doubling time when 

compared to ADSCs culture-expanded in vs. 2.5%HS with FGF-2 (25.6 ± 2.3), but not 

significantly (n = 2, Student’s t test, p = 0.51, Figure II.4). 

 

Discussion 

In reference to the ADSC growth of cells on fibronectin pre-coated plates versus 

uncoated plastic plates, I found it surprising that had a significant effect on ADSC growth 

of cells cultured in 10%FBS with FGF-2 but not for ADSC growth of cells cultured in 

1%HS with FGF-2.  This was likely due to a greater standard error calculated in the 

human serum cultured stem cells than the FBS cultured stem cells.  More experiments 

would be necessary to determine the significance of growth attributed to fibronectin pre-

coated plates. 
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     While many scientists have claimed that human serum in culture is very inconsistent 

due to lot-to-lot variations47, 48, 49, we did not see this.  This study concluded that there 

was no significant variation seen between different patient’s cells passaged under the 

same lot of human serum or the same patient’s cells passaged under a different lot of 

human serum.  However, more data regarding experiments with the same lot of human 

serum while growing various patients’ cells, and same patients’ cells culture-expanded 

under different lots of human serum, should be collected to make a final determination.   

     A possible explanation for the slightly faster doubling times seen in ADSC culture-

expanded cells of human serum in passage 5 could be due to the fact that the cells were 

plated at slightly lower densities in passage 5 than passage 4.   

     Often cells were frozen down after the third passage.  When the time came to set up 

the experiments, the passage 3 cells were plated and allowed to recover for 24 hours.  At 

that time, the cells were counted and split accordingly for the passage 4 experiments at a 

particular density.  Cells remaining after the split were grown in 10cm dishes and were 

counted and plated for passage 5 experiments on Day 3 of the passage 4 experiments.   

     As the slowest growing culture(s) dictated the density of plating in the passage 5 

experiments, these experiments were plated at a slightly lower density than those in 

passage 4.  That being said, the ADSCs grown in FBS seemed unaffected by the density 

at plating with very consistent doubling times.   

     These experiments could have been more consistent if they had been plated at the 

same density.  Since we fed cells every 3 days, it was decided to split the the cells 

subconfluently, while they were primed for growth, instead of feeding on day 3 and 
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splitting them the following day when the 10%FBS with FGF-2 culture-expanded 

ADSCs would likely be at or near confluency and therefore slowing their growth.   

     Another possible explanation for the slightly faster doubling times seen in ADSC 

culture-expanded cells of human serum in passage 5 was potentially due to the cells 

slower recovery in passage 4 from the frozen state.  To improve on this set of 

experiments, a future experiment could be to continuously grow from SVF, without 

freezing, while plating each passage at the same density, to evaluate any differences in 

growth between passages. 

     From these experiments we determined that FGF-2 was necessary to optimize cell 

growth compared to cells grown without exogenous growth factors. As the intended use 

of these culture-expanded ADSCs is for therapeutics, we determined that the use of 

fibronectin-pre-coated plates did not improve growth sufficiently enough to account for 

the cost of materials that would be passed on to the patients.  Although there is a 

significant difference in doubling time between cells expanded in 10%FBS with FGF-2 

compared to cells expanded in each of the human serum conditions, no significant 

difference was determined with doubling times between any of the human serum 

conditions themselves.  It was decided that we would continue using only 1% human 

serum for future experiments so as to remain clinically viable and reduce the need for 

excessive blood drawn from patients.   
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Chapter III: 

Gene Expression in Culture-Expanded ADSCs 

Introduction 

There are multiple potential mechanisms that have been proposed to explain the 

regenerative properties of adipose-derived stem cells.  One currently favored hypothesis 

is that the cells act through a paracrine release of growth factors that engage endogenous 

cells in direct and accelerated repair of tissue.46  Hepatic Growth Factor (HGF) is one of 

the growth factors associated with the regenerative potential of these cells.32 

     When discussing regenerative potential, it is important take into consideration the 

opposing fibrotic potential through TGF-β signaling.  This chapter focuses first on 

optimizing cell culture conditions for increasing HGF to TGF-β gene expression of 

culture-expanded ADSCs by quantitative reverse transcription polymerase chain reaction 

(qRT-PCR). With the help of microarray data, later we evaluated changes of associated 

cytokines and extracellular matrix components associated with their respective cascades 

under the different cell culture conditions.  

     In addition to evaluating changes in fibrotic and regenerative pathways, we also wish 

to use the microarray data to explore other genes and pathways that are upregulated or 

downregulated to determine cell culture conditions best suited for differentiating stem 

cells down lineage-specific pathways including osteogenesis, chondrogenesis, 

adipogenesis and myogenesis.   

     There are a number of overlapping pathways that are involved in the regulation of 

osteogenesis, chondrogenesis, adipogenesis and myogenesis.  These signaling  

pathways include TGF-β, bone morphogenic protein (BMP), wingless-type MMTV 
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integration site (Wnt), Peroxisome proliferator-activated receptor gamma (PPARγ) and 

Notch.51, 52, 61, 85, 86   Factors leading to the commitment of stem cells to a particular 

lineage have been identified but the molecular mechanisms involved in these pathway 

regulations have not been fully determined.   

     Until the mechanisms that drive ADSCs into a particular lineage have been fully 

identified, it is important to determine culture conditions that produce the most robust 

differentiation to more efficiently produce specific tissue types for study. 

 

Research Design and Methods 

RNA Isolation 

As mentioned previously, total RNA was isolated from ADSCs using Trizol (Invitrogen).  

With the exception of allowing the RNA to precipitate from isopropanol overnight in  

a -20°C freezer, RNA was isolated according to the manufacturer’s instructions. 

 

RNA Quantification 

Total RNA was quantified using the NanoDrop 8000 Spectrophotometer (Thermo 

Scientific) following the manufacturer’s instructions.  A 260/280 ratio of ~2.0 was 

desired for pure RNA.  NanoDrop quantification was used to determine the volume of 

total RNA needed for complementary DNA (cDNA) synthesis. 
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RNA Integrity 

To evaluate the integrity of the total RNA isolated, 0.5µg total RNA was electrophoresed 

at 100V for 45 minutes on a 1% agarose (Ultrapure, Invitrogen) gel stained with ethidium 

bromide.  The bands were visualized using an Alpha Imager. 

     Intact total RNA exhibited two clear bands.  The band toward the top is the 28S rRNA 

band while the band that traveled further through the gel is the 18S rRNA.  The 28S band 

should be twice the intensity of the 18S band.  Partially degraded RNA exhibited a 

smeared appearance and was excluded from any further experiments. 

 

qRT-PCR 

NanoDrop quantifications were utilized to determine the volume of total RNA (2µg) for 

cDNA synthesis.  Following the manufacturer’s instructions, an MJ Research PTC-200 

DNA Engine thermocycler (MJ Research Inc.) was used along with a Transcriptor First 

Strand cDNA Synthesis Kit (Roche Applied Science) to produce single-stranded cDNA 

for quantitative real-time polymerase chain reaction (qRT-PCR).  

     The cDNA was used as a template for qRT-PCR of HGF, TGFB1 and 18S gene 

expression.  qRT-PCR was performed according to the manufacturer’s instructions with 

one variation; 55 cycles were run instead of 45 to capture any low-level expression. 

     Forward (F) and reverse (R) primers were purchased to amplify 18s [h18S-F (5’-

CTCAACACGGGAAACCTCAC-3’), h18S-R (5’-CGCTCCACCAACTAAGAACG-3’)] 

from Integrated DNA Technologies (IDT, Coralville, IA).   Other primers purchased 

were for HGF [HGF-F (5’-GATTGGATCAGGACCATGTGA-3’), HGF-R (5’-

CCATTCTCATTTTATGTTGCTCA-3’)] and also TGFB1 [TGFB1-F (5’-
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GCAGCACGTGGAGCTGTA-3’), TGFB1-R (5’-CAGCCGGTTGCTGAGGTA-3’)].  

Hydrolysis probes for 18S, HGF and TGFB1 were purchased from Roche (Indianapolis, 

IN) and the universal probe numbers are 77, 49 and 72, respectively. 

     Gene expression was analyzed with the LightCycler Absolute Quantification software 

(LightCycler 480, Roche Applied Science).  Analyses were performed in triplicate, for 

each sample, and any sample that had a standard deviation exceeding a 0.25 cycle 

threshold was repeated.  Expression levels of HGF and TGFB1 were normalized to 18S 

rRNA before an HGF to TGF-β ratio was calculated. 

 

HGF to TGF-β Ratio 

To determine HGF to TGF-β ratios, 3 steps were taken.  To internally control for error, 

HGF gene expression was normalized to the expression of the housekeeping gene 18S 

rRNA.  18S was chosen as a reference gene for normalizing the results because of its 

consistent expression.  Then TGFB1 gene expression was normalized to 18S rRNA 

expression.  Finally, HGF to TGF-β was calculated by dividing the HGF/18S ratio by the 

TGFB1/18S ratio.   

 

RNeasy MinElute Cleanup Kit 

Trizol left contaminants in the total RNA that affects enzyme function in the microarray 

assay and therefore needed to be purified prior to use.  RNeasy MinElute (Qiagen) 

technology was utilized to purify the total RNA samples. Total RNA was purified 

following the manufacturer’s instructions.  RNAs less than 200 nucleotides were 

selectively excluded during mRNA enrichment with this procedure. 
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Affymetrix GeneChip Human Gene 2.0 ST Array and Analysis 

200ng of purified total RNA, for each of the 4 conditions, were provided to the Genomics 

core laboratory at the University of Maryland, Baltimore to perform the microarray assay.   

     Robust Multi-Array Average 16 (RMA16) summarization was completed using 

GeneSpring software version 12.6 (Agilent Technologies).   

 

     A Single Experiment Analysis (SEA) of 2 fold or greater changes provided curated 

pathway analysis.  The p-value provided with the pathway is calculated using the 

hypergeometric distribution.  It is based on: 

1.) The number of entities in the technology that has at least one of the 

annotations selected for matching in the SEA wizard. 

2.) The number of entities in the entity list that has a value for at least one of 

the annotations selected in the SEA wizard. 

3.)  The number of pathway entities that matched with the technology. 

4.)  The number of pathway entities that matched with the entity list. 

     As per conversation with GeneSpring’s technical staff, the pathways do not consider 

any fold change magnitude while mapping or calculating the p-value.  Based on the 

annotations that are in the Gene List, it maps the entities to the pathways.  Only 1 of the 4 

samples had to have a fold change greater than 2, when compared to the gene expression 

of ADSCs culture-expanded in 10%FBS with FGF-2, for a particular gene to be matched 

to a pathway list. 
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Results 

III.1: qRT-PCR of HGF and TGF-β Gene Expression in Cultured ADSCs, Day 2 

The qRT-PCR data from two experiments were used to calculate the following HGF/18s, 

TGFB1/18S and HGF/TGFB1 ratios as seen in Figure III.1A, Figure III.1B and Figure 

III.1C respectively.  ADSCs culture-expanded under the specified conditions until RNA 

isolation in passage 4 and passage 5 on Day 2.  As was the case for cell counting, Day 2 

samples were isolated 48 hours after plating.  The conditions included: 1%HS with FGF-

2, 1%HS with FGF-2 and ITS, 10%FBS with FGF-2 and 10%FBS without FGF-2. 

     Figure III.1A shows that HGF/18S ratios were significantly higher in ADSCs culture-

expanded in human serum when compared to those grown in fetal bovine serum.  

HGF/18S ratios are significantly increased in culture-expanded ADSCs in 1%HS with 

FGF-2 (295.7 ± 23.1) when compared to ADSCs culture-expanded in 10%FBS with 

FGF-2 (70.9 ± 3.8) (n = 2, Student’s t test, p = 0.01, Figure III.1A).  1%HS with FGF-2 

and ITS (365.3 ± 53.7) expanded stem cells also had significantly increased HGF/18S 

gene expression when compared to stem cells grown in 10%FBS with FGF-2 (70.9 ± 3.8) 

(n = 2, Student’s t test, p = 0.03, Figure III.1A). Culture-expanded ADSCs in 10%FBS 

without FGF-2 (2.0 ± 0.8) exhibited an HGF/18S ratio that was significantly decreased 

when compared to ADSCs culture-expanded in 10%FBS with FGF-2 (70.9 ± 3.8) (n = 2, 

Student’s t test, p = 0.003, Figure III.1A).    
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Figure III.1A: HGF/18S Gene Expression in Cultured ADSCs, Day 2 

  

HGF/18S ratios are significantly increased in culture-expanded ADSCs in 1%HS with 

FGF-2 (295.7 ± 23.1) and 1%HS with FGF-2 and ITS (365.3 ± 53.7) when compared to 

10%FBS with FGF-2 (70.9 ± 3.8).  Culture-expanded ADSCs in 10%FBS without FGF-2 

(2.0 ± 0.8) exhibited an HGF/18S ratio that was significantly decreased when compared 

to 10%FBS with FGF-2 (70.9 ± 3.8).   Student’s t test was used to compare the ratio of 

HGF/18S between conditions.  n = 2, *p = 0.01, **p = 0.03, ***p = 0.003.  Mean ± SE. 
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Figure III.1B shows that TGFB1/18S ratios were significantly higher in ADSCs culture-

expanded in fetal bovine serum when compared to those grown in human serum.  

TGFB1/18S ratios are significantly decreased in culture-expanded ADSCs in 1%HS with 

FGF-2 (14.5 ± 0.6) when compared to 10%FBS with FGF-2 (34.8 ± 0.5) (n = 2, Student’s 

t test, p = 0.001, Figure III.1B).  1%HS with FGF-2 and ITS (15.3 ± 0.8) expanded stem 

cells also had significantly decreased TGFB1/18S gene expression when compared to 

stem cells grown in 10%FBS with FGF-2 (34.8 ± 0.5) (n = 2, Student’s t test, p = 0.002, 

Figure III.1B).  However, culture-expanded ADSCs in 10%FBS without FGF-2 (39.3 ± 

4.1) exhibited a TGFB1/18S ratio that was not significantly increased when compared to 

10%FBS with FGF-2 (34.8 ± 0.5) (n = 2, Student’s t test, p = 0.38, Figure III.1B). 
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Figure III.1B: TGFB1/18S Gene Expression in Cultured ADSCs, Day 2 

 

TGFB1/18S ratios are significantly decreased in culture-expanded ADSCs in 1%HS with 

FGF-2 (14.5 ± 0.6) and 1%HS with FGF-2 and ITS (15.3 ± 0.8) when compared to 

10%FBS with FGF-2 (34.8 ± 0.5).  Culture-expanded ADSCs in 10%FBS without FGF-2 

(39.3 ± 4.1) exhibited a TGFB1/18S ratio that was not significantly increased when 

compared to 10%FBS with FGF-2 (34.8 ± 0.5).   Student’s t test was used to compare the 

ratio of TGFB1/18S between conditions.   n = 2, *p = 0.001, **p = 0.002  Mean ± SE. 
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Taken together, Figure III.C shows that HGF/TGFB1 ratios were significantly higher in 

ADSCs culture-expanded in human serum when compared to those grown in fetal bovine 

serum.  HGF/TGFB1 ratios are significantly increased in culture-expanded ADSCs in 

1%HS with FGF-2 (20.5 ± 2.5) when compared to 10%FBS with FGF-2 (2.0 ± 0.1) (n = 

2, Student’s t test, p = 0.02, Figure III.1C).  1%HS with FGF-2 and ITS (23.8 ± 2.3) 

expanded stem cells also had significantly increased HGF/TGFB1 gene expression when 

compared to stem cells grown in 10%FBS with FGF-2 (2.0 ± 0.1) (n = 2, Student’s t test, 

p = 0.01, Figure III.1C).  Culture-expanded ADSCs in 10%FBS without FGF-2 (0.1 ± 0.0) 

exhibited an HGF/TGFB1 ratio that was significantly decreased when compared to 

10%FBS with FGF-2 (2.0 ± 0.1) (n = 2, Student’s t test, p = 0.002, Figure III.1C).
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Figure III.1C: HGF/TGFB1 Gene Expression in Cultured ADSCs, Day 2 

  

HGF/TGFB1 ratios are significantly increased in culture-expanded ADSCs in 1%HS with 

FGF-2 (20.5 ± 2.5) and 1%HS with FGF-2 and ITS (23.8 ± 2.3) when compared to 

10%FBS with FGF-2 (2.0 ± 0.1).  Culture-expanded ADSCs in 10%FBS without FGF-2 

(0.1 ± 0.0) exhibited an HGF/TGFB1 ratio that was significantly decreased when 

compared to 10%FBS with FGF-2 (2.0 ± 0.1).   Student’s t test was used to compare the 

ratio of HGF/ TGFB1 between conditions.  n = 2, *p = 0.02, **p = 0.01, ***p = 0.002.  

Mean ± SE. 
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III.2: HGF/TGFB1 Gene Expression in Cultured ADSCs, Serial Days 

The qRT-PCR data from two experiments were used to calculate HGF/TGFB1 ratios as 

seen in Figure III.2.  ADSCs culture-expanded under the specified conditions until RNA 

isolation in passage 4 and passage 5, on Day 1 and Day 2.  Day 1 and Day 2 samples 

were isolated 24 and 48 hours after plating, respectively.  The conditions included: 1%HS 

with FGF-2, 1%HS with FGF-2 and ITS, 10%FBS with FGF-2 and 10%FBS without 

FGF-2. 

     For all conditions, the HGF to TGF-β ratio was increased on Day 2 compared to  

Day 1.  The HGF/TGFB1 ratio is significantly increased in culture-expanded ADSCs in 

1%HS with FGF-2 on Day 2 (20.5 ± 2.5) when compared to Day 1 (4.8 ± 0.0) (n = 2, 

Student’s t test, p = 0.02, Figure III.2).  Culture-expanded ADSCs in 1%HS with FGF-2 

and ITS also exhibited a significantly increased HGF/TGFB1 ratio on Day 2 (23.8 ± 2.3) 

when compared to Day 1 (8.8 ± 0.5) (n = 2, Student’s t test, p = 0.02, Figure III.2).   

     However, culture-expanded ADSCs in 10%FBS with FGF-2 exhibited an 

HGF/TGFB1 ratio that was not significantly different between Day 2 (2.0 ± 0.1) and Day 

1 (0.9 ± 0.5) (n = 2, Student’s t test, p > 0.05, Figure III.2).  Likewise, stem cells grown 

under 10%FBS without FGF-2 conditions did not have a significantly higher 

HGF/TGFB1 ratio on Day 2 (0.1 ± 0.0) when compared to Day 1 (0.0 ± 0.0) (n = 2, 

Student’s t test, p > 0.05, Figure III.2).  
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Figure III.2: HGF/TGFB1 Gene Expression in Cultured ADSCs, Serial Days 

 

HGF/TGFB1 ratios are significantly increased on Day 2 in culture-expanded ADSCs in 

1%HS with FGF-2 (20.5 ± 2.5) and 1%HS with FGF-2 and ITS (23.8 ± 2.3) when 

compared to Day 1, 1%HS with FGF-2 (4.8 ± 0.0) and 1%HS with FGF-2 and ITS (8.8 ± 

0.5).  Culture-expanded ADSCs in 10%FBS with FGF-2 (2.0 ± 0.1) and 10%FBS without 

FGF-2 (0.1 ± 0.0) had an HGF/TGFB1 ratio that was not significantly increased on Day 2 

when compared to Day 1, 10%FBS with FGF-2 (0.9 ± 0.5) and 10%FBS without FGF-2 

(0.0 ± 0.0).  Student’s t test was used to compare the ratio of HGF/ TGFB1 between 

conditions.  n = 2, *p = 0.02, **p = 0.02.  Mean ± SE. 
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III.3: Affymetrix Microarray of Gene Expression in Cultured ADSCs 

Once the culture conditions were identified for an optimal HGF to TGF-β ratio, it was 

decided that a microarray would be performed to not only validate the findings but also to 

observe other genes, or pathways, that were upregulated or downregulated.   

     The Affymetrix Human Gene 2.0ST array is a high density, short oligo array.  It 

contains 1.35 million probes with approximately 21 probes per gene median and 

interrogates nearly 25,000 genes.  Microarrays were run on samples collected from 

passage 4 ADSCs culture-expanded for two passages under their specified conditions  

on 10cm uncoated plastic plates.  Those conditions were: 1%HS with FGF-2, 1%HS with 

FGF-2 and ITS, 10%FBS without FGF-2, and 10%FBS with FGF-2.  Cells were plated  

at a density of 1.2 x 105 per dish and were isolated for RNA on Day 2, or 48 hours  

after plating. 

     RMA16 summarization was completed using GeneSpring software version 12.6.  

1,218 genes exhibited a greater than 2 fold change between ADSCs culture-expanded in 

either 1%HS with FGF-2, 1%HS with FGF-2 and ITS, or 10%FBS without FGF-2, when 

compared to adipose-derived stem cells grown in 10%FBS with FGF-2. 

     Pathway analysis was provided using a Single Experiment Analysis (SEA) of 2 fold or 

greater changes.  As seen in Table III.3A, 66 pathways were returned with a p-value of 

less than 0.05.  37 of those pathways exhibited a p-value of less than 0.01.   
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Table III.3A: SEA Pathway Analysis of Gene Expression ≥ 2 Fold Change 

Pathway p-value Matched 
Entities 

Pathway 
Entities 

Endochondral Ossification  6.02E-10 16 64 
Senescence and Autophagy  1.28E-08 18 106 
TGF Beta Signaling Pathway  4.01E-08 13 55 
Complement and Coagulation Cascades  1.38E-07 12 64 
Adipogenesis  1.90E-07 19 131 
Focal Adhesion  1.94E-07 23 188 
Oncostatin M Signaling Pathway  1.98E-06 12 65 
Primary Focal Segmental Glomerulosclerosis FSGS  3.31E-06 12 73 
Myometrial Relaxation and Contraction Pathways  1.13E-05 18 156 
Cholesterol biosynthesis  3.66E-05 5 12 
Gastric cancer network 1  4.40E-05 7 28 
Oxidative Stress  5.63E-05 7 30 
Regulation of Actin Cytoskeleton  5.87E-05 16 148 
Transport of inorganic cations-anions and amino acids-
oligopeptides  

7.12E-05 7 33 

Dissolution of Fibrin Clot   1.00E-04 4 8 

Prostate Cancer  1.14E-04 13 116 
IL-6 signaling pathway  1.21E-04 8 43 
Interferon alpha-beta signaling  1.57E-04 6 26 
Integrated Breast Cancer Pathway  5.64E-04 12 164 
Prostaglandin Synthesis and Regulation  6.93E-04 6 31 
Integrin-mediated Cell Adhesion  8.10E-04 11 99 
Heart Development  8.68E-04 7 47 
Physiological and Pathological Hypertrophy  
of the Heart  

0.001 5 24 

Cholesterol Biosynthesis  0.002 4 17 
Kinesins  0.003 3 9 
MicroRNAs in cardiomyocyte hypertrophy  0.003 9 105 
Formation of Fibrin Clot (Clotting Cascade)  0.004 5 30 
Matrix Metalloproteinases  0.004 5 31 
Signaling by EGFR  0.004 4 21 
Regulation of Insulin-like Growth Factor (IGF) Activity 
by Insulin-like Growth Factor Binding Proteins (IGFBPs)  

0.004 3 10 

Arrhythmogenic Right Ventricular Cardiomyopathy  0.005 8 78 
Hypertrophy Model  0.005 4 20 
Integrated Cancer pathway  0.006 5 36 

 
  



 46 

Table III.3A continued: SEA Pathway Analysis of Gene Expression ≥ 2 Fold Change  

Pathway continued p-value Matched 
Entities 

Pathway 
Entities 

Cytokines and Inflammatory Response  0.008 4 30 
Type II interferon signaling (IFNG)  0.010 5 37 
Signal Transduction of S1P Receptor  0.010 4 25 
Osteoblast Signaling  0.012 3 14 
Osteoclast Signaling  0.012 3 16 
RB in Cancer  0.012 8 87 
Peptide GPCRs  0.013 7 73 
ID signaling pathway  0.018 3 16 
Wnt Signaling Pathway  0.020 6 61 
ACE Inhibitor Pathway  0.021 3 17 
Circadian Clock  0.021 3 17 
Double-Strand Break Repair  0.025 3 18 
Small Ligand GPCRs  0.025 3 19 
TSLP Signaling Pathway  0.025 5 48 
Signaling by Insulin receptor  0.029 3 21 
Insulin Signaling  0.029 11 161 
EGF-EGFR Signaling Pathway  0.030 11 162 
TFs Regulate miRNAs related to cardiac hypertrophy  0.031 2 15 
Cell Cycle  0.031 8 103 
Cell surface interactions at the vascular wall  0.032 4 39 
Translation Factors  0.032 5 50 
Neurotransmitter uptake and Metabolism In Glial Cells  0.036 1 1 
Sphingolipid Metabolism  0.037 3 22 
Eukaryotic Translation Initiation  0.039 2 9 
Calcium Regulation in the Cardiac Cell  0.041 10 149 
TCR Signaling Pathway  0.042 7 92 
Blood Clotting Cascade  0.042 3 22 
Fatty Acid Biosynthesis  0.042 3 22 
Nuclear Receptors  0.045 4 38 
L1CAM interactions  0.047 3 27 
APC-C-mediated degradation of cell cycle proteins  0.047 2 10 
Aryl Hydrocarbon Receptor  0.049 4 47 

 

Data is presented for associated pathways with a p-value < 0.05. 
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     The third column of the table, or the Matched Entities, are the number of genes in the 

experiment that had a gene expression change of greater than 2 fold, when compared to 

the gene expression of ADSCs culture-expanded in 10%FBS with FGF-2, in a particular 

pathway.  Pathway entities, the fourth column, are the total number of genes found in a 

curated pathway. 

    Table III.3B through Table III.3F include lists of genes that exhibit a fold change 

between ADSCs culture-expanded in 1%HS with FGF-2 when compared to adipose-

derived stem cells grown in 10%FBS with FGF-2.  We focused on genes that expressed a 

fold change that is greater than or equal to 2, but if the gene was highly expressed, 

occasionally the fold change was slightly less than 2.  Positive fold changes are genes that 

are upregulated in cells that were culture-expanded in 10%FBS with FGF-2 whereas 

negative fold changes are genes that were upregulated in cells that were culture-expanded 

in 1%HS with FGF-2. 

     Priority was given to genes that were upregulated or downregulated, as a pair, in 

ADSCs culture-expanded in human serum when compared to those grown in fetal bovine 

serum.  This is most likely attributed to the gene expression to the serum used in the 

culture conditions.  However, exceptions were made for genes that were dramatically 

upregulated or downregulated in a single condition, so long as the gene was relevant  

to its grouping.  

     In terms of the exceptions, if gene expression, as a group, were upregulated or 

downregulated in ADSCs grown in 1%HS with FGF-2, 1%HS with FGF-2 and ITS and 

10%FBS with FGF-2, when compared to those culture-expanded in 10%FBS without 

FGF-2, it is thought to be due to FGF-2 influence.  Likewise, if gene expression, as a 
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group, were upregulated or downregulated in ADSCs grown in 1%HS with FGF-2, 

1%HS with FGF-2 and ITS and 10%FBS without FGF-2, when compared to those 

culture-expanded in 10%FBS with FGF-2, it is thought to be due to accelerated growth  

in the cells grown in 10%FBS with FGF-2 condition. 

     In Table III.3A, 2 of the top 5 pathways associated involve bone, cartilage and adipose 

formation.  This was particularly interesting given the intention of using this data to 

identify ideal culture conditions for lineage-specific differentiation of stem cells in a 

research setting.  A list of genes related to the osteogenesis (Table III.3B), 

chondrogenesis (Table III.3C), adipogenesis (Table III.3D) and myogenesis (Table III.3E) 

can be found below.  Genes included in these lists are involved in lineage-specific 

commitment, differentiation or extracellular matrix proteins that are definitive of that 

lineage.  Additionally, Table III.3B through Table III.3E are color-coded.   Orange 

highlighted rows indicate genes that promote differentiation while blue highlighted rows 

indicate genes that either inhibit differentiation or maintain the stem cell state. 
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III.3B: Osteogenic Differentiation 

Bone morphogenetic proteins (BMPs) are members of the TGF-β family that exhibit a 

range of biological activities across a variety of tissues through Smad and non-Smad 

signaling pathways.66  BMP2, 4, and 6 all have the capacity to induce osteogenesis (Table 

III.3B), with BMP2 and BMP4 being the most studied.61   

     Activation of type I and II serine/threonine kinase receptors, by BMP ligands, trigger 

receptor-regulated Smad 1/5/9 (R-Smads) to couple with co-receptor Smad 4 (co-Smad).  

Subsequently this complex translocates to the nucleus where it induces the transcription 

of several target genes including: IDs, Smad6, Smad7 and Serpine1.66 

    Regulation occurs both by intracellular and extracellular mechanisms.  Extracellular 

regulation of BMPs occurs with direct interaction with its secreted antagonists, including 

Gremlin1 (Grem1) and Gremlin2 (Grem2).  The gremlins act by preventing BMPs from 

binding to their receptor.66 

     By different mechanisms, intracellular regulation occurs with the inhibitory Smads6 

and 7 (I-Smads).  Smad6 prevents R-Smad from complexing with co-Smad4.  This is part 

of a negative feedback loop that regulates BMP signaling.  Smad7, on the other hand, 

competes with R-Smad for receptor-mediated activation.66 

     With the increased level of BMP signaling, as evidenced by increased expression of 

ID1, ID3, Smad6, Smad7 and Serpine1, in the FBS cultured stem cells, we would expect 

these cells to more readily differentiate into cells of an osteogenic-lineage than the 

ADSCs culture-expanded in 1%HS with FGF-2.  Although the high level of Grem1 

expression in the FBS expanded cells may negate these effects (see Chapter IV.1). 
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Table III.3B: Osteogenic Differentiation 

Fold 
Change Gene 

10FBS
+FGF 

10FBS 
noFGF 

1HS 
+FGF 
+ITS 

1HS 
+FGF Function Reference 

19.1 ID1! 1391.2 893.4 76.6 72.9 
Inhibitor of DNA 
binding. 56 

9.0 ID3! 516.3 411.5 39.9 57.4 
Inhibitor of DNA 
binding. 75 

3.5 BMP6! 299.4 193.2 81.2 84.5 
Induces cartilage and 
bone formation. 61 

3.5 SMAD7! 343.6 267.4 114.5 98.7 
Inhibit TGF-β and 
activin signaling. 61 

3.2 TGFB1! 1745.0 1040.9 574.0 548.1 

Multifunctional protein 
that controls 
proliferation, 
differentiation, etc. 61 

2.6 GREM1! 1994.5 6166.7 542.0 771.5 BMP antagonists. 58 

2.6 
SERPINE1
! 6280.2 6821.8 2215.8 2449.5 

Serine protease 
inhibitor.  56 

2.5 BMP2! 185.8 60.7 91.0 75.3 
Induces cartilage and 
bone formation. 58, 61 

2.3 SMAD6! 391.3 293.8 163.0 169.9 
Inhibits BMP signaling 
in bone formation. 61 

2.1 GREM2! 415.8 479.9 184.0 195.5 BMP antagonists. 58 

-1.7 CRABP2 480.0 209.1 1084.6 836.8 
A cytoplasmic retinoic 
acid binding protein. 55 

-2.1 EBF2! 613.9 504.7 1226.9 1280.2 
Gene is involved in the 
differentiation. 62 

-2.2 BMP4! 120.8 82.4 224.3 268.4 
Induces cartilage and 
bone formation. 58, 61 

-2.9 ABI3BP! 1364.7 2169.5 3480.7 3928.9 

Required to switch 
from a proliferation 
state to differentiation 
state. 54 

-8.8 WISP2! 107.1 95.2 679.0 939.1 

May play an important 
role in modulating bone 
turnover. 50 

 

! Gene listed in multiple tables. 

Data is presented as fold change of gene expression from ADSCs culture-expanded in 

1%HS with FGF-2 versus ADSCs culture-expanded in 10%FBS with FGF-2.  Raw value 

of expression listed under condition type.  Orange highlighted rows indicate genes that 

promote differentiation while blue highlighted rows indicate genes that either inhibit 

differentiation or maintain the stem cell state. 
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III.3C: Chondrogenic Differentiation 

BMP signaling plays a large role in chondrogenesis (Table III.3C).  However unlike 

osteogenesis, TGF-β signaling also plays a large role in chondrogenic differentiation.  As 

mentioned in Chapter I, TGF-β is a member of the TGF-β superfamily of cytokines that 

regulate cellular processes such as differentiation, apoptosis and is a promoter of 

connective tissue formation.   

     As found in BMP signaling, TGF-β elicits its effect by binding, and activating, type I 

and II serine/threonine kinase receptors.  The type I receptor subsequently triggers 

receptor-regulated Smad2/3 to bind co-Smad4 and translocate to the nucleus to induce 

transcription. 56 

     In chondrogenesis, TGF-β increases the signal induced by BMPs.  BMP2 and BMP4 

are able to stimulate chondrogenesis however BMP2 plays a crucial role for maturation 

of chondrocytes.  In stem cells, with regard to BMP activation of Smad signaling, it has 

been shown that chondrogenesis mediated by Smad9 to be of particular importance. 70 

     Connective tissue growth factor (CTGF) is a tissue mitoattractant that has been show 

to induce the gene expression of the Sox trio.113  Sox9, Sox5 and Sox6, otherwise known 

as the Sox trio, are the primary stimulators of chondrogenesis.  Sox9 has been shown to 

directly regulate genes of chondrogenesis including aggrecan (ACAN), an extracellular 

matrix proteoglycan.112  Another well-established marker of chondrogenesis is cartilage 

oligomeric matrix protein (COMP).76 
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Table III.3C: Chondrogenic Differentiation 

Fold 
Change Gene 

10FBS
+FGF 

10FBS 
noFGF 

1HS 
+FGF 
+ITS 

1HS 
+FGF Function Reference 

4.2 CTGF! 1471.4 4013.5 261.5 354.3 
Major connective tissue 
mitoattractant. 78, 113 

3.5 BMP6! 299.4 193.2 81.2 84.5 
Induces cartilage and 
bone formation. 70 

3.5 SMAD7! 343.6 267.4 114.5 98.7 
Inhibit TGF-β and 
activin signaling. 70 

3.2 TGFB1! 1745.0 1040.9 574.0 548.1 

Multifunctional protein 
that controls 
proliferation, 
differentiation, etc. 73 

2.7 SMAD9 372.4 354.7 130.5 137.0 

Transcriptional 
modulator activated by 
BMP. 70, 73 

2.6 GREM1! 1994.5 6166.7 542.0 771.5 BMP antagonists. 70 

2.5 BMP2! 185.8 60.7 91.0 75.3 
Induces cartilage and 
bone formation. 70 

2.3 SMAD6! 391.3 293.8 163.0 169.9 

Mediator of TGF-beta 
and BMP anti-
inflammatory activity 70 

2.1 GREM2! 415.8 479.9 184.0 195.5 BMP antagonists. 70 

1.4 ACAN 35.8 566.2 49.2 50.6 
Proteoglycan in 
cartilage tissue. 112 

1.8 COMP 133.9 460.6 65.7 74.6 

May play a role in the 
structural integrity of 
cartilage. 76 

-2.0 PRG4 1417.0 478.6 4276.1 2874.0 

 Plays a role in 
boundary lubrication 
within articulating 
joints. 79 

-2.2 BMP4! 120.8 82.4 224.3 268.4 
Induces cartilage and 
bone formation. 70 

-2.9 ABI3BP! 1364.7 2169.5 3480.7 3928.9 

Required to switch 
from a proliferation 
state to differentiation 
state. 54 

 

! Gene listed in multiple tables.  Data is presented as fold change of gene expression 

from ADSCs culture-expanded in 1%HS with FGF-2 versus ADSCs culture-expanded in 

10%FBS with FGF-2.  Raw value of expression listed under condition type.  Orange 

highlighted rows indicate genes that promote differentiation while blue highlighted rows 

indicate genes that either inhibit differentiation or maintain the stem cell state. 
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Given the increased expression of CTGF, TGFB1, Smad9, BMP2, COMP and ACAN, 

we would expect the cells culture-expanded in FBS would more readily differentiate into 

chondrocytes.  Of particular interest are the large differences in CTGF, COMP and 

ACAN found in the 10%FBS without FGF-2 samples.  For this reason, we would  

predict that these cells would hold an edge over the culture-expanded cells in 10%FBS 

with FGF-2. 

 

III.3D: Adipogenic Differentiation 

Both Wnt and BMP4 signaling play important roles in adipogenesis (Table III.3D).  The 

termination of Wnt signaling is required for induction of adipogenesis.  WISP2, or 

WNT1 inducible signaling pathway protein 2, is both a secreted and cytosolic protein that 

regulates both adipogenic commitment and differentiation.  Secreted WISP2 activates 

canonical Wnt signaling.  Canonical Wnt signaling increases cellular β-catenin levels, 

thus maintaining the cells in an undifferentiated state. As a cytosolic protein, WISP2 

forms a complex with ZNF423, a transcriptional activator of PPARγ, and thereby inhibits 

adipogenesis.  PPARγ is a primary inducer of adipogenic differentiation.  BMP4 is 

required to dissociate the WISP2/ZNF423 complex and this allows ZNF423 to enter the 

nucleus to initiate PPARγ activation. 50, 51  

     With WISP2 committing precursor cells to the adipogenic-lineage, the increased 

expression of BMP4, and the decreased expression of Grem1, we predict that ADSCs 

culture-expanded under 1%HS with FGF-2 will differentiate more robustly than ADSCs 

grown in either of the FBS conditions. 
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Table III.3D: Adipogenic Differentiation 

Fold 
Change Gene 

10FBS
+FGF 

10FBS 
noFGF 

1HS 
+FGF 
+ITS 

1HS 
+FGF Function Reference 

9.0 ID3! 516.3 411.5 39.9 57.4 
Inhibitor of DNA 
binding. 75 

2.6 GREM1! 1994.5 6166.7 542.0 771.5 BMP antagonists. 80 

2.0 DKK1 1336.1 2671.7 548.9 655.8 
Terminates WNT 
activation. 51 

-2.0 PPARG! 141.2 65.0 305.9 276.1 

Member of the nuclear 
receptor family of 
ligand-activated 
transcription factors. 85, 86 

-2.0 LPIN1 131.8 121.0 294.1 269.9 

Important for 
controlling the 
metabolism of fatty 
acids at different levels. 81 

-2.1 EBF2! 613.9 504.7 1226.9 1280.2 
Gene is involved in the 
differentiation. 52 

-2.2 IL6ST 1473.2 1850.3 2843.3 3173.3 

Signal transducer 
shared by many 
cytokines. 87 

-2.2 BMP4! 120.8 82.4 224.3 268.4 

Helps to promote 
adipocyte 
differentiation. 51, 69 

-2.6 LIFR 205.2 243.9 503.0 537.4 
Type I cytokine 
receptor family. 87 

-2.7 PEG10 207.6 274.4 538.0 550.4 

Inhibits TGF-β 
signaling; involved at 
the immediate early 
stage of adipocyte 
differentiation. 53 

-2.9 ABI3BP! 1364.7 2169.5 3480.7 3928.9 

Required to switch 
from a proliferation 
state to differentiation 
state. 54 

-8.8 WISP2! 107.1 95.2 679.0 939.1 

Important regulator of 
both adipogenic 
commitment and 
differentiation. 50, 51 

 

! Gene listed in multiple tables.  Data is presented as fold change of gene expression 

from ADSCs culture-expanded in 1%HS with FGF-2 versus ADSCs culture-expanded in 

10%FBS with FGF-2.  Raw value of expression listed under condition type.  Orange 

highlighted rows indicate genes that promote differentiation while blue highlighted rows 

indicate genes that either inhibit differentiation or maintain the stem cell state.  
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III.3E: Myogenic Differentiation 

Myogenesis is the process by which striated skeletal muscle is formed.  It begins with the 

fusion of myoblasts to form myotubes.  CDON is a cell surface receptor that positively 

regulates myogenesis (Table III.3E).  It is expressed in developing, but not mature, 

muscle.100  As shown by Kang et al., overexpression of CDON results in accelerated 

differentiation and myotube formation.82 

     Muscle-specific gene expression, for myogenic differentiation, depends on basic 

helix-loop-helix (bHLH) transcription factors, including MyoD, Myf5 and myogenin.  As 

part of a positive feedback loop, MyoD enhances CDON expression, which induces more 

bHLH transcription.100 

     BMP signaling acts as a negative regulator of myogenesis.  Initially its action was 

discovered when BMPs were added to culture media of myocytes that resulted in the 

differentiation of osteocytes.  The induction of ID expression, by BMP signaling, 

represses the muscle-specific bHLH transcription factors and thereby represses  

myogenic differentiation.101 

     Given the increased expression of ID1 and ID3 in ADSCs culture-expanded in FBS, 

coupled with the decreased expression of CDON, we predict that myogenesis would 

occur more robustly in ADSCs expanded in human serum. 
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Table III.3E: Myogenic Differentiation 

Fold 
Change Gene 

10FBS
+FGF 

10FBS 
noFGF 

1HS 
+FGF 
+ITS 

1HS 
+FGF Function Reference 

19.1 ID1! 1391.2 893.4 76.6 72.9 
Inhibitor of DNA 
binding. 56 

9.0 ID3! 516.3 411.5 39.9 57.4 
Inhibitor of DNA 
binding. 72 

2.8 TPM1 295.9 582.3 110.3 106.3 

Binds to actin filaments 
in muscle and non-
muscle cells. 84 

2.6 IGFBP3! 631.0 448.6 292.9 242.3 

 IGF-binding protein; 
prolong the half-life of 
the IGFs. 74 

2.6 GREM1! 1994.5 6166.7 542.0 771.5 BMP antagonist. 88 

-2.2 JAG1 204.6 237.9 478.3 457.3 
Ligand for multiple 
Notch receptors. 83, 114 

-2.2 BMP4! 120.8 82.4 224.3 268.4 

Endogenous BMP 
necessary for myotube 
formation. 106 

-2.9 ABI3BP! 1364.7 2169.5 3480.7 3928.9 

Required to switch 
from a proliferation 
state to differentiation 
state. 54 

-5.1 CDON 129.5 73.2 638.2 658.9 

Cell surface receptor 
that positively regulates 
myogenesis.  82 

 

! Gene listed in multiple tables. 

Data is presented as fold change of gene expression from ADSCs culture-expanded in 

1%HS with FGF-2 versus ADSCs culture-expanded in 10%FBS with FGF-2.  Raw value 

of expression listed under condition type.  Orange highlighted rows indicate genes that 

promote differentiation while blue highlighted rows indicate genes that either inhibit 

differentiation or maintain the stem cell state.  
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III.3F: Fibrotic or Regenerative-related Genes 

The third top associated pathway, listed in Table III.3A, was TGF-β signaling.  As 

previously mentioned, TGF-β signaling is an integral pathway involved in fibrosis.  A list 

of genes related to the fibrotic and anti-fibrotic, or regenerative, pathway can be found in 

Table III.3F.  

     Additionally, Table III.3F is color-coded.  Green highlighted rows indicate genes 

associated with fibrosis while lavender highlighted rows indicated genes that are anti-

fibrotic or have regenerative properties.   

     TGF-β is necessary for normal wound healing however overproduction can lead to the 

promotion of excessive extracellular matrix deposition found in tissue fibrosis. 56  TGF-β 

exerts its pro-fibrotic effects by upregulating cell matrix protein synthesis and gene 

expression while promoting plasminogen-activator inhibitor-1 (Serpine1) expression.  

Simultaneously, TGF-β decreases intracellular degradation of fibrillar collagen, as well as 

downregulates matrix metalloproteinase production. 56 

     Target genes of TGF-β include upregulation of transcription factors ID1 and ID3, 

signaling molecule Smad7 and fibrillar collagens 3 (COL3A1)57 and 5 (COL5A1), that 

are associated with matrix formation.  In addition, TGF-β upregulates genes associated 

with cell survival and proliferation, including IGFBP3, IGFBP7, Cyr61 and connective 

tissue growth factor (CTGF).  Genes associated with cytoskeletal reorganization, such as 

transgelin (TAGLN) and calponin1 (CNN1) are also upregulated.56 In addition TGF-β 

activation downregulates the gene expression of IGFBP5 and WISP2.57  All of these pro-

fibrotic genes, induced by and including TGF-β, are found to be upregulated in the 

ADSCs culture-expanded in FBS.    
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Table III.3F: Fibrotic or Regenerative-related Genes 

Fold 
Change Gene 

10FBS
+FGF 

10FBS 
noFGF 

1HS 
+FGF 
+ITS 

1HS 
+FGF Function Reference 

19.1 ID1! 1391.2 893.4 76.6 72.9 
Inhibitor of DNA 
binding. 56 

9.1 SCUBE3 1251.9 1863.9 125.5 137.0 
Activates TGF-β 
signaling. 60 

9.0 ID3! 516.3 411.5 39.9 57.4 
Inhibitor of DNA 
binding. 56 

4.2 CTGF! 1471.4 4013.5 261.5 354.3 
Major connective tissue 
mitoattractant. 56 

3.8 HAS2! 4699.7 4760.6 1153.5 1229.7 

HA is actively 
produced during wound 
healing and tissue 
repair to provide a 
framework. 67, 71 

3.7 IER3 955.4 923.1 246.6 257.8 

Acts also as an ERK 
downstream effector 
mediating survival. 56 

3.5 SMAD7! 343.6 267.4 114.5 98.7 
Inhibit TGF-β and 
activin signaling. 56 

3.5 TAGLN 373.5 660.1 80.7 108.2 
Actin cross-
linking/gelling protein. 56 

3.2 IGFBP7 2406.3 5097.3 781.7 752.7 

IGF-binding proteins 
prolong the half-life of 
the IGFs. 56 

3.2 TGFB1! 1745.0 1040.9 574.0 548.1 

Multifunctional protein 
that controls 
proliferation, 
differentiation, etc. 71 

3.0 SKIL 270.2 337.9 87.3 89.3 

Regulates cell growth 
and differentiation 
through TGF-β. 56 

2.7 MET 557.2 465.4 239.3 205.7 

Expression is limited to 
stem and progenitor 
cells and is necessary 
for wound healing. 31 

2.6 IGFBP3! 631.0 448.6 292.9 242.3 

IGF-binding proteins 
prolong the half-life of 
the IGFs. 56 

2.6 
SERPINE1
! 6280.2 6821.8 2215.8 2449.5 

Serine protease 
inhibitor.  56 

2.4 JUNB 463.8 266.7 228.7 194.5 

Transcription factor 
involved in regulating 
gene activity following 
the primary growth 
factor response. 56 

2.3 TGFBI! 1062.0 958.6 430.0 466.3 
Binds to type I, II, and 
IV collagens.  57 

2.3 VEGFC 913.8 1031.0 359.2 401.4 

Stimulate myofibroblast 
proliferation, migration, 
and collagen synthesis. 59 
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Table III.3F continued: Fibrotic or Regenerative-related Genes 

 

Fold 
Change Gene 

10FBS
+FGF 

10FBS 
noFGF 

1HS 
+FGF 
+ITS 

1HS 
+FGF Function Reference 

2.1 CTPS1 328.9 252.1 184.7 156.7 
Catalytic conversion of 
UTP to CTP. 56 

1.7 CNN1 256.7 558.0 144.5 151.3 
 Thin filament-
associated protein. 56 

1.5 CYR61 884.7 2043.0 378.7 595.3 

Mediates gene 
regulation is dependent 
on heparin-binding. 56 

-2.0 PPARG! 141.2 65.0 305.9 276.1 

Nuclear receptor family 
of ligand-activated 
transcription factors. 63, 64 

-2.2 CD109 715.6 663.5 1398.4 1559.7 
Negatively regulates 
signaling of TGF-β. 65 

-2.8 HGF 158.1 36.6 374.9 437.4 

Regulates cell growth, 
cell motility, and 
morphogenesis. 31, 32, 71 

-3.1 TGFB2 48.7 71.6 176.2 149.3 

Multifunctional protein 
that controls 
proliferation, 
differentiation and other 
functions 71 

-4.5 TGFBR3 503.9 409.5 2150.4 2274.6 

Ectodomain shedding 
produces soluble 
TGFBR3, which may 
inhibit TGF-β 
signaling.  68, 71 

-7.7 IGFBP5 157.7 379.3 1658.8 1218.8 

IGF-binding proteins 
prolong the half-life of 
the IGFs. 57 

-8.8 WISP2! 107.1 95.2 679.0 939.1 Represses EMT. 105 
 

! Gene listed in multiple tables. 

Data is presented as fold change of gene expression from ADSCs culture-expanded in 

1%HS with FGF-2 versus ADSCs culture-expanded in 10%FBS with FGF-2.  Raw value 

of expression listed under condition type.  Green highlighted rows indicate genes 

associated with fibrosis while lavender highlighted rows indicated genes that are anti-

fibrotic or have regenerative properties. 
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     Genes related to regenerative potential include HGF, PPARG and WISP2.  As 

mentioned previously, HGF antagonizes TGF-β.  In cancer cells, WISP2 has been shown 

to repress epithelial-mesenchymal transformation (EMT).105  These genes are upregulated 

expression in ADSCs culture-expanded in human serum. 

 

Discussion 

Fibrotic and Regenerative Potential 

Initial HGF to TGF-β ratio were our first indication of the increased regenerative 

potential of ADSCs culture-expanded in human serum was compared to those expanded 

in fetal bovine serum.  This hypothesis has further been supported by the microarray data 

that showed downregulation of pro-fibrotic gene expression and upregulation of 

regenerative-related genes in those same cells.   

     It is important to remember, however, that we are only comparing stem cell gene 

expression of cells culture-expanded under various conditions.  These comparisons are 

not being made to the gene expression of myofibroblasts, the cells associated with being 

the main instigators of fibrosis. The ADSCs culture-expanded in FBS may have a similar 

gene expression pattern to myofibroblasts, but we cannot make a true comparison of the 

fibrotic potential.  A future study could include microarray data from the myofibroblasts 

of a patient in conjunction with culture-expansion of his or her ADSCs under various cell 

culture conditions. 

     With regard to regenerative potential, a surprising finding was that the HGF to TGF-β 

ratio increases might instead be due to an effect of low serum. Increasing levels of human 

serum and fetal bovine serum result in reduced HGF to TGF-β ratios when compared to 
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lower levels of human serum and fetal bovine serum (data not shown).  This could be 

worthy of future investigation for differentiation of stem cells as tissue models, since fetal 

bovine serum is more affordable than human serum. 

     We expected to see the ADSCs grown on fibronectin pre-coated plates would more 

readily produce regenerative growth factors instead of producing extracellular matrix 

materials to adhere to the plates, as would be necessary for the cells grown on uncoated 

plastic plates.  Instead we found that ADSCs culture-expanded in conditions on 

fibronectin pre-coated plates had equal or lower HGF to TGF-β ratios when compared to 

the same conditions grown on uncoated plastic plates (data not shown).  Although pre-

coating plates with fibronectin did not increase the HGF to TGF-β ratios of the cultured 

ADSCs, perhaps a using a different extracellular matrix pre-coating would.  There are a 

number of other extracellular matrix proteins that can be used to pre-coat plates including 

collagen.  Alternative plate options are another avenue to explore. 

     Although the different lots of human serum had no significant effect on cell doubling 

time, it did affect the HGF to TGF-β ratios with regard to ITS supplementation.  In 

human serum 1, HGF to TGF-β ratios were higher in ADSCs culture-expanded in 1%HS 

with FGF-2 (data not shown) whereas ADSCs culture-expanded in human serum 2 had 

higher HGF to TGF-β ratios in 1%HS with FGF-2 and ITS.  Next we need to explore 

what the effect autologous serum has on the regenerative potential of a patient’s cells and 

under what circumstances, if any, ITS improves that potential when used as a cell 

medium supplement. 

 

 



 62 

Differentiation 

Recent literature indicates that microRNAs regulate gene expression and have been found 

to play a role in stem cell differentiation. 95, 96, 97  70-90% of total RNA was lost in 

column purification for the microarray assay, including any RNA less than 200 

nucleotides in length.  As the column purification removed most of the microRNAs, we 

were unable to analyze any differences in expression patterns between the different 

ADSCs growth conditions.  Knowing the expression of micoRNA for each culture 

condition would have been helpful to better predict outcomes of the differentiation 

experiments. 

    It is difficult to take a single snapshot if a moment of gene expression and use it to 

predict an outcome of differentiation.  Often with multiple pathways being turned on and 

off simultaneously, it is not necessarily clear which pathway or gene may be more 

dominant with regard to differentiation permissiveness.  While we identified many genes 

involved in differentiation, many of the key regulators for each of the pathways were not 

upregulated or downregulated, with a greater than 2 fold change, when comparing the 

gene expression of ADSCs grown under various conditions.  On many occasions, genes 

that promote differentiation of a particular lineage-specific pathway may be upregulated 

along with genes that inhibit differentiation of the same pathway.  With this, a balancing 

act was needed to predict cell culture conditions best suited to prime cells for 

differentiation along a particular pathway.  This involved evaluating the intensity of gene 

expression (high versus low), along with the gene function (preference for genes 

associated with early differentiation as opposed to late differentiation), and the number of 

genes upregulated that promote differentiation versus inhibit differentiation. 
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     Although the microarray data is a good place to start, RMA summarization, although a 

widely used method, is known to under-represent the gene-level expression.  For this 

reason, confirmation of the gene expression, for genes of interest, need to be confirmed 

by RT-qPCR. 
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Chapter IV: 

Differential Potential of Culture-Expanded ADSCs 

Introduction 

Patient-specific stem cell lines offer many advances for both drug and genetic research.  

As ADSCs can be isolated and differentiated, there would be no need to perform highly 

invasive procedures to collect tissue from the heart or brain, for example.  Additionally, it 

would be possible to capture a disease phenotype and explore the mechanisms of action 

specific to each of multiple different tissue types.40   

     Not only would patient-specific models be useful for studying genetic disease, but 

they would also be useful for clinical drug testing and drug development.  It is not 

uncommon for a drug to be removed from the market due to safety concerns.  These 

models could even be culture-expanded to provide enough tissue for high-throughput 

screening of multiple drugs.40 

     Depending on the tissue type of interest, differentiation can take several weeks to form 

the tissue.  Optimizing cell culture conditions can expedite this process.  Expediting the 

process would be particularly relevant for testing for potential adverse reactions to a 

medication prior to patient administration.  This would ultimately provide better patient 

care and reduce unexpected medical costs due to adverse events. 
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Research Design and Methods 

Adipogenic Differentiation 

ADSCs culture-expanded under 10%FBS with FGF-2, 10%FBS without FGF-2 and 

1%HS with FGF-2 were used for cell differentiation. Cells were cultured in DMEM/F12 

with penicillin and streptomycin (Invitrogen), 125µM indomethacin, 33nM d-Biotin 

(Sigma), 70nM human insulin (Sigma), 0.1µM dexamethasone (Sigma), 4µg/ml 

pantothenate (Sigma), 10µg/ml human transferrin (Calbiochem), 1nM 3,3’,5-triiodoL-

thyronine (T3, Sigma), 0.5mM isobutyl-methylxanthine (IBMX, Sigma), and 1µM 

rosiglitazone (Axxora).  After day 3, indomethacin, rosiglitazone and IBMX were 

removed from the medium.  The media was changed every three days until day 18 when 

the cells were stained for lipid droplets using Oil red O.   

 

Osteogenic Differentiation 

ADSCs culture-expanded under 10%FBS with FGF-2, 10%FBS without FGF-2 and 

1%HS with FGF-2 were used for cell differentiation.  Cells were cultured in DMEM/F12 

with 10%FBS and penicillin and streptomycin (Invitrogen), 0.1µM dexamethasone 

(Sigma), 10mM β-glycerol phosphate (Sigma) and 100µM L-ascorbic acid (Sigma).  The 

media was changed every three days until day 8 when the cells were stained for alkaline 

phosphatase activity. 

 

Chondrogenic Differentiation 

ADSCs culture-expanded under 10%FBS with FGF-2, 10%FBS without FGF-2 and 

1%HS with FGF-2 were used for cell differentiation.  Cells were cultured in DMEM high 
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glucose with penicillin and streptomycin (Invitrogen), 40 µg/ml L-Proline (Sigma), 

0.1µM dexamethasone (Sigma), 50µg/ml 2-Phospho-L-ascorbic acid trisodium (Sigma) 

and 10ng/ml transforming growth factor-β1(TGF-β1, Gemini). From day 3 until the end 

of the experiment, we replaced TGF-β1 with 10ng/ml transforming growth factor-β3 

(TGF-β3, Gemini).  The media was changed every three days until day 24.  On Day 24, 

wells were stained for glycosaminoglycan using Alcian blue. 

 

Myogenic Differentiation 

ADSCs culture-expanded under 10%FBS with FGF-2, 10%FBS without FGF-2 and 

1%HS with FGF-2 were used for cell differentiation.  Cells were cultured in low glucose 

DMEM with 2% horse serum.  The media was changed every 3 days until cells were 

stained for actin and the nucleus.  Staining occurred on Day 11 for 10%FBS with FGF-2 

culture-expanded ADSCs and Day 8 for 10%FBS without FGF-2 and 1%HS with FGF-2 

expanded cells.  Cell lysates, collected the same day the cells were stained, were later 

used for western blot analysis of myogenin protein expression. 

 

Adipogenic Staining 

Adipogenic differentiated cells were washed with PBS then fixed with 10% form-

aldehyde for 15 minutes.  Oil red O (ORO, Sigma), 0.5% in isopropanol, was diluted with 

water at a 3:2 ratio and filtered through a 0.22µm filter (Millipore).  The fixed cells were 

incubated in 0.5ml of the filtered ORO at room temp.  Cells were washed with 60% 

isopropanol and water.  The stained fat droplets were the cells were visualized using an 

Olympus IX50 fluorescence microscope and photographed using an Olympus IX-TVAD 
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camera and CellSens® Dimension Digital Imaging software.  The cells were then treated 

with 100% isopropanol to extract the ORO.  This solution was then measured for 

absorbance at 512 nm on the DU 640 Spectrophotometer (Beckman Coulter). 

 

Myogenic Staining 

Myogenic differentiated cells were washed with PBS twice.  For 5 minutes, the cells were 

incubated in 1ml of 1%Paraformaldehyde in PBS at room temperature.  After washing 

the cells with PBS, they were permeabilized with 0.5% TX100 in PBS for 2 minutes.  

The cells were washed with PBS and incubated at room temperature for 10 minutes, 

while avoiding direct light exposure, with 0.5ml of phalloidin (5:210, Invitrogen) and 

4,6-diamindino-2-phenylindole, dihydrochloride (DAPI, 1:5000, Invitrogen) diluted in 

PBS.  After the stain was removed and cells were washed with PBS, the cells were 

visualized using an Olympus IX50 fluorescence microscope and photographed using an 

Olympus IX-TVAD camera and CellSens® Dimension Digital Imaging software.  

Images for phalloidin and DAPI were overlaid in Adobe Photoshop CS6. 

 

Osteogenic Staining 

Osteogenic differentiated cells were washing with PBS.  For 30 seconds, the cells were 

fixed with 2% Citrate in Milli-Q water, diluted with acetone at a 2:3 ratio.  The cells were 

then gently washed with Milli-Q water for 45 seconds.  2mls for staining solution, 

comprised of 1 pre-weighed capsule of Fast Blue RR Salt (Sigma) dissolved in 48mls of 

Milli-Q water and 2mls of Naphtho AS-MX (Sigma), was added and the cells were 

incubated in the dark for 30 minutes, at room temperature.  Wells were washed with 
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Milli-Q water and were then visualized using an Olympus IX50 fluorescence microscope 

and photographed using an Olympus IX-TVAD camera and CellSens® Dimension 

Digital Imaging software. 

 

Chondrogenic Staining 

Chondrogenic differentiated cells were washed with PBS twice.  For 5 minutes, the cells 

were incubated in 1ml of 1%Paraformaldehyde in PBS at room temperature.  The cells 

were the washed with Milli-Q water and stained with 1ml Alcian blue 8GX (1% in 

solution, in 3% acetic acid, Sigma) for 30 minutes at room temperature.  After staining, 

the cells were washed 3 times with Milli-Q water.  1 well was additionally stained for 2 

minutes at room temperature with Hematoxylin QS (Vector Laboratories, Inc.).  The well 

was washed twice with 2mls of tap water.  Cells were then visualized using an Olympus 

IX50 fluorescence microscope and photographed using an Olympus IX-TVAD camera 

and CellSens® Dimension Digital Imaging software. 

 

Myogenin/GAPDH Protein Expression 

200µl of cell lysate, for each of the 3 conditions, was provided to a fellow student in  

Dr. McLenithan’s laboratory at the University of Maryland, Baltimore to perform a 

western blot analysis of protein expression for myogenin normalized to the housekeeping 

gene GAPDH.   

  



 69 

Results 

IV.1: Alkaline Phosphatase Staining of Osteogenesis  

Alkaline phosphatase is a marker of osteogenic differentiation.  Two wells were stained 

and photographed, for each condition, to evaluate the differential potential of ADSCs 

culture expanded in 1%HS with FGF-2, 10%FBS with FGF-2, or 10%FBS without  

FGF-2.  The blue staining, seen in Figure IV.1, indicates alkaline phosphatase activity.  

Alkaline phosphatase activity was highest in cells that were culture-expanded in 1%HS 

with FGF-2 with a very even distribution whereas cells from the 10%FBS with FGF-2 

culture condition had uneven distribution of alkaline phosphatase activity with whirled 

areas expressed a more dense level of activation. Surprisingly, alkaline phosphatase 

activity was nearly absent in the cells from the 10%FBS without FGF-2 condition.  This 

was contrary to our prediction of cell culture conditions best suited to prime cells for 

osteogenic differentiation as derived from Table III.3B (see Chapter III).  However, this 

was consistent with Grem1 gene expression between culture conditions, as will be 

expanded upon in this chapter’s discussion. 

     This data suggests that the 1%HS with FGF-2 culture condition may best prime 

ADSCs for osteogenic differentiation. 
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Figure IV.1: Alkaline Phosphatase Staining of Osteogenesis 

 

The blue or purple staining indicates alkaline phosphatase activity.  Alkaline phosphatase 

activity was highest in cells that were culture-expanded in 1%HS with FGF-2 (A & B) 

with a very even distribution. Cells from the 10%FBS with FGF-2 (C & D) culture 

condition had uneven distribution of alkaline phosphatase activity with whirled areas 

expressed a more dense level of activation. Very little alkaline phosphatase activity was 

observed in the cells culture-expanded in 10%FBS without FGF-2 (E & F). 
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IV.2: Alcian Blue Staining of Chondrogenesis 

As an indicator of chondrogenesis, Alcian blue is utilized to stain for glycosaminoglycan.  

Three wells were stained and photographed, for each condition, to evaluate the 

differential potential of ADSCs culture expanded in 1%HS with FGF-2, 10%FBS with 

FGF-2, or 10%FBS without FGF-2.  Additionally, 1 well of the 3 was stained with 

hematoxylin in order to identify the nucleus of cells in relation to glycosaminoglycan 

found in the extracellular matrix.  As seen in Figure IV.2, cells culture-expanded in 

1%HS with FGF-2 displayed the least amount of staining for glycosaminoglycan.  

Additionally it was unevenly distributed in the wells. Conversely, both FBS culture 

conditions produced even distribution of staining across the wells with 10%FBS without 

FGF-2 culture conditions produced cells that displayed the most glycosaminoglycan 

followed by the cells culture-expanded in 10%FBS with FGF-2. 

     This data suggests that the 10%FBS without FGF-2 culture condition may best prime 

ADSCs for chondrogenic differentiation.  
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Figure IV.2: Alcian Blue Staining of Chondrogenesis 

 

The top row shows Alcian blue staining of glycosaminoglycan of chondrogenesis.  

The bottom row combines Alcian blue staining with hematoxylin staining of the nucleus. 

Cells culture-expanded in 1%HS with FGF-2 (A & B) displayed the least amount of 

staining with an uneven distribution. 10%FBS without FGF-2 (E & F) culture conditions 

produced cells that displayed the most glycosaminoglycan followed by the cells culture-

expanded in 10%FBS with FGF-2 (C & D).  Both FBS culture conditions displayed even 

distribution across the wells.  
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IV.3: Oil Red O Staining of Adipogenesis 

As an indicator of adipogenesis, Oil red O (ORO) is utilized to stain for lipid vacuoles.  

Four wells were stained and photographed, for each condition, to evaluate the differential 

potential of ADSCs culture expanded in 1%HS with FGF-2, 10%FBS with FGF-2, or 

10%FBS without FGF-2.  After photography, ORO was extracted from the cells and 

quantitated using spectrophotometry at 512 nm.  Oil red O staining of undifferentiated 

cells was not performed so no background was subtracted from these measurements.  As 

adipocytes are very fragile, many lipid vacuoles were lost due to the turbulence of liquid 

during washing, fixation and staining.  Photographs immediately prior to staining were 

included in Figure IV.3A. 

     Cells culture-expanded in 10%FBS with FGF-2 exhibited the most adipogenic 

differentiation followed by cells from the 10%FBS without FGF-2.  The 1%HS with 

FGF-2 condition produced cells that exhibited the least ORO staining, indicating the least 

amount of differentiation.  Figure IV.3B shows that 1%HS with FGF-2 (16.0 ± 0.8) 

cultured cells exhibited ORO staining that was significantly decreased when compared to 

staining of cells cultured in 10%FBS with FGF-2 (22.4 ± 1.7) (n = 4, Student’s t test,  

p = 0.02, Figure IV.3B).  10%FBS without FGF-2 (17.7 ± 0.7) cultured cells was also 

significantly decreased when compared to staining of cells cultured in 10%FBS with 

FGF-2 (22.4 ± 1.7) (n = 4, Student’s t test, p = 0.04, Figure IV.3B).  However, cells 

culture-expanded in 1%HS with FGF-2 (16.0 ± 0.8) were not significantly different from 

cells expanded in 10%FBS without FGF-2 (17.7 ± 0.7) (n = 4, Student’s t test, p = 0.22, 

Figure IV.3B).  
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Figure IV.3A: Oil Red O Staining of Adipogenesis 

 

Left: images prior to staining.  Right: images after Oil red O (ORO) staining of the lipid 

vacuoles.  Cells culture-expanded in 10%FBS with FGF-2 (E-H) exhibited the most ORO 

staining (G & H).  The 10%FBS without FGF-2 (A-D) culture condition produces cells 

with slightly more ORO staining than cells culture-expanded in 1%HS with FGF-2 (I-L). 

The 1%HS with FGF-2 condition produced cells that exhibited the least ORO staining  

(K & L). 
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Figure IV.3B: Oil Red O Staining of Adipogenesis 

 

Each culture condition had 4 wells that were used for ORO staining and spectrometry.  

Absorbance was measured at 512 nm. Both 10%FBS without FGF-2 (17.7 ± 0.7) cultured 

cells and 1%HS with FGF-2 (16.0 ± 0.8) cultured cells exhibited ORO staining that was 

significantly decreased when compared to staining of cells cultured in 10%FBS with 

FGF-2 (22.4 ± 1.7). Staining was not significantly different between 1%HS with FGF-2 

(16.0 ± 0.8) and 10%FBS without FGF-2 (17.7 ± 0.7) culture conditions.  Oil red O 

staining of undifferentiated cells was not performed so no background was subtracted 

from these measurements.  Student’s t test was used to compare the Oil red O staining 

between conditions.  n = 4, *p = 0.02, **p = 0.04.  Mean ± SE. 
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IV.4: Actin Staining of Myogenesis 

As an indicator of myogenesis, actin and nuclear staining was utilized to help identify 

myotubes.  Myotubes are multinucleated cells that form from the fusion of myocytes.  

Instead of staining cells on the same day post-induction, all cells were stained on the 

same day due to cell culture issues.  This resulted in cells cultured in 10%FBS with FGF-

2 to be stained on day 11 while cells expanded in 1%HS with FGF-2 and 10%FBS 

without FGF-2 were stain on day 8.   

     Two wells were stained and photographed, for each condition, to evaluate the 

differential potential of ADSCs culture expanded in 1%HS with FGF-2, 10%FBS with 

FGF-2, or 10%FBS without FGF-2.  As seen in Figure IV.3, phalloidin was used to stain 

for actin and DAPI was used to stain the nucleus.   

     Cells culture-expanded in 10%FBS without FGF-2 were often more broadly splayed 

than the cells in culture conditions containing FGF-2.  The 10%FBS with FGF-2 culture 

condition produced cells that displayed long, linear and organized cells when compared 

to the cells grown under other culture conditions.  Cell culture-expanded in 1%HS with 

FGF-2 were the least organized in terms of linear organization. 

     Although we could identify the linear organization each culture condition produced, it 

was difficult to identify that condition that best promoted myotube formation since the 

staining did not elucidate the cells shapes as expected.  For this reason, western blot 

analysis was run on myogenin protein expression as a differential marker of myogenesis.  
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Figure IV.4: Actin Staining of Myogenesis 

 

Left: pictures prior to staining. Center left (red): actin staining.  Center right (blue): DAPI 

staining. Right: overlay of DAPI on actin.  Cells culture-expanded in 10%FBS without 

FGF-2 (A-D) were often more broadly splayed than the cells in culture conditions 

containing FGF-2.  The 10%FBS with FGF-2 (E-H) culture condition produced cells that 

displayed long, linear and organized cells when compared to the cells grown under other 

culture conditions.  Cell culture-expanded in 1%HS with FGF-2 (I-L) were the least 

organized in terms of linear organization. 
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IV.5: Myogenin/GAPDH Expression in Cultured ADSCs 

In order to determine the cell condition that was best suited to prime cells for myogenesis, 

myogenin protein expression was determined by western blot analysis.  Myogenin is an 

early differential marker of myogenesis.  Cell lysates that were isolated in triplicate at the 

time of actin and nuclear staining.  The lysates were electrophoresed followed by western 

blotting with anti-myogenin antibody.  GAPDH was used to normalize for differences in 

protein level. 

     1%HS with FGF-2 (3,722.5 ± 205.5) cultured cells exhibited myogenin expression, 

normalized to GAPDH, that was significantly increased when compared to the expression 

of cells cultured in 10%FBS with FGF-2 (2,815.3 ± 174.5) (n = 3, Student’s t test, p = 

0.04, Figure IV.5). Myogenin expression was increased, but not significantly, in 10%FBS 

with FGF-2 (2,815.3 ± 174.5) when compared to expression in 10%FBS without FGF-2 

(2,180 ± 212.3) cultured cells (n = 3, Student’s t test, p = 0.08, Figure IV.5). 

     This data suggests that the 1%HS with FGF-2 culture condition may best prime 

ADSCs for myogenic differentiation.  
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Figure IV.5 Myogenin/GAPDH Expression in Cultured ADSCs 

 

 

Each culture condition had three wells of cell lysate isolated for myogenin protein 

analysis by western blotting. 1%HS with FGF-2 (3,722.5 ± 205.5) cultured exhibited 

myogenin expression, normalized to GAPDH, that was significantly increased when 

compared to the expression of cells cultured in 10%FBS with FGF-2 (2,815.3 ± 174.5). 

Myogenin expression was increased, but not significantly, in 10%FBS with FGF-2 

(2,815.3 ± 174.5) when compared to expression in 10%FBS without FGF-2 (2,180 ± 

212.3) cultured cells.  Student’s t test was used to compare myogenin protein  

expression between ADSCs expanded under different culture conditions.  n = 3,  

*p = 0.04.  Mean ± SE. 
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Discussion 

Osteogenesis 

We had predicted, in chapter III, that cells culture-expanded in FBS culture conditions 

would best prime osteogenic differentiation. When evaluating the gene expression 

between cells cultured in FBS versus human serum, it seemed that BMP signaling, which 

is important for bone differentiation, was increased in the FBS samples by the increased 

expression of Serpine1, BMP6, Smad6, Smad7, ID1 and ID3.  However, it seems the 

BMP antagonists Gremlin1 (Grem1) and Gremlin2 (Grem2) may have been sufficient to 

block osteogenic differentiation initially.  Grem1 may have played a particularly large 

role in the inhibition of osteogenic differentiation of cells cultured in 10%FBS without 

FGF-2.  Grem1 gene expression in 10%FBS without FGF-2 cultured cells with nearly an 

8-fold increase over the expression of 1%HS with FGF-2 cultured stem cells. 

Additionally, even though TGF-β is highly expressed in bone tissue, it has been shown to 

inhibit osteoblast differentiation.102 

     To our surprise, the 1%HS with FGF-2 culture condition produced cells with the most 

robust osteogenic differentiation.  With an increased expression of BMP4 in ADSCs 

culture-expanded in 1%HS with FGF-2, relative to ADSCs grown in FBS (Table III.3B), 

it is possible this gave these cells an advantage for differentiation, given the higher level 

expression of BMP antagonists (Grem1 and Grem2), and the increased level of 

endogenous TGFB1, in the FBS cultured samples. 
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Chondrogenesis 

Going back to Chapter III, we had suspected with the increase gene expression of TGFB1 

that cells expanded in FBS conditions would be better suited for chondrogenic 

differentiation, given that exogenous TGF-β is added to the differentiation media and 

TGFB1 expression was already increased in these cells.  However, given the increased 

expression of CTGF, known to induce the gene expression of the Sox genes associated 

with chondrogenesis, and with the already increased expression of chondrogenic markers 

ACAN and COMP in the cells that were conditioned in 10%FBS without FGF-2, we 

expected these cells to hold an advantage for differentiation among the FBS cultured cells. 

     As predicted from our microarray data in chapter III, cells culture-expanded in 

10%FBS without FGF-2 produced the most glycosaminoglycan, indicating that this 

culture condition produced more cells with chondrogenic potential than 1%HS with  

FGF-2 or 10%FBS with FGF-2.   

 

Adipogenesis 

In chapter III, we had predicted that the 1%HS with FGF-2 condition would best be 

suited to prime cells for adipogenic differentiation.  In our experiment, however, 

10%FBS with FGF-2 culture condition unexpectedly produced cells with the most robust 

adipogenic differentiation.  Previously we had seen that 1%HS with FGF-2 culture 

conditions produced adipogenic differentiation better than 10%FBS with FGF-2 (data not 

shown).  Further analysis is needed. 
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     It seems that the Wnt signaling in the 1%HS with FGF-2 cultured cells was not shut 

down when adipogenic differentiation was induced.  Although there was no indication 

found for an advantage of FBS cultured cells to differentiate more readily than the human 

serum cultured cells, we do not know how the gene expression changed once adipogenic 

differentiation was initiated with new media conditions.  It is also possible that 

appropriate signaling is being pushed through a yet another pathway. 

 

Myogenesis 

We had predicted that myogenesis would be most robust in the cells cultured in 1%HS 

with FGF-2 (see Chapter III), however this did not seem to be the case when only 

evaluating myotube formation.   We would expect to see mononucleated myoblasts 1 day 

after myogenic induction followed by an intermediate fusion stage (Day 3) with mature 

myotubes after 6 days of differentiation.103  Unfortunately we experienced culture-issues 

while differentiating these cells and therefore the data may be unreliable.  This may 

explain why less fusion is visible than we would expect.   

     Given that elongation and alignment occur prior to fusion, it appeared as though the 

10%FBS with FGF-2 cultured cells were better primed for differentiation.100  However, 

the myogenin protein expression revealed that the cells cultured in 1%HS with FGF-2 

had significantly higher expression than the cells cultured in FBS conditions. 

     As related to the microarray analysis from Chapter III, we suspect that the CDON 

gene expression that was upregulated in the human serum conditions was sufficient to 

induce bHLH transcription factors, including MyoD and myogenin.  As part of a positive 

feedback loop, MyoD then enhanced CDON expression, which induces more bHLH 
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transcription. Additionally, the increased gene expression of ID1 and ID3 in the FBS 

cultured stem cells was sufficient to at least initially repress the muscle-specific bHLH 

transcription factors and thereby repress myogenic differentiation, giving the ADSCs 

cultured in 1%HS with FGF-2 the advantage.  Therefore we believe that the 1%HS with 

FGF-2 condition best primes cells for myogenic differentiation, however this should still 

be repeated due to the culture-issues. 

     When this experiment is repeated, recent literature indicates that myogenic effect has 

been promoted by the use of gelatin or Matrigel-coated plates as opposed to the uncoated 

plastic plates.104  It may be worth exploring these pre-coated plate options to help 

promote differentiation. 

     As each of these differentiation experiments occurred only once with a single patient’s 

stem cells and all of these experiments will need to be repeated in a different patient’s 

sample to confirm these results. 
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Chapter V: 

Conclusion and Future Directions 

Fibroblast growth factor is necessary for adequate growth of adipose-derived stem cells 

in low serum conditions (Chapter II).  Future studies could examine the dose-effect  

FGF-2 has on ADSC growth as well as other growth factors.  Platelet-derived growth 

factor (PDGF), epidermal growth factor (EGF), and insulin-like growth factor (IGF), 

have all been shown to accelerate ADSC proliferation while maintaining an 

undifferentiated state.110, 111 

     A potential new direction would be to use hypoxic conditions in which to culture-

expand the ADSCs.  Previous unpublished data in Dr. McLenithan’s lab suggest that 

growing stem cells under hypoxic conditions does not alter gene expression, at least not 

in 10%FBS without FGF-2 conditioned cells.  Recent literature indicates that hypoxic 

conditions improve growth rates for stem cells and one laboratory found upregulated 

gene expression for vascular endothelial growth factor (VEGF), a pro-angiogenic factor 

that is important for regeneration of tissue.107, 108 

     With increased level of HGF to TGF-β and the decreased expression of numerous 

genes related to fibrosis, the gene expressions of ADSCs culture-expanded in the 1%HS 

with FGF-2 condition suggest that the paracrine effects of these stem cells would be ideal 

for therapeutic use in humans (Chapter III).  With either unaltered or improved 

regenerative potential of gene expression, it would be worth exploring culture-expansion 

of ADSCs under hypoxic conditions. 

     Before human use however, the gene expression observed in the microarray data 

would first need to be confirmed by qRT-PCR in multiple patient samples.  In addition to 
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confirming gene expression on the samples used for the microarray experiment, it  

would be useful to explore the expression of stem cells culture-expanded in autologous 

serum.  As the microarray was run on samples that were sub-confluent at RNA isolation, 

it would also be wise to confirm gene expression on samples that are both sub-confluent, 

when the cells are in growth mode, and confluent, when cells have slowed growth. 

     Combining the data between Chapter I and Chapter II, we see that gene expression 

changes and that is perhaps in part due to ADSC density, as has been explored by Koo et 

al. with microarray data from adipose-derived stem cells harvested when they were 

approximate 50% and 90% confluent.109  We have assumed genes that we identified to 

remain in a similar up or downregulated pattern with what we observed in our microarray 

data.  Gene expression changes that occurred when the cells became confluent may 

explain inconsistencies with our predicted outcomes for the differential potential of each 

culture condition.   

     In all of these studies, we passaged when the cells were 80-90% confluent and isolated 

total RNA for gene expression while they were sub-confluent in the final passage.  It  

is worth exploring continual sub-confluent passaging to determine if that would further 

influence the regenerative potential of the ADSCs grown in 1%HS with FGF-2. 

     The central dogma of molecular biology is that DNA is transcribed into RNA and then 

is translated into protein.  To further support the gene expression we identified in the 

microarray analysis, these findings should be confirmed by qRT-PCR and protein 

expression by western blotting. 

     As mentioned previously, column purification of the total RNA used in the microarray 

assay resulted in loss of RNA less than 200 nucleotides, including microRNA.   
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Perhaps new RNA isolation or purification techniques could be utilized in the future  

to avoid such loss.  The understanding of microRNA regulation in the cells can further 

elucidate gene expression with regard to both regenerative and differential potentials. 

     Beyond confirming gene expression, ADSCs culture-expanded under these conditions 

would require study to determine the efficacy in animal models of disease and injury 

before they would be ready for use in humans. ADSC gene expression in a very 

controlled environment, as in a cell culture, may act very differently in a dynamic and 

uncontrolled environment.  Until we can evaluate whether ADSCs grown under these 

conditions will have an effect, such as the ability to promote tissue repair or fibrosis 

reversal, when transplanted into a living model, we will have no evidence that these 

optimizations will be useful for therapeutic use in vivo. 

     Regardless of the potential for therapeutic use, the potential seen for differentiation, as 

seen in Chapter IV, between various culture conditions can be quite dramatic.  These 

experiments were a set of good first steps towards identifying conditions to prime cells 

for lineage-specific differentiation.  From these experiments we learned that 1%HS with 

FGF-2 best primes cells for both osteogenic and myogenic differentiation.  We also 

learned that 10%FBS without FGF-2 best primed cells for chondrogenic differentiation. 

     This study has shed light on the many potentials of cell culture conditions to influence 

stem cell growth, gene expression, or more importantly regenerative potential, as well as 

differential potential of cells to be directed down a particular mesenchymal 

differentiation pathway.  However there is still much work to be done to understand how 

cell culture conditions not only influence these outcomes but also how we can further 

improve these outcomes. 
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