
ABSTRACT 

BODLE, JOSEPHINE CHENOA. Mechanisms of Adipose Stem Cell Differentiation: from 
Primary Cilia to Donor Populations. (Under the direction of Dr. Elizabeth Loboa). 

Adipose-derived stem cells have recently emerged as a promising, abundant cell 

source for tissue replacement therapies for a wide range of applications, particularly in the 

area of musculoskeletal tissue engineering. In spite of recent research advancements towards 

developing stem cell therapies, there have been few successfully translated adult stem 

technologies to date. The goal of this research is to elucidate fundamental processes of 

human adipose-derived stem cell (hASC) differentiation, from the sub-cellular level, up to 

global changes in age and donor specific cell populations, with a particular focus on 

osteogenic differentiation. Though hASC are well established to differentiate into osteogenic 

cells types, exhibiting calcium accretion, an upregulation of osteogenic gene markers and an 

increase in alkaline phosphatase activity, the underlying mechanisms of these processes 

remain elusive. We hypothesized that an organelle known as the primary cilium plays an 

integral role in mediating hASC lineage specification. Primary cilia are composed of nine 

microtubule doublets arranged concentrically forming the axoneme of the cilium structure, 

however over 1000 proteins are estimated to be associated with the cilium. We have 

identified two particular cilia-associated proteins to play a role in hASC osteogenesis: 

polycystin-1 (PC1) and intraflagellar transport-88 (IFT88). Using siRNA knockdown 

techniques, we established that IFT88 expression was required to upregulate Runx2, an early 

gene marker of osteogenesis. Further, we established that knockdown of PC1 conferred 

reduced expression of later gene markers as well as a marked decrease in calcium accretion 

and endogenous alkaline phosphatase activity, indicators of osteogenic differentiation. 



Following the study on chemically induced hASC differentiation, we generalized our 

hypothesis to explore the broader role of the primary cilium in hASC lineage specification. 

Previous reports from our group have identified 10% cyclic tensile strain to enhance hASC 

osteogenesis and we hypothesize the primary cilium functions in part as a mechanosensor in 

this process. To understand the cilium structure as a mechanosesnsor, we first wanted to 

analyze its morphology on the hASC population as well as on the osteogenically and 

adipogenically differentiated hASC populations. We found that in as few as three days of 

chemical stimulation, differentiating hASCs exhibited differential cilia expression. Cilia 

generally tended to be more prevalent in more committed cell types, however their 

expression was somewhat temporal during the differentiation process. Gene expression 

analysis of cilia-associated genes also suggested that cyclic tensile strain affects ciliary gene 

expression in addition to the frequency of expression of the cilia structure. In our efforts to 

uncover the fundamental mechanisms of hASC differentiation, we observed a persistent 

experimental challenge throughout a majority our studies: donor-to-donor variation. Behavior 

predictability is critical to the success of applying hASC technologies in the clinic, and 

without consistent cell behavior and predictable physiological profiles, hASC will not 

emerge as a reliable treatment method for tissue replacement therapies. The final study of 

this dissertation examines the degree of donor-to-donor variability within our lab’s cell bank. 

Based on the observations in our cell lines, we hope that our findings may be extrapolated 

into the larger pool of information on hASCs. We highlight age-related changes in osteogenic 

and adipogenic differentiation and draw attention to important considerations for designing 

bench top experiments as well as creating clinically relevant technologies. Taken together, 

this dissertation addresses fundamental areas of research in adipose stem cell differentiation 



towards improving knowledge of their in vitro behavior for bench top studies, as well as 

furthering our knowledge of patient-specific information to facilitate their future clinical 

application. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright 2014 Josephine Bodle 

All Rights Reserved



Mechanisms of Adipose Stem Cell Differentiation from Primary Cilia to Donor Populations 
 

by 
Josephine Chenoa Bodle 

 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the degree of 

Doctor of Philosophy 
 

Biomedical Engineering 

 

 

Raleigh, North Carolina 

2014 

 

APPROVED BY: 

 

_______________________________  ______________________________ 
Elizabeth G Loboa, PhD    Greg McCarty, PhD 
Committee Chair 
 
 
 
________________________________  ________________________________ 
Lola M Reid, PhD     Susan H Bernacki, PhD 

 

________________________________ 
          Albert J Banes, PhD    



 

 ii 

 

DEDICATION 

This dissertation is dedicated to my parents, John and Elberta Bodle, for without their support 

and guidance I never would have pursued science, to my big brothers Ethan and Tristan 

Bodle who inspire me to be better at what I do everyday and Titus for being my best bud 

throughout graduate school. 



 

 iii 

 

BIOGRAPHY 

Josie Bodle was born in Kentfield, California on January 31st, 1984. She attended Northgate 

High School in Walnut Creek, CA and went on to UC Berkeley. In 2005 she graduated with 

a B.S. In Bioengineering and continued her studies at Cornell University where she received 

an M. Eng. in Biomedical Engineering in 2008 under the direction of Dr. Cynthia Reinhart-

King. During her undergraduate and masters studies, Josie was also an active participant on 

the UC Berkeley and Cornell University Intercollegiate Figure Skating Teams. In the fall of 

2008 she joined Dr. Elizabeth Loboa’s Cell Mechanics Lab in the Joint Department of 

Biomedical Engineering at the University of North Carolina and North Carolina State 

University as a PhD student.  



 

 iv 

 

ACKNOWLEDGEMENTS 

I would like to genuinely acknowledge all who have helped me in completing this 

body of work. I would like to thank my committee for their invaluable guidance through my 

tenure as a PhD student. I would like to thank Dr. Loboa for giving me the opportunity to be 

a part of this fantastic lab group, for her unwavering support, guidance, patience and critical 

discussion and evaluation of my work. I would like to thank Dr. Susan Bernacki for always 

having the time to answer even the most minute scientific questions and for her overall 

mentorship. I would like to thank Dr. Greg McCarty for our technical discussions on 

experiments and general career advice. I would like to thank Dr. Albert Banes for providing 

the platform and facilities for which we initiated this cilia project. I would like to thank Dr. 

Lola Reid for her guidance and unique perspectives on the field of tissue engineering stem 

cell differentiation.  

Additionally, I would like to acknowledge the undergraduates that contributed to the 

success of this research: Candace Rubenstein, Ramey Williams, Michelle Phillips, Mehdi 

Hamouda, Leigh Atchison and Ashwin Sakhare. I would also like to thank Andrew DiMeo 

for his teaching mentorship. Further, I would like to acknowledge Dr. Lars Allan Larsen, Dr. 

Søren Christensen, and Dr. Lotte Pedersen for hosting me as a visiting graduate student in 

their labs at the University of Copenhagen and Dr. Cynthia Reinhart-King for continuing to 

support my research career. I would like to recognize my CML labmates, Audrey 

Charoenpanich, Mahsa Mohiti-Asli, Pattie Mathieu, Stephanie Teeter, Carla Haslauer, 

Wayne Pfeiler, Stephen Tuin, Liliana Mellor and Sonya Sonnenberg for insightful scientific 



 

 v 

 

discussions and friendships. Lastly, I am so grateful to the following people for their 

unending support throughout my time in grad school; through proofreading, helping with 

graphics, listening to me discuss data or to just go for a run, sit down for a lunch or a cold 

beer: Big thanks to Brett Hartsfield, Erin Jerkins, Ryan Boehm, Chris Grigsby, Lani Chan, 

Eric Morrow, Achiamar Lee, Titus Bodle and Shasta Grigsby. 



 

 vi 

 

TABLE OF CONTENTS 

LIST OF TABLES ................................................................................................................. ix 
LIST OF FIGURES ................................................................................................................ x 

CHAPTER 1 Introduction ..................................................................................................... 1 
1.1 Objectives .................................................................................................................................... 1 
1.2. Human Adipose Stem Cells ...................................................................................................... 3 
1.3 Mechanical Environment and Stem Cell Differentiation ....................................................... 4 
1.4 Primary Cilia .............................................................................................................................. 6 
1.5 Clinical Significance ................................................................................................................... 9 
1.6 Specific Aims ............................................................................................................................. 10 

CHAPTER 2 Adipose-Derived Stem Cells in Functional Bone Tissue Engineering: 
Lessons from Bone Mechanobiology ................................................................................... 12 

2.1 Introduction .............................................................................................................................. 14 
2.2 Mechanosensitivity of Bone ..................................................................................................... 15 

2.2.1 Cellular mechanotransduction in bone ............................................................................... 16 
2.2.2 Cytoskeletal mechanisms of mechanotransduction in bone ............................................... 17 
2.2.3 Mechanisms of mechanically activated ion channels ......................................................... 18 

2.3 ASC in Bone Tissue Engineering ............................................................................................ 18 
2.3.1 Adipose-derived versus bone marrow-derived MSC ......................................................... 18 
2.3.2 ASC Isolation ...................................................................................................................... 19 

2.4 Top-Down ASC Living Tissue Equivalent Approaches ....................................................... 19 
2.4.1 In vitro studies .................................................................................................................... 19 
2.4.2 In vivo studies ..................................................................................................................... 19 

2.5 ASC Differentiation: Bottom-Up Cell-Based Approaches ................................................... 20 
2.5.1 Differentiation via chemical stimulation ............................................................................ 20 
2.5.2 Differentiation via mechanical stimulation ........................................................................ 20 
2.5.3 Other environmental mediators of differentiation .............................................................. 23 

2.6 Conclusions ............................................................................................................................... 24 
CHAPTER 3 Primary Cilia: Control Centers for Stem Cell Lineage Specification and 
Potential Targets for Cell-Based Therapies ....................................................................... 30 

3.1 Introduction .............................................................................................................................. 30 
3.2 In Vitro Approaches to Define Cell Phenotype ...................................................................... 33 
3.3 Primary Cilia and Loss of Phenotype - Kidney ..................................................................... 33 
3.4 Primary Cilia in the Developing Musculoskeletal System .................................................... 34 

3.4.1 Cilia in Development - Skeletogenesis ............................................................................... 35 
3.4.2 Cilia in Development - Endochondral Ossification and Subchondral Tissue .................... 36 
3.4.3 Degeneration – Cilia and Osteoarthritis ............................................................................. 38 
3.4.4 Cilia in Development - Chondrogenesis ............................................................................. 39 

3.5 Primary Cilia as Chemosensors .............................................................................................. 41 
3.5.1 Chondrogenic Cell Types  .............................................................................................. 42 
3.5.2 Osteogenic Cell Types ........................................................................................................ 43 

3.6 Primary Cilia Mechanosensitivity in Osteogenic Cell Types ............................................... 44 



 

 vii 

 

3.7 Conclusions ............................................................................................................................... 46 
CHAPTER 4 Primary Cilia: The Chemical Antenna Regulating Human Adipose-
Derived Stem Cell Osteogenesis ........................................................................................... 47 

4.1 Introduction .............................................................................................................................. 47 
4.2 Materials and Methods ............................................................................................................ 51 

4.2.1 Cell Isolation and Propagation ............................................................................................ 51 
4.2.2 Osteogenic and Adipogenic Differentiation ....................................................................... 52 
4.2.3 siRNA Knockdown ............................................................................................................. 52 
4.2.4 Immunostaining .................................................................................................................. 53 
4.2.5 Phase Contrast and Fluorescence Microscopy ................................................................... 54 
4.2.6 Cellular Proliferation .......................................................................................................... 55 
4.2.7 RNA Extraction and Gene Expression Analysis ................................................................ 55 
4.2.8 Histological Staining .......................................................................................................... 56 
4.2.9 Calcium Accretion .............................................................................................................. 56 
4.2.10 Endogenous Alkaline Phosphatase ................................................................................... 57 
4.2.11 Statistical Analysis ............................................................................................................ 57 
4.2.12 Controls ............................................................................................................................. 57 

4.3 Results ....................................................................................................................................... 58 
4.3.1 Identification of Primary Cilia ............................................................................................ 58 
4.3.2 siRNA Knockdown of Cilia-Associated Proteins IFT88, PC1, and PC2 ........................... 59 
4.3.3 Cilia-Associated Protein Knockdown Affects hASC Proliferation .................................... 62 
4.3.4 Knockdown of Cilia-Associated Proteins Downregulates hASC Osteogenic Gene Marker 
Expression .................................................................................................................................... 63 
4.3.5 Cell-Mediated Calcium Accretion of Osteogenically Differentiated hASC ...................... 65 
4.3.6 PC1, PC2 and IFT88 Affect ALP Enzymatic Activity ....................................................... 67 

4.4 Discussion .................................................................................................................................. 68 
4.5 Conclusion ................................................................................................................................. 74 
4.6 Summary ................................................................................................................................... 75 

CHAPTER 5 Examining the Phenotypic-dependent Effects of Cyclic Tensile Strain on 
Primary Cilia in Adipose-derived Stem Cells. ................................................................... 77 

5.1 Introduction .............................................................................................................................. 77 
5.2 Materials and Methods ............................................................................................................ 80 

5.2.1 Cell Isolation and Expansion .............................................................................................. 80 
5.2.2 Culture and Differentiation Under Cyclic Tensile Strain. .................................................. 80 
5.2.3 Visualization of hASC - Phase Contrast Microscopy ......................................................... 81 
5.2.4 RNA Extraction and Gene Expression Analysis ................................................................ 81 
5.2.5 Immunostaining .................................................................................................................. 82 
5.2.6 Categorical Analysis of Cilia Conformation and Cell Morphology ................................... 83 
5.2.7 End-Product Expression ..................................................................................................... 83 

5.3 Results ....................................................................................................................................... 85 
5.4 Discussion .................................................................................................................................. 93 
5.5 Conclusions ............................................................................................................................. 103 
5.6 Summary ................................................................................................................................. 105 



 

 viii 

 

CHAPTER 6 Age-Related Effects on the Potency of Human Adipose Derived Stem 
Cells: Creation and Evaluation of Superlots and Implications for Musculoskeletal 
Tissue Engineering Applications ....................................................................................... 107 

6.1 Introduction ............................................................................................................................ 107 
6.2 Materials and Methods .......................................................................................................... 110 

6.2.1 hASC Isolation and Propagation ...................................................................................... 110 
6.2.2 Potency Characterization: Osteogenic, Adipogenic and Chondrogenic Differentiation .. 111 
6.2.3 Age-Matched Approach to hASC Superlots ..................................................................... 113 
6.2.4 Generating hASC Superlots .............................................................................................. 113 
6.2.5 Validating Superlots ......................................................................................................... 117 
6.2.6 Measuring DNA and Protein Content ............................................................................... 118 
6.2.7 Statistical Analysis ............................................................................................................ 119 

6.3 Results ..................................................................................................................................... 119 
6.4 Discussion ................................................................................................................................ 125 
6.5 Acknowledgements ................................................................................................................. 132 
6.6 Summary ................................................................................................................................. 132 

CHAPTER 7 Conclusions .................................................................................................. 134 
7.1 Conclusions ............................................................................................................................. 134 
7.2 Recommendations of Future Work ...................................................................................... 135 

REFERENCES .................................................................................................................... 138 
Appendix .............................................................................................................................. 151 

Appendix A .......................................................................................................................... 152 
Other Relevant Publications ....................................................................................................... 152 
Relevant Presentations ................................................................................................................. 152 

 



 

 ix 

 

LIST OF TABLES 

Table 2.1. Major studies utilizing Bottom-Up physical approaches in the generation of 
adipose stem cell-derived osteogenic tissue constructs. ................................................. 21	  

Table 5.1 A summary of apparent ciliary length as measured on immunofluorescent images. 
n>300 cells. ..................................................................................................................... 92	  

Table 6.1 Age and gender information was supplied for all hASC lines used in this study. 
Characterization of all 14 donor lines, as described in Figure 1, was used to validate 
hASC lines. Donor hASC differentiation potential was ranked on a scale from 1 to 5 as 
represented in Figure 2. Information on patient ethnicity and the surgical procedure 
from which the hASC were derived from were included in the chart, where available. 
hASC, human adipose-derived stem cells. ................................................................... 116	  

 
 



 

 x 

 

LIST OF FIGURES 

Figure 1.1 Adipogenic and osteogenic differentiation of hASC. a) Oil Red O staining of 
ASC cultured in adipogenic media for 14 days; presence of cherry red oil droplets 
indicate adipogenic differentiation. b) Alizarin Red staining of ASC cultured in 
osteogenic media for 14 days; presence of dark red calcium deposits indicates 
osteogenic differentiation. ................................................................................................. 5	  

Figure 2.1 Adipogenic and osteogenic differentiation of ASC. (a) Oil Red O staining of ASC 
cultured in adipogenic media for 14 days; presence of cherry red oil droplets indicates 
adipogenic differentiation. (b) Alizarin Red staining of ASC cultured in osteogenic 
media for 14 days; presence of dark red calcium deposits indicates osteogenic 
differentiation. ASC, adipose-derived stem cell. ............................................................ 15	  

Figure 2.2 General schematic illustrating the flow of information provided in this review 
describing the development and progression of the field. The field of stem-cell-derived 
bone tissue engineering emerged as a marriage of approaches from bone 
mechanobiology and stem cell biology. The combination of these two fields has now 
developed into two different approaches to creating a bone tissue construct: ‘‘Top-
Down’’ approaches utilizing the more traditional cell and scaffold tissue level approach 
meant for immediate translation from bench-to-bedside, and ‘‘Bottom-Up’’ cell-level 
approaches to characterize the cell population behavior for construct component-level 
optimization. ................................................................................................................... 16	  

Figure 2.3 Schematic of ASC responses to physical stimulation in 2D culture. Each type of 
stimulation results in physical changes in cell morphology, alignment, conformation of 
actin cytoskeleton, and ion channel activity. (a) Fluid shear deforms the apical surface 
of the cell when sensed by cytoskeletal proteins and activation of stretch-activated ion 
channels. (b) Tensile strain elongates the basal surface of the cell through stretching of 
the substrate. Cytoskeletal proteins sense the cellular deformation via connections to 
integrin–substrate adhesions. Strain applied to the basal surface also induces activation 
of stretch-activated ion channels. (c) Compressive strain applies pressure to the apical 
surface of the cell leading to compaction of the cytoplasm and cytoskeleton. (d) 
Electrical stimulation results in cellular and cytoskeletal alignment perpendicular to the 
direction of the electric field. Ion channel activity changes, though the mechanism is not 
clear. (e) Substrate compliance alters the cell’s ability to form focal adhesions, limiting 
cell spreading and causing integrin-cytoskeleton mediated changes in cell behavior. 2D, 
two-dimensional. ............................................................................................................. 22	  

Figure 4.1 Primary cilia on hASC. (a) The non-motile primary cilium axoneme is composed 
of 9 pairs of peripheral microtubule doublets arranged concentrically in 9+0 
configuration, devoid of a central tubulin pair. (b–f) Primary cilia appear as a dense 
cluster of acetylated tubulin protruding from the apical surface of hASC in confluent 
culture. (b) Few cilia are observed 24 hours after culture in complete growth expansion 
media (CGM) in subconfluent culture. They are observed at day 3 (c) undifferentiated in 
CGM, (d) differentiated in osteogenic differentiation medium (ODM) and at day 12 in 



 

 xi 

 

(e) undifferentiated in CGM and (f) differentiated in ODM. Cilia are identified with 
anti-acetylated tubulin (green) or in combination with CEP164 (red), actin identified 
with phalloidin (red) and nuclei are identified with DAPI staining (blue). Scale bar = 25 
µm. .................................................................................................................................. 50	  

Figure 4.2 hASC expression of polycystin-1 (PC1), polycystin-2 (PC2) and intraflagellar 
transport protein-88 (IFT88). (a) PC1 and (b) PC2 are observed as a diffuse signal on 
the cell body and at the base of the cilium. (c) IFT-88 is localized at the base and tip of 
the primary cilium. Cilia are identified with anti-acetylated tubulin (green), PC1, PC2 
and IFT88 (red), and nuclei are identified with DAPI staining (blue). Scale Bar = 25 µm.
 ......................................................................................................................................... 59	  

Figure 4.3 PC1, PC2 and IFT88 gene expression up to 15 days in ODM culture. siRNA 
knockdown applied at days 0 and 7, confers at least a 50% reduction in mRNA 
expression of each cilia-associate protein (n = 3, Error bars = SEM). ........................... 61	  

Figure 4.4 The effects of PC1, PC2 and IFT88 siRNA knockdown on hASC primary cilia. 
hASC were cultured in expansion media (CGM) for 72 hours. Cilia expression on 
hASC: (a) Non-targeting scramble siRNA baseline cilia expression on approximately 
50% of the hASC population (b) PC1 and (c) PC2 knockdown conditions express more 
cilia observed in a curved conformation and a minimal decrease in cilia population 
frequency, (d) IFT88 knockdown confers a reduction in cilia frequency on the hASC 
population. Cilia are identified with anti-acetylated tubulin (green), actin identified with 
phalloidin 594 (red) and nuclei are identified with DAPI staining (blue). Scale Bar = 25 
µm. .................................................................................................................................. 62	  

Figure 4.5 The effect of knockdown on hASC proliferation in expansion media (CGM). 
DNA was collected at days 0, 3, 7 and 10 to measure proliferative activity with siRNA 
knockdown of PC1, PC2 and IFT88 in as compared to the non-targeting scramble 
control siRNA. Knockdown of IFT88 significantly increases hASC proliferation as 
compared to control (n = 3, error bars = SEM, Student’s t-test comparing each treatment 
to control, * p,0.05, ** p,0.01). ....................................................................................... 63	  

Figure 4.6 Osteogenic gene marker expression in hASC. IFT88 knockdown confers a 
reduction in (a) Runx2 gene expression after 3 day and (c) BMP-2 gene expression after 
10 day culture in osteogenic differentiation medium (ODM). (b) PC1, PC2 and IFT88 
knockdown confer a reduction in alkaline phosphatase (ALP) gene expression after 10 
days of culture in ODM. (d) PC1 knockdown confers downregulation of osteocalcin 
after 15 days of culture in osteogenic differentiation. Knockdown treatments applied at 
day 0 and day 7 of differentiation, (n = 3, error bars = SEM, Student’s t-test comparing 
each treatment to control, * p<0.05, ** p<0.01). ............................................................ 65	  

Figure 4.7 Calcium accretion is affected by cilia-associated protein knockdown. (a) Alizarin 
Red staining indicating degree of mineralization after 14 days ODM with knockdown. 
(b) Quantified calcium accretion normalized to DNA content. PC1 and PC2 knockdown 
leads to diminished calcium accretion, (n = 3, error bars = SEM, Student’s t-test 
comparing each treatment to control, * p,0.05). ............................................................. 67	  

Figure 4.8 Endogenous alkaline phosphatase (ALP) activity of hASC after 14 days of 
culture. hASC were cultured in osteogenic differentiation medium (ODM) and 



 

 xii 

 

transfected with non-targeting scramble, PC1, PC2 and IFT88 siRNA. ODM and 
complete growth medium (CGM) hASC without knockdown (no KD) were also 
measured for comparison of baseline activity. Alkaline phosphatase activity is 
suppressed with cilia- associated protein knockdown. Knockdown of PC1 (*** p,0.01), 
PC2 (* p,0.05) and IFT88 (* p,0.05) all led to a significant decrease in ALP enzymatic 
activity compared to the non-targeting scramble siRNA knockdown control (n = 3, error 
bars = SEM, One-way repeated measures ANOVA, with Newman-Keuls post-hoc test).
 ......................................................................................................................................... 68	  

Figure 5.1 hASCs exhibit different cellular morphology in response to both chemical and 
mechanical stimulation. hASCs cultured under CGM (a,d), ODM (b,e) and ADM (c,f) 
for 14 days either in static culture (a-c) or under 10% cyclic tensile strain (4 hours/day, 
1Hz) (d-f). Accumulation of calcium deposits indicates osteogenic differentiation in 
both static and strain osteogenic hASCs (b,e). Lipid droplets indicate adipogenesis in 
both static and strained adipogenic hASCs (c,f). No demarcated evidence of 
differentiation is observed in CGM, however all hASC exposed to strain tend to align 
perpendicular to the axis of strain (d-f). .......................................................................... 86	  

Figure 5.2 Expression of osteogenic and adipogenic gene markers PPARG and RUNX2 
following 3 days of culture in CGM, ODM and ADM with and without mechanical 
stimulation of cyclic tensile strain. At day 3 strain moderately downregulates PPARG in 
adipogenic hASCs (a) and moderately upregulates RUNX2 expression in osteogenic 
hASC (b). It also downregulates baseline PPARG expression levels in osteogenic 
hASCs (c). n=3, Error bars represent SEM. .................................................................... 87	  

Figure 5.3 Gene expression of cilia-associated genes IFT88 (top row) and PC1 (bottom) 
following 3 days of culture. Strain upregulates cilia-associated gene expression in 
undifferentiated hASCs and osteogenic hASCs, but downregulates cilia-associated gene 
expression in adipogenic hASCs. n=3, Error bars represent SEM, * p < 0.05. .............. 88	  

Figure 5.4 Primary cilia expression in differentiating hASCs at day 3 (a-c) and day 14 (d-f) 
of culture. Primary cilia exhibit variation in their expression frequency, length and 
conformation temporally throughout the differentiation process amongst different 
lineages. hASC cultured in CGM (a,d), hASC cultured in ODM (b,e), hASCs cultured in 
ADM (c,f). Scale bar = 25 µm. ....................................................................................... 89	  

Figure 5.5 Categorical analysis of primary cilia. Examples of cilia conformation frequently 
observed under immunofluorescence. Doublets stained with acetylated tubulin are 
quantified, but excluded from cilia frequency analysis as they are generally thought to 
be cytokinetic bundles, not cilia. ..................................................................................... 90	  

Figure 5.6 Analysis of the cilia conformation following 3 days of culture under expansion 
medium (CGM), adipogenic differentiation medium (ADM) and osteogenic 
differentiation medium (ODM). Distribution of cilia conformation varies based on 
chemical stimulation and may be phenotype-specific. n>300 cells. ............................... 91	  

Figure 5.7 Primary cilia expression following 3 days of culture under CGM (a,d), ODM (b,e) 
and ADM (c,f) on hASCs exposed to static culture (a-c) or mechanical stimulation in 
the form of 10% cyclic tensile strain (4hours/day, 1 Hz) (d-f). Scale bar = 25 µm. Cilia 



 

 xiii 

 

frequency of expression and distribution of conformations in culture were analyze semi-
quantitatively using the aforementioned categorical shape analysis (g). ........................ 93	  

Figure 5.8 Semi-quantitative analysis of cilia and cell morphology under different chemical 
and mechanical culture conditions. Average cilia length was calculated for each media 
type, with and without strain (a). Angle of the primary cilia compared to the long axis of 
the cell body was measured to determine ciliary alignment (b). Cell adhesion and 
spreading were quantified by measuring cell area (c). ................................................... 94	  

Figure 5.9 Osteogenic factors are upregulated under exposure to cyclic tensile strain and 
adipogenic factors are suppressed under exposure to strain. Runx2 nuclear expression in 
hASCs in ODM (a,b) under static culture (a) and dynamic culture under cyclic tensile 
strain (b) at 3 days. Lipid accumulation is suppressed in hASCs cultured under 
adipogenic media and cyclic tensile strain for 14 days (c). Scale bar = 25 µm. n=3, Error 
Bars represent SEM, * p < 0.05. ..................................................................................... 95	  

Figure 6.1 Characterization and validation procedure used to evaluate freshly isolated human 
adipose-derived stem cells (hASC) lines. hASC seeded in a six-well plate are grown in 
the complete growth medium (CGM), osteogenic differentiation medium (ODM), and 
adipogenic differentiation medium (ADM), two wells per medium treatment, in 
columns. Following 14 days of culture, the hASC are then fixed and stained with 
Alizarin Red S indicating cell-mediated calcium accretion or Oil Red O indicating 
formation of lipid droplets, hallmarks of osteogenesis and adipogenesis, respectively. 
CGM wells provide a benchmark control to evaluate hASC responses to differentiation 
media and to ensure hASC are not undergoing random differentiation in the absence of 
induction factors. To further confirm the hASC are undergoing appropriate 
differentiation, cross staining of Alizarin Red S to ADM-cultured hASC and Oil Red O 
to ODM-cultured hASC was used to check for aberrant staining. Scale bar = 500 µm. 
hASC, human adipose-derived stem cells. ................................................................... 112	  

Figure 6.2 Qualitative potency characterization system. Once a freshly isolated donor hASC 
line has been validated, its differentiation potential is qualitatively ranked on a scale 
from one to five stars. Chart shows examples of high-, intermediate-, and low-level 
differentiators, from top to bottom, and their relative osteogenic (left) and adipogenic 
(right) potency ranking. Scale bar = 500 µm. ............................................................... 115	  

Figure 6.3 Schematic describing isolation procedure of individual hASC donor cell lines, 
their characterization, and subsequent generation of age-matched superlots. .............. 117	  

Figure 6.4 Proliferation profiles of pre- (a), peri- (b), and postmenopausal (c) donor and 
superlot cell lines for up to 12 days in an expansion medium (CGM). The proliferation 
activity is measured by percent reduction of alamarBlue, indicative of metabolic activity 
and increased proliferation. n=3 replicates, error bars represent SEM. SEM, standard 
error of the mean. .......................................................................................................... 121	  

Figure 6.5 Osteogenic differentiation of pre- (a), peri- (b), and postmenopausal (c) donor 
lines and superlots following 14 days of culture in ODM. Calcium accretion is 
normalized to DNA content for individual donor lines contributing to each age-matched 
superlot. Red line indicates the combined average calcium/DNA value of the 
contributing donor lines, which represents the theoretical reference value for the 



 

 xiv 

 

calcium/DNA superlot value. High donor-to-donor variation is observed across age 
groups. n = 3 replicates per donor or superlot, error bars represent standard error (SEM).
 ....................................................................................................................................... 122	  

Figure 6.6 Adipogenic differentiation of pre- (a), peri- (b), and postmenopausal (c) donor 
lines and superlots following 14 days of culture in ADM. Lipid accumulation levels 
normalized to protein for individual donor lines contributing to each age-matched 
superlot. Red line indicates the com- bined average lipid/protein value of the 
contributing donor lines, representing the theoretical value for the lipid/protein superlot 
value. High donor-to-donor variation is observed within age groups. Generally, donor 
hASC derived from older patients expressed reduced potential for adipogenic 
differentiation, particularly, the postmenopausal group. n = 3 replicates per donor or 
superlot, error bars represent standard error (SEM). .................................................... 123	  

Figure 6.7 Summary of pre-, peri-, and postmenopausal superlot potency. Osteogenic 
differentiation as measured quantitatively by Calcium Liquicolor Assay (a) and 
adipogenic differentiation as measured by lipid accumulation assay (b), following 14 
days of culture in ODM and ADM, respectively. Alizarin Red S staining to visualize 
superlot osteogenesis through calcium accretion of pre- (c), peri- (d), and 
postmenopausal (e) superlots. Oil Red O staining to visualize superlot adipogenesis 
through lipid droplet staining of pre- (f), peri- (g), and postmenopausal (h) superlots. 
n=3 replicates per superlot, error bars represent SEM. Scale bar=500µm. *p<0.05; 
***p<0.001. .................................................................................................................. 124	  

Figure 6.8 Total DNA and protein content levels in age-clustered groups. Following 14 days 
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bars represent SEM. ...................................................................................................... 125	  
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Chapter 1 Introduction 

1.1 Objectives 

Research in tissue engineered cell-based therapies has shown great promise over 

recent years, though as a field it has largely failed to deliver many impactful clinical 

treatments, particularly for critical defect musculoskeletal injuries. Current barriers to clinical 

success include issues of construct size, mechanical integrity, biocompatibility, 

immunogenicity, cell source and cell phenotype. The issue of cell source is particularly 

critical for generating autologous tissue-based therapies and human adipose-derived adult 

stem cells (hASC) have proven to be an abundant candidate for such therapies (1-3). 

However, when working with any stem cells, it is necessary to consider the methods used to 

differentiate the stem cell into the desired cell phenotype, and how that phenotype will be 

defined in the context of a functional tissue construct. For the purposes of this study we will 

be focusing primarily on bone and fat tissue phenotypes. These tissue types are not only 

defined by their distinct biochemical make up, but also their distinctly different tissue 

mechanical properties. From the perspective of providing an hASC-derived tissue construct 

to emulate the native environment of bone or fat, it is critical to understand how the 

biochemical and mechanical environment is sensed by hASC and how this affects the 

differentiated hASC phenotype. Understanding the cellular mechanisms of hASC chemically 

and mechanically induced differentiation will further our progress towards producing 

optimally autologous, functional tissue engineered replacements to improve treatments of 

critical defect injuries. 
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In this dissertation we focus on one such sensing mechanism via an organelle known 

as the primary cilium. Primary cilia are organelle structures present on a variety of 

mammalian cell types and are thought to be both chemo- and mechanosensors (4). 

Additionally, they are known to be integral signaling structures in the process of cellular 

differentiation in the developing embryos. This study aims to elucidate how the dynamic 

primary cilium structure functions in hASC lineage specification. This project focuses on 

three specific cilia proteins: Intraflagellar transport-88 (IFT88), polycystin-1 (PC1) and 

polycystin-2 (PC2). IFT88 is important in generating the structure of the primary cilium and 

has been implicated in controlling stem cell differentiation (5). PC1 and PC2 are the proteins 

associated with the development of autosomal polycystic kidney disease and the loss of 

mechanosensitivity in kidney epithelial cells (6). Based on our knowledge of the primary 

cilium as a chemo and mechanosensor, this study aims to systematically tease out its 

chemical, mechanical and combined synergistic sensing/signaling mechanisms involved in 

hASC differentiation. To that end, our approach utilizes siRNA transient knockdown 

methods and physical abrogation methods to disrupt the primary cilia in hASC in a variety of 

culture systems. Static two-dimensional (2D) culture in standard tissue culture plastic, static 

2D culture on substrates of varying stiffness, dynamic 2D culture on collagen I-coated 

silicone membranes and dynamic 3D culture in collagen I gels. Our dynamic culture system 

uses 10% cyclic tensile strain, based on our previous evidence of enhanced hASC 

osteogenesis under this loading modality. Each of these four culture methods isolates 

different external effectors of hASC lineage specification moving from the most simplistic 

2D model, to the 3D model simulating a rudimentary in vivo environment. The systematic 
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four-model approach will facilitate teasing out the multi-facet mechanisms of the complex 

primary cilium organelle and improve our ability to optimize hASC phenotypic commitment 

in autologous tissue engineered constructs. 

1.2. Human Adipose Stem Cells  

Adipose stem cells (ASC) are stem cells derived and isolated from fat pads that can 

be removed from almost any site of the body. Human adipose-derived adult stem cells 

(hASC) have emerged as an attractive multipotent cell population for use in tissue 

replacement therapies. As a potentially autologous cell source, they show great promise as a 

more abundant alternative to human bone marrow-derived mesenchymal stem cells (hMSC). 

Purification techniques yielding hASC range from selection by adherent culture to 

rigorous surface marker cell sorting techniques and clonal culture (2, 7-9). The most widely 

utilized method to isolate ASC is simply to propagate the adherent cell fraction from adipose 

tissue without surface marker selection, particularly in the context of tissue engineering 

applications. Despite the use cell surface marker enrichment techniques, it has been 

demonstrated that adherent cell populations isolated from adipose tissue tend toward a 

characteristic surface marker expression profile after propagation in culture (10). 

Nonetheless, the surface profile is not necessarily an indicator of ASC potency.  

In the clinical setting, not only do hASC present advantages due to their autologous 

potential to overcome issues of immunogenicity and host rejection, they also present a 

number of advantages over other stem cell types. As compared to their bone marrow-derived 

hMSC counterparts, not only are they more abundant, they also do not have the yield and 

scalability issues associated with hMSC isolation and culture. This unique attribute is 
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particularly important when using them as a primary cell source for autologous tissue 

replacement applications. Population heterogeneity and donor-to-donor variation in potency 

still remain common challenges in most adult stem cell types and these issues need to be 

further investigated when manipulating hASC. 

However, hASC are relatively easy to maintain 

in culture as they readily self-renew and have 

the ability to commit to a range of lineages 

including adipogenic (Figure 1.1a), osteogenic 

(Figure 1.1b), chondrogenic (2), myogenic, 

neuronal (11), cardiomyogenic (12), and 

endothelial (13) with the addition of chemical 

induction factors. Due to their versatility, we 

aim to explore and elucidate their mechanisms 

of differentiation to efficiently harness their potential use as a cell source for engineered 

musculoskeletal tissue replacements.  

1.3 Mechanical Environment and Stem Cell Differentiation 

While chemical induction is the principal approach to stem cell differentiation, 

modulating the physical and mechanical environment is also now understood to be an 

integral part of stem cell lineage specification, particularly in musculoskeletal lineages (14-

18). The physical culture environment can be modulated through a variety of “passive” 

and/or “active” culture modalities. For the basis of this dissertation we focus on application 

of cyclic tensile strain as an active application of mechanical stimulation and culture 

Figure 1.1 Adipogenic and osteogenic 
differentiation of hASC. a) Oil Red O staining 
of ASC cultured in adipogenic media for 14 
days; presence of cherry red oil droplets 
indicate adipogenic differentiation. b) 
Alizarin Red staining of ASC cultured in 
osteogenic media for 14 days; presence of 
dark red calcium deposits indicates osteogenic 
differentiation. 
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dimensionality; and modulation of substrate stiffness as a form of passive mechanical 

stimulation. Early work by Thomas and El Haj in 1996 and Yoshikawa et al. in 1997 

demonstrated some of the first evidence of in vitro mechanosensitivity in MSC, implicating 

the role of tensile strain for MSC osteogenic specification (19, 20). Further, stemming from 

in vivo work with distraction osteogenesis (21, 22), cyclic tensile strain has been shown to 

establish successfully enhanced osteogenic induction of bone marrow-derived MSC in vitro 

(14, 23-25). Extending the optimal in vivo distraction osteogenesis parameters to an in vitro 

model, Sumanasinghe et al. found that even in the absence of osteogenic differentiation 

medium (i.e. cells maintained in complete growth medium) 10% cyclic tensile strain, applied 

at a frequency of 1 Hz, for 4 hours/day, resulted in an upregulation of BMP-2 in MSC seeded 

in a three-dimensional collagen I matrix after 1 week, a significant 4-fold increase over 

unstrained samples (Loboa et al., 2004). Likewise, Ignatius et al. reported that cyclic tensile 

strain (1% at 1 Hz for 1800 cycles/day) applied to osteoblastic precursor cells for 3 weeks 

resulted in slight increases of histone H4, alkaline phosphatase, CBFα1 (runx2), and 

osteopontin compared to unstrained controls (26). Lower frequencies of strain (2.5% at 0.17 

Hz) have also been shown to enhance osteogenesis in MSC and reduce their proliferation 

rate, hinting at the relationship between mechanically signaled proliferation and 

differentiation (27). 

The role of mechanical stimulation in ASC differentiation is following in the stride of 

MSC, though the mechanotransduction mechanisms in both cell types remain an active area 

of investigation.  In hASC, we have demonstrated enhanced osteogenesis when exposed to 

10% cyclic tensile strain, though the mechanism to this process has remained largely elusive 
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(15). The basis for mechanically directed differentiation is increasingly supported through the 

evidence of behavioral changes in bone tissue and cells (osteoblasts, osteoclasts and 

osteocytes) in response to mechanical signals such as fluid flow and tensile strain in 

committed cell types, and provides support for exploring the role of mechanical stimulation 

in hASC osteogenic differentiation.  

1.4 Primary Cilia 

Discovered over a century ago, non-motile primary cilia were largely regarded as 

vestigial organelles, despite their prevalence on a variety of mammalian cell types (4). More 

recently, they have been implicated as critically important chemo- and mechanoresponsive 

cell surface structures, hinting at their role in functional phenotypic maintenance in a variety 

of mammalian cell types (28, 29). Kidney, bone, fat and cardiac cells, have been identified as 

having dynamic, multifunctional primary cilium organelles (6, 30-32). Emerging evidence 

from our group and others suggests in addition to tissue homeostasis, they may also be 

involved in signaling stem cell lineage commitment in embryonic development as well as in 

adult stem cells, in the in vivo and in vitro environment (33-35).  

The non-motile primary cilia axoneme projects from the apical cell surface, consisting of a 

set of nine peripheral microtubule doublets arranged in a 9 + 0 configuration (Fig. 3).  This is 

in contrast to motile cilia, which have a 9 + 2 arrangement, to include a doublet pair of 

microtubules in the center. Assembly of the primary cilia is cell cycle dependent and most 

mammalian cells types express primary cilia at some point during the cell cycle (29). The 

scope of the primary cilium’s function remains largely elusive, though evidence suggests that 
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its function is complex, acting as an important site for intracellular signaling (35) as well as 

detecting external chemical and mechanical changes in the extracellular environment (33). 

Non-motile primary cilia have been most thoroughly studied in kidney epithelial cells 

under the autosomal polycystic kidney disease model. The loss of cilia, and associated 

proteins polycystin-1 (PC1) and polycystin-2 (PC2), in the kidney epithelial cells is 

associated with the loss of epithelial cell mechanosensitivity, leading to development of cysts 

and deregulation of tissue morphogenesis (6, 36). Polycystin-1 and polycystin-2 are 

colocalized to the primary cilium and are thought to have a large part of their functional 

activity at the site of the cilium (37). In the primary cilium, PC1 is thought to be involved in 

cell-cell and cell-matrix interactions and PC2, when associated with PC1 forms a stretch 

activated calcium channel (37, 38). Additionally, polycystin-1 localizes to other subcellular 

compartments including the apical cell membrane. Polycystin-2 is found in the plasma 

membrane and the membrane of the endoplasmic reticulum (37). 

IFT88 is a critical intraflagellar transport protein necessary to support ciliary structure 

and protein transport (35). IFT88 knockout mouse models generate a polycystic phenotype, 

similar to those observed with dysfunctional PC1/PC2, suggesting IFT88 plays a critical role 

in supporting cilia functionality (39). Malone et al. showed that siRNA knockdown of 

intraflagellar transport-88 (IFT88) reduced the frequency of primary cilia observed on 

osteoblastic cell lines. Subsequently they also showed reduced expression of osteogenic gene 

markers known to be upregulated with fluid shear stimulation, indicating a suppression of 

functional osteogenic phenotype (30). This work demonstrated some compelling in vivo 
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evidence of primary cilia modulated mechanosensitivity to fluid flow in osteogenic cell 

types. 

As introduced previously the primary cilium is a complex organelle having 

chemosensory, mechanosensory and structural roles in cell signaling. Primary cilia 

generation corresponds to the cell cycle and is the site of hedgehog (Hh) signaling, an 

important regulator of proliferation and associated cell cycle control (40). Knockdown of 

cilia proteins IFT88 and IFT20 in pluripotent embryonic stem cells disrupts Hh signaling in 

the cilium, preventing cardiogenesis (32). Further, siRNA knockdown of IFT88 in bone 

marrow-derived mesenchymal stem cells (MSCs) downregulated gene expression in early 

gene markers in osteogenesis, chondrogenesis and adipogenesis (41). These data suggest the 

cilium architecture may critically modulate control between proliferation and differentiation 

signaling. 

Each of these three key ciliary proteins (PC1, PC2, IFT88) crucially defines the 

structural and functional properties in the cilia, and they are the proteins of interest in this 

hASC. The goal of this project is to explore the role of the primary cilium as a “master 

switch” controlling hASC differentiation and implications for hASC approaches in 

generating autologous tissue replacement therapies. The background data on primary cilia as 

dynamic chemo- and mechanosensors in a variety of tissues as well as their role in the 

developing embryo provides compelling evidence that they play an important role in hASC 

differentiation. 
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1.5 Clinical Significance 

Tissue engineering has the potential to revolutionize the way we treat a wide 

demographic of patients, ranging from the severe limb injuries of our wounded warriors to 

myocardial infarction of the standard heart attack patient. However, host rejection and 

immunogenicity remain key barriers to the widespread application of tissue-engineered 

treatments generated from allograft cell sources. Human adipose-derived adult stem cells, 

(hASC) are an attractive, potentially autologous, multipotent cell population for use in tissue 

replacement therapies, making them an ideal cell source population for tissue engineering 

applications. Due to their vast clinical potential in treating critical defect injuries, ASC have 

gained popularity in cartilage and bone tissue engineered constructs (3). Despite these 

advantages, it is necessary to fully understand the mechanisms controlling hASC 

differentiation, to best harness their potential, though the mechanisms of the differentiation 

process remain elusive.  

Interestingly, hASC possess primary cilia, unique chemo- and mechanosensing 

organelles, that may be a key regulators in this process of hASC differentiation. Though at 

first thought it would seem that studying one specific cell organelle process may not have 

significant clinical impact, tightly controlling stem cell fate would tremendously affect the 

efficacy of a potential autologous tissue replacement. In studying primary cilia-mediated 

hASC differentiation, we hope to uncover key mechanisms behind chemically and 

mechanically induced lineage specification processes. In turn, this understanding will aid in 

optimizing culture methods, both for directing hASC cell phenotype from the bottom up, and 

for creating and maintaining functional cell phenotype within an entire tissue construct. 
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Mechanistic understanding can help overcome some major barriers plaguing the use of stem 

cells in clinical applications for critical defect tissue replacements, particularly in mechanical 

tissue such as bone. 

1.6 Specific Aims 

Aim 1: Primary cilia chemosensing. Evaluate and establish the basic mechanisms of 

primary cilia chemosensing in hASC chemically induced osteogenic lineage specification. 

Cilia structure and function was disrupted using siRNA cilia abrogation techniques.  

Hypothesis:  siRNA knockdown of cilia-associated proteins PC1, PC2 and IFT88 

during chemically-induced hASC leads to disruption of hASC osteogenic and 

adipogenic differentiation as measured by diminished expression of osteogenic gene 

expression markers as well as diminished end product expression. 

The goal of this aim was to establish the baseline the chemosensory behavior of primary cilia 

and to establish whether disruption of this structure affected hASC osteogenesis in the static 

culture environment. 

Aim 2:  Cilia Mechanosensing in 2D. Evaluate and analyze the effect of cyclic tensile strain 

on primary cilia structural conformation and subsequently its functional activity in 

mechanically induced hASC differentiation in 2D culture. 

Hypothesis: A structurally and/or functionally intact primary cilia is critical in 

signaling and mediating mechanically enhanced hASC osteogenesis through cyclic 

tensile strain. 

Based on previous work in our lab, we had established the mechanosensitivity of hASCs 

undergoing osteogenesis, but had very limited data on the mechanisms transducing these 
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processes. The goal of aim 2 was to establish the role of the hASC primary cilium, if any, 

under a mechanically stimulated growth environment. The long-term objective of this was to 

determine whether the primary cilium may be a novel target in manipulating hASC 

phenotype. 

Aim 3: Understanding Donor-to-Donor Variability in hASCs. Systematically characterize 

the baseline differentiation behavior of age-clustered donor cell populations to validate the 

use of pooled donor superlots.  

Hypothesis: Pooled donor cell superlots will represent average differentiation 

behaviors of each individual donor cell line and may also provide average consensus 

hASC behavior for a particular age group. 

In our efforts to study fundamental mechanisms of chemically and mechanically-induced 

hASC differentiation, we, as investigators skew our own data by pre-selecting cell lines that 

have similar levels of multipotency, while excluding other hASC lines. When working with 

primary hASC populations, our worked is plagued with a high level of donor-to-donor 

variability. The goal of aim 3 was to take a step back from answering fundamental questions 

about hASC differentiation and to address more global feasibility issues in understanding 

hASC physiology and differentiation behavior with clinical translation applications in mind. 
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CHAPTER 2 Adipose-Derived Stem Cells in 

Functional Bone Tissue Engineering: Lessons from 
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2.1 Introduction 

Adipose-Derived Stem Cells in Functional Bone Tissue
Engineering: Lessons from Bone Mechanobiology

Josephine C. Bodle, M.Eng.,1 Ariel D. Hanson, M.S.,1 and Elizabeth G. Loboa, Ph.D.1,2

This review aims to highlight the current and significant work in the use of adipose-derived stem cells (ASC) in
functional bone tissue engineering framed through the bone mechanobiology perspective. Over a century of
work on the principles of bone mechanosensitivity is now being applied to our understanding of bone devel-
opment. We are just beginning to harness that potential using stem cells in bone tissue engineering. ASC are the
primary focus of this review due to their abundance and relative ease of accessibility for autologous procedures.
This article outlines the current knowledge base in bone mechanobiology to investigate how the knowledge from
this area has been applied to the various stem cell-based approaches to engineering bone tissue constructs.
Specific emphasis is placed on the use of human ASC for this application.

Introduction

Adipose-derived stem cells (ASC) have become an at-
tractive multipotent cell population for use in tissue re-

placement therapies. They are a rapidly emerging alternative
to the traditional bone marrow-derived mesenchymal stem
cells (MSC), though the two cell types have many phenotypic
similarities. As an abundant and autologous cell source, use of
ASC in tissue-engineered constructs minimizes immunoge-
nicity concerns associated with allograft-based methods. ASC
are relatively easy to maintain in culture as they readily self-
renew and have the ability to commit to a range of lineages
including adipogenic (Fig. 1a), osteogenic (Fig. 1b), chondro-
genic, myogenic, neuronal,1,2 cardiomyogenic,3 and endothe-
lial.4 Due to their vast clinical potential in treating critical
defect injuries, ASC have gained popularity in cartilage and
bone tissue engineering constructs.5

It has long been established that bone responds to changes
in its mechanical environment. Documented observations
date back to the development of Wolff’s Law, in the late 19th
century, which described loading induced architectural ad-
aptations in bone, remodeling its structure through a feed-
back system.6 In later years, these ideas were expanded
further by Harold M. Frost, who proposed that a minimum
effective strain, or ‘‘set point,’’ determined the remodeling
process; when strains in the bone exceed the set point, me-
chanically controlled remodeling acts to increase bone mass
and the reverse occurs with strains below the set point.7

Much of the contemporary evidence of bone mechan-
osensitivity has derived from a multitude of disuse osteo-

porosis studies8 and microgravity experiments,9 as well as
exercise and loading studies.10,11 This body of work provided
substantial evidence that increased loading conditions in-
duced bone formation, and reduced loading conditions in-
duced osteoporotic phenotypes, leading to exploration of
these patterns in in vitro experimental models. Corresponding
work demonstrated that bone cells in culture exhibit me-
chanosensitivity, and upregulate genes associated with bone
formation, in response to mechanical strain and fluid shear,
as previously reviewed by Ehrlich and Lanyon.12 Given the
wealth of in vivo and in vitro evidence, mechanical forces are
considered increasingly crucial for success of current bone
tissue engineering methods,13 and are of particular interest in
the context of directing ASC osteogenic differentiation.

In 2001 Zuk et al. were the first to establish ASC as a mul-
tipotent stem cell population, with the ability to assume oste-
ogenic as well as chondrogenic, adipogenic, and neurogenic
phenotypes, through chemically induced differentiation.1,14

Zuk et al. found that when ASC were cultured in osteogenic
differentiation media for 2–6 weeks, osteogenic specification
was detected by increases in alkaline phosphatase activity,
calcium accretion, and upregulation of bone specific gene
markers.1 In general, chemical induction of lineage specifica-
tion has been the most prevalent method used to direct stem
cells for tissue engineering applications. However, it is now
understood that functional tissue engineering of load bearing
tissues likely requires additional physical stimuli (mechanical
or electrical) concurrently with chemical stimuli.15–23

A quickly emerging scheme in stem cell differentiation
for tissue engineering applications involves simulating a

1Joint Department of Biomedical Engineering, University of North Carolina at Chapel Hill and North Carolina State University, Raleigh,
North Carolina.

2Department of Materials Science and Engineering, North Carolina State University, Raleigh, North Carolina.
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Figure 2.1 Adipogenic and osteogenic differentiation of 
ASC. (a) Oil Red O staining of ASC cultured in 
adipogenic media for 14 days; presence of cherry red oil 
droplets indicates adipogenic differentiation. (b) Alizarin 
Red staining of ASC cultured in osteogenic media for 14 
days; presence of dark red calcium deposits indicates 
osteogenic differentiation. ASC, adipose-derived stem 
cell. 

 

 

2.2 Mechanosensitivity of Bone 

physiologically relevant growth environment for the gener-
ated tissue construct. A large part of this effort includes
emulating the in vivo mechanical environment experienced
by the cells in an in vitro culture. Two major approaches have
been used to modulate the mechanical environment of cells
and/or tissue-engineered constructs in culture: (1) bioreac-
tors applying ‘‘active’’ mechanical signals such as fluid shear,

electrical stimulation, tensile, or compressive strain13,15,24–26

and (2) somewhat ‘‘passive’’ signaling applied through mod-
ulation of substrate biochemical composition and stiffness.27–30

A number of custom-designed31–34 and commercially available
bioreactor systems15,21,22 are used to apply the signaling mo-
dalities discussed in this article, though the versatility of each
system is often constrained by design criteria. Bioreactor de-
velopment remains an active area of research, as bioreactors
have become increasingly relevant to overcoming common
challenges in tissue engineering. They are also emerging as
tools to seed cells throughout three-dimensional (3D) scaffold
materials,31,35 as well as devices to validate mechanical and
electrochemical properties of a construct.36 As bone functions
largely as structural support for the body, construct mechani-
cal integrity is tantamount to applying physiological loading
regimes in an in vitro culture environment to generate the
construct. Both substrate properties and bioreactors have
proven to be an integral part of mechanical approaches to
directing ASC lineage specification toward an osteogenic
phenotype.21,30,34,37

To create an ASC-derived functional tissue-engineered
bone construct for regenerative medicine applications, the
construct must carry out the necessary biochemical processes
characteristic of healthy bone. To that end, it must emulate
the morphology and mechanical behavior of native bone
tissue. We refer to this tissue-level construct design approach
as a ‘‘Top-Down’’ approach to creating ASC-derived tissue-
engineered bone constructs. In contrast, we refer to cell-level
approaches as ‘‘Bottom-Up.’’ On a cellular level, the con-
struct should contain cells of an osteogenic phenotype, which
respond appropriately to physiologically relevant biochem-
ical and mechanical stimuli. The successful generation of
these functional constructs relies on the intersection of Top-
Down and Bottom-Up approaches, thoroughly elucidating
how mechanical signals affect ASC fate and behavior, in the
context of synthesized tissue-level replacements.

This review aims to summarize the current knowledge of
mechanotransduction in ASC lineage specification and how
this information has been used in bone tissue engineering with
ASC. We will begin by briefly reviewing relevant current
knowledge of the mechanical environment and mechan-
otransduction processes in bone. The knowledge in this area
has built the foundation for understanding appropriate phys-
ical stimuli and growth environments for the creation of stem
cell-derived bone tissue engineering constructs. Framed
through the context of bone mechanobiology, we will discuss
current mechanobiological approaches applied in ASC osteo-
genic differentiation and methods in bone tissue engineering.
Additionally, we will discuss some of the major studies in-
volving bone marrow-derived MSC as a basis for comparison
with ASC, though we will not cover MSC in depth. For a
comprehensive review of mechanical control of MSC differ-
entiation to osteochondral tissues, we refer the reader to a
recent review by Knothe Tate et al.29 We will conclude with a
general summary of the field and comments on its future di-
rections. A schematic illustrating the progression of the field
and the topics covered in the article is provided in Figure 2.

Mechanosensitivity of Bone

To determine appropriate mechanical loads for functional
bone tissue engineering using ASC, we must first understand

FIG. 1. Adipogenic and osteogenic differentiation of ASC.
(a) Oil Red O staining of ASC cultured in adipogenic media
for 14 days; presence of cherry red oil droplets indicates
adipogenic differentiation. (b) Alizarin Red staining of ASC
cultured in osteogenic media for 14 days; presence of dark
red calcium deposits indicates osteogenic differentiation.
ASC, adipose-derived stem cell. Color images available
online at www.liebertonline.com/teb
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2.2.1 Cellular mechanotransduction in 

bone 

Figure 2.2 General schematic illustrating the flow of 
information provided in this review describing the 
development and progression of the field. The field of 
stem-cell-derived bone tissue engineering emerged as a 
marriage of approaches from bone mechanobiology and 
stem cell biology. The combination of these two fields 
has now developed into two different approaches to 
creating a bone tissue construct: ‘‘Top-Down’’ 
approaches utilizing the more traditional cell and scaffold 
tissue level approach meant for immediate translation 
from bench-to-bedside, and ‘‘Bottom-Up’’ cell-level 
approaches to characterize the cell population behavior 
for construct component-level optimization. 

 

the typical mechanical environment experienced by bone
cells in vivo. From the cellular perspective in vivo, active
mechanical loading of bone translates into either strain
through small deformation of the calcified matrix, or fluid
shear stress produced by interstitial fluid movement in the
osteocyte canaliculi.33 When bone is loaded, both bending
and compressive forces create degrees of strain on the bone
surface38 and concurrently, on the osteocytes and bone-lining
cells.5 The tensile strain imposed on the osteocytes and bone
lining cells leads to a change in cytoskeletal conformation.
This change is associated with induced activation of stretch-
activated ion channels,38,39 voltage sensitive channels via an
influx of calcium and shift in membrane potential,38,40 and
stretch-activated cation channels.38

Additionally, the resulting compressive strain from ex-
ternal loading causes an increase in interstitial fluid pressure,
forcing the fluid to flow from regions of high pressure to
regions of lower pressure33,41 within the bone matrix.
However, because the matrix is so stiff, the deformation as a
result of physiological loads is very small (on the order of
0.2%).42,43 This leads to the canalicular fluid flow hypothesis,
which proposes that these small strains impose a local force
that initiates fluid flow between thin layers of non-mineralized
matrix surrounding the osteocytes’ bodies and processes,
thus creating a shear stress (8–30 dyn/cm2) at the osteocyte
cell membrane.44,45

This section provides a brief overview citing some of the
major studies in bone mechanotransduction. All current
work in ASC osteogenesis builds off of the basis of bone’s
chemical, electrical, and mechanical environments, and we
will limit the discussion to the relevant mechanisms cur-
rently applied in directing ASC differentiation. For thorough
reviews on the current state of bone mechanobiology and
its implications in tissue engineering applications, we refer
the reader to reviews by Riddle and Donahue46 and Allori
et al.47

Cellular mechanotransduction in bone

Osteocytes and bone-lining cells are presently thought
to be the primary mechanosensory cells responsible for
interpreting mechanical forces in bone tissue and trans-
lating them to osteoblasts and osteoclasts for bone re-
modeling.33,45,48,49 Multiple investigators report evidence
supporting the key mechanosensory role of osteocytes in
bone formation as detected by changes in matrix pro-
tein expression, and production of nitric oxide (NO) and
prostaglandin E2 (PGE2), a potent stimulator for bone for-
mation.50,51 Osteocytes have been found to be more me-
chanically sensitive to pulsatile fluid flow (PFF) than
osteoblasts and periosteal fibroblasts, as only osteocytes
increase production of PGE2 in response to such mechanical
stimulation.51 These findings have been further validated
by increased NO production in osteocytes in response to
PFF, with increases not exhibited by periosteal fibro-
blasts.45,51 More recent studies using microarray analysis
have also identified the mechanosensitivity of osteoblasts to
PFF. Thi et al. identified the upregulation of vascular en-
dothelial growth factor and other associated genes in
MC3T3E1 cells, an osteoblastic cell line, in response to
PFF.52 That work suggested that PFF stimulates signal-
ing pathways crucial to the bone healing and remodeling
processes, and identifying these markers of osteogenic
healing is of particular relevance in ASC osteogenic lineage
transition.

Osteoblasts, perhaps the most relevant cell type to the
ASC-derived osteogenic phenotype, have also demon-
strated sensitivity to oscillatory fluid flow (OFF), believed
by some to be a more physiologically relevant mode of
mechanical stimulation in bone.52,53 OFF has been shown to
affect osteoblasts: calcium mobilization, mitogen-activated
protein kinase activity, and expression of osteopontin
(OPN), a bone-specific matrix protein.53 Increases in these
metabolic bone markers have been reported to occur in
minutes to hours after continuous exposure to OFF.53 Sub-
sequent studies have reported differences in osteoblast
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ASC in Bone Tissue Engineering

Adipose vs. Bone Marrow Derived
Mesenchymal Stem Cells

Stem Cell Biology

FIG. 2. General schematic illustrating the flow of informa-
tion provided in this review describing the development and
progression of the field. The field of stem-cell-derived bone
tissue engineering emerged as a marriage of approaches from
bone mechanobiology and stem cell biology. The combination
of these two fields has now developed into two different ap-
proaches to creating a bone tissue construct: ‘‘Top-Down’’
approaches utilizing the more traditional cell and scaffold
tissue level approach meant for immediate translation from
bench-to-bedside, and ‘‘Bottom-Up’’ cell-level approaches to
characterize the cell population behavior for construct com-
ponent-level optimization.
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2.2.2 Cytoskeletal mechanisms of 

mechanotransduction in bone 

behavior in response to continuous OFF and rest-inserted
OFF, manifested in changes in intracellular calcium and
OPN expression.54 Qin et al. illustrated an analogous me-
chanosensitivity in vivo through oscillating the in-
tramedullary pressure in the marrow cavity of functionally
isolated ulnae in adult turkeys. The adaptive response of
the bone was observed after 4 weeks of disuse. The disuse
ulna exposed to 10 minutes of OFF per day exhibited in-
creased bone formation on both the endosteal and perios-
teal surfaces as compared to the control, an ulna not
exposed to fluid shear.55 Additional work has suggested
osteoblast and osteocyte behavioral response to fluid flow is
further modulated by the surface micro-architecture of the
cell substrate.56 Generally, in both in vitro and in vivo
studies, bone cells have shown sensitivity to dynamic fluid
shear, which has led directly to its exploration as a me-
chanical stimulation modality in ASC, as discussed in sec-
tion Fluid flow and shear stress.34

Uniaxial tensile strain has been used as another mode of
mechanical stimulation to successfully induce bone regen-
eration in vivo via distraction osteogenesis.57–62 Buchman
et al. developed a rat model establishing specific parameters,
including critical bone defect size as greater than 3 mm to
sufficiently study the mechanisms of distraction osteogenesis
and provide a quantitative distinction from conventional
bone fracture healing.59 Following this work, in an in vivo
study utilizing rat models, Loboa et al.63 reported that
gradual distraction of the hemi-mandible (0.25 mm every
12 h) over 8 days, followed by 28 days of rest resulted in
periosteal bone formation by postoperative day 7 and a full
bridge of new bone spanning the width of the distraction gap
by postoperative day 41.57 Our empirical and computational
investigations of the regions with the highest rate of new
bone formation indicated that tensile strains in the range of
10%–12.5% appeared to optimally induce the highest rate of
bone regeneration in the distraction callus.57,63 A similar
study by Meyer et al. reported that distraction osteogenesis of
the mandible under physiological magnitudes (2000 micro-
strain) resulted in woven bone formation and some lamellar
ossification after 14 days. Over the same time period, a
magnitude of 20,000 microstrains resulted in thin trabecular
bone formation over the entire gap, and active osteoblasts
could be seen on a layer of primary bone.62 These in vivo
strain-stimulated bone formation studies have provided the
parameter basis adapted to in vitro cyclic strain systems to
stimulate osteogenesis in ASC.21 Taken together, these
studies provide convincing evidence that osteoblasts and
osteocytes are highly mechanosensitive cells capable of dif-
ferentially sensing mechanical deformation. Harnessing
these sensing mechanisms is likely significant for ASC oste-
ogenic lineage specification.

Cytoskeletal mechanisms of mechanotransduction
in bone

There are many possible mechanisms by which bone cells
interpret external mechanical loads and transmit them via
biochemical signals. One such method involves the extra-
cellular matrix-integrin-cytoskeleton network.38,50,64,65

Transmission of mechanical stimulation across the cell sur-
face is modulated by transmembrane receptors (i.e., in-
tegrins, cell adhesion molecules, and cadherins) that connect

the cytoskeleton to an external substrate.66 This connection
provides a molecular pathway for mechanical signals to be
passed across the cell surface, allowing focal adhesion mol-
ecules to act as mechanoreceptors.

The transmission of mechanical signaling via the connec-
tion between integrins and the cytoskeleton has been linked
to intracellular pathways that dictate cell viability,67 prolif-
eration,68–70 morphology,67,70 and differentiation.65,68,69,71,72

Tong et al. reported evidence of mechanically transduced
signaling as mediated by integrins and focal adhesion kinase
in critical defect healing during distraction osteogenesis.
Further, they suggested that the mechanical signals were
specifically inducing bone formation as detected by bone
sialoprotein mRNA expression patterns.65 Mechanistic
studies report that PFF results in fluid shear stress-induced
reorganization of actin, concurrent with actin-dependent in-
creases in cyclooxygenase-2 (COX-2), c-Fos expression, and
PGE2 release, important markers of mechanically induced
bone formation.50,73 Together, these results demonstrate the
critical role that actin stress fibers and their anchorage to the
substrate via focal adhesions have on the mechan-
otransduction of external mechanical loads and subsequent
bone formation.

Similarly, cell–cell interactions and connections have been
implicated as a mechanism in transmitting intercellular me-
chanical signals in bone cells. This cell–cell signaling is as-
sociated with the initiation of bone formation and has been
suggested to occur via a network of gap junctions and cad-
herins connecting osteocytes to osteoblasts and osteo-
clasts.49,74–76 Osteocytes, exposed to a fluid shear stress of
4.4 dyn/cm2 in an osteocyte–osteoblast co-culture system,
mediate the upregulated alkaline phosphatase activity re-
sponse in osteoblasts, as evidenced by Taylor et al. in 2007.76

Although not immediately relevant to the current state of
ASC osteogenic work, this study brings up an important
point relating the dynamic process of mechanical signaling in
bone. The intercellular transmission of mechanical signals
among different osteogenic cell types will be directly rele-
vant to the functionality of an ASC-derived bone construct in
the future.

More recently, primary cilia have been implicated in the
mechanosensitivity and transduction of mechanical signals
in bone cells.32,77 The primary cilium, present on most
mammalian cell types, was previously believed to be a ves-
tigial organelle. It was later characterized as a mechanosen-
sing organelle in kidney epithelial cells with its
dysfunctionality linked to development of polycystic kidney
diseases.78 Similarly, its role as a mechanosensor on osteo-
blasts has been characterized through physical abrogation of
the primary cilia as well as siRNA knockdown of ciliary
proteins. Malone et al. illustrated significant reduction in
gene expression of PGE2 and OPN in primary cilia-free
MC3T3E1 cells, as compared to MC3T3E1 cells with intact
primary cilia. The reduction in expression was consistent for
both siRNA protein knockdown and physical removal of the
cilia.32 The role of primary cilia in bone mechanotransduc-
tion is under active investigation, as more knowledge is
needed to truly understand its role in bone mechan-
otransduction and its mechanism of action. However, this
emerging evidence along with preliminary work in our
group hints that it may be a potential mechanistic mediator
of osteogenic differentiation in adult stem cells.79
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Mechanisms of mechanically activated ion channels

Although they are not extensively studied in mechanically
mediated ASC osteogenesis, mechanically sensitive channels
such as stretch-activated ion channels,80–83 L-type voltage-
sensitive calcium channels,80,84 and potassium-selective
channels also play a role in mechanotransduction signaling.
Work by Rawlinson et al. suggests the importance of stretch-
sensitive channels in mechanically transduced signals. They
demonstrated that tensile strain in a rat ulna resulted in ac-
tivation of stretch/shear-sensitive nonselective cation chan-
nels and L-type voltage-dependent calcium channels,
involved in osteogenic potential and metabolic activity.80 Li
et al. further demonstrated that blocking L-type voltage-
sensitive calcium channels in vivo significantly reduced the
mechanical loading-induced increase in mineralizing surface,
mineral apposition rate, and bone formation rate.84 It is ap-
parent that these calcium channels are significantly involved
in bone adaptation and mechanical response in vivo, and
elucidating their role in osteogenesis will play a future role in
validating the functional ASC osteogenic phenotype.

For a comprehensive review of mechanotransduction
and the effects of biomechanical stimulation in bone,
please refer to reviews by Riddle and Donahue46and Allori
et al.47 For the remainder of the discussion, we will pri-
marily focus on the current understanding of ASC and
how they have been incorporated into the field of bone
tissue engineering.

ASC in Bone Tissue Engineering

Adult stem cells such as ASC and MSC demonstrate vast
potential in regenerative medicine applications. Traditional
methods of treating degenerative skeletal diseases and
wounds include use of allografts, autografts, or artificial
implants; however, for some types of injuries these treat-
ments are not an option.85 These techniques often present
complications such as donor site morbidity, low tissue
availability, immunogenicity, or loosening of the im-
plant.30,86–89 The use of autologous ASC for tissue replace-
ment treatments minimizes immunogenic response, and
yields a more abundant cell source than bone marrow-
derived MSC.

As previously mentioned, the general top-down approach
to creating a generic tissue-engineered construct has two
primary components: (1) tissue-specific cells and (2) a bio-
compatible, mechanically appropriate scaffold on which cells
can adhere to produce extracellular matrix and encourage
regeneration at the defect site.21,87,90,91 A tissue-engineered
construct using the general cell-seeded scaffold of the top-
down tissue-level approach has been utilized by researchers
and physicians for tissue replacement therapies in: (1) ten-
don92–94; (2) cartilage95–99; and (3) bone100–105 repairs. With
increasing use of ASC and other types of stem cells as the
primary cell source in an implanted tissue-engineered con-
struct, a second cell-based bottom-up approach has emerged.
The bottom-up approach has begun to elucidate the cellular
behavior and function within the construct, providing
knowledge on how to optimize the scaffold environment. To
discuss the ASC approaches currently used in the creation of
living bone tissue equivalents, it is important to briefly de-
lineate the current knowledge on the differences between
MSC and ASC.

Adipose-derived versus bone marrow-derived MSC

As much of the ASC tissue engineering work to date has
arisen from foundational MSC studies, we would be remiss
to exclude MSC from the discussion. The majority of stem
cell-based tissue replacement efforts to date have typically
used bone marrow-derived MSC.18,92,95,100–103,106,107 How-
ever, the limited supply of these cells constrains the feasi-
bility of using them in large commercial applications. This
constraint has led to the study of stem cells derived from
adipose tissue. In contrast to bone marrow, adipose tissue is
an abundant and more readily available source of cells.108 In
a study performed by De Ugarte et al., ASC showed a similar
capacity for adherent cell yield per gram tissue, cell expan-
sion, growth kinetics, and differentiation as that of MSC.109 It
should be noted that investigators have reported scalability
issues with large volume bone marrow aspirates as periph-
eral blood contamination reduces MSC cell yields.110

Scalability is not an issue with large ASC isolates and com-
parisons of cell yield per gram of tissue correspond to opti-
mized volumes for MSC isolation.109 Studies involving ASC,
including investigations from our group, have demonstrated
their MSC-like multipotency by inducing these cells down
osteogenic, myogenic, adipogenic, and chondrogenic line-
ages.1,109,111–115 Moreover, with few exceptions the surface
marker expression profile of ASC seems to generally align
with MSC.14,116 However, the use of ASC as a substitute for
MSC in certain applications has stimulated controversy due
to inconsistent reports of ASC differentiation potential.

While some investigators have reported that there are no
differences between the potential for MSC and ASC to dif-
ferentiate into multiple lineages,109,114,117 others report that
ASC are inferior to MSC with respect to their ability to dif-
ferentiate down particular pathways.1,118–122 De Ugarte et al.
examined the multilineage potential of bone marrow-derived
MSC to ASC and found that under chemically induced dif-
ferentiation, there was no difference between the two cell
types in their ability to undergo osteogenic and adipogenic
differentiation, express neuron-like morphology, or express
discrepancies in growth kinetics.109 Likewise, Hattori et al.
reported that both MSC and ASC cultured in osteogenic
medium expressed similar quantities of calcium phosphate
deposition and osteocalcin secretion.

However, studies by Im et al. and Mehlhorn et al. argue
that these two cell types do not have the same potential to
differentiate down osteogenic or chondrogenic lineages. Im
et al. found that the level of mineralization and alkaline
phosphatase activity in MSC was significantly greater than
that in ASC after 2 and 3 weeks of differentiation, and like-
wise reported consistent data with specific markers for
chondrogenesis.120 The results of a study by Mehlhorn et al.
focusing on chondrogenesis agreed with the Im et al. study.
MSC cultured in TGF-b1-supplemented medium showed an
increase expression of chondrogenic gene markers collagen
type II, type X, cartilage oligomeric matrix protein, and ag-
grecan at least three times higher than expression levels in
ASC.118

While some comparisons among different studies have led
to a suspicion that ASC may exhibit reduced stem cell po-
tency as compared to MSC, it is important to note that the
consensus data are generally inconclusive. Other distinctions
between ASC and MSC such as their expression of different
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surface markers,1,109 requirements of additional medium
supplements to differentiate down specific lineages,123–125 and
upregulation in different genes during differentiation122 all
suggest that ASC are, in fact, not less potent but simply be-
have differently than MSC. Recently, an in-depth comparison
between the gene expression profiles of ASC and MSC dem-
onstrated distinct and unique differences inherent to the
specific cell populations.126 Despite emerging evidence sup-
porting inherent differences between ASC and MSC, further
characterization of the cell populations remains a critical step
in their effective use in tissue engineering applications.

ASC isolation

ASC can be derived from fat pads removed from almost any
site of the body, though studies suggest variation in ASC po-
tency as dependent on their derived body location and among
donors.127 Generally, ASC are isolated from adipose tissue
using a collagenase (most commonly Type I) tissue digest and
a series of centrifugation steps to separate the pelleted stromal
cell fraction from the red blood cells, adipocyte and adipogenic
progenitor fraction.14,128 Final culture selection procedures
range from culturing cells that adhere to the culture surface to
rigorous cell sorting techniques and clonal culture.1,128–130

General ASC cell surface marker profiles have been charac-
terized, though specific marker discrepancies regarding the
surface expression of Stro-1, CD34, and VCAM (CD106) have
been reported among ASC population studies from different
groups.14,116,129 In spite of these discrepancies, for the most
part adherent cells isolated from adipose tissue generally have
a defined surface marker expression profile, and Katz et al.
suggest that differences are likely related to variations in iso-
lation procedure, propagation time in culture, and exposure to
tissue culture plastic. The most widely utilized method to
isolate ASC is simply to propagate the adherent cell fraction
from adipose tissue without surface marker selection. Con-
sistent reports of the surface expression profiles emerging from
different research groups have validated this method.14,116,129

Taken together, this evidence suggests that exposure and ad-
herence to tissue culture plastic may play an important role in
defining the ASC immunophenotype. Nonetheless, the surface
profile is not necessarily an indicator of ASC potency. Popu-
lation heterogeneity and donor-to-donor variation still remain
challenges that need to be further investigated when manip-
ulating ASC.

Top-Down ASC Living Tissue Equivalent Approaches

We refer to the top-down approach as a primarily tissue
level approach, which has rapidly advanced the develop-
ment of bone tissue constructs, generating potentially im-
plantable living tissue equivalents. The top-down approach
has provided the quickest path to usable implants, translat-
ing bench-top work by researchers to bedside application by
clinicians. However, their success has largely been validated
through characterizing tissue-level morphology with some
limited evaluation of in vivo functionality. To date, the vali-
dation has focused primarily on the performance of the en-
tire construct emulating basic tissue level organization,
exhibiting a simplified version of native tissue morphology,
with limited understanding of cellular activity and pheno-
type. In vitro and in vivo top-down approaches to creating
living bone tissue equivalents have been largely similar for

ASC and MSC and below is a brief summary highlighting
some key ASC studies.

In vitro studies

Clinically, autologous bone grafts can provide a treatment
method for critical defect repair, but the quantity of donor
tissue is limited and there is potential for donor-site mor-
bidity. Tissue engineering using ASC combined with a bio-
compatible scaffold is emerging as a novel approach for bone
tissue replacements in repair of critical defect injuries.22,31,131–

134 Work by Hattori et al. demonstrated the osteogenic po-
tential of ASC cultured on b-tricalcium phosphate (TCP)
scaffolds with osteogenic media in vitro. Osteocalcin secre-
tion and histology demonstrated an acquired osteogenic
phenotype within these constructs.135 Similarly, our group
has recently shown that ASC-seeded composite TCP/
poly (L-lactic acid) (PLA) scaffolds enhance cell-mediated
mineralization and alkaline phosphatase activity in osteo-
genic media, as compared to the same growth conditions on
a purely PLA scaffold.131 This suggests that biochemical
composition of the scaffold can play a significant role in di-
recting ASC differentiation and enhancing functionality of
the tissue engineered construct.

More recently, decellularized bone scaffolds derived from
native bone have shown significant promise as a viable and
instructive scaffold material for ASC due to their biochemical
and mechanical properties. Fröhlich et al. have presented an
approach using ASC seeded on a decellularized bone matrix
and reported cell survival, mineral deposition, and expres-
sion of bone-specific markers (collagen, bone sialoprotein,
and OPN) in histological sections, up to 5 weeks in culture.31

That comparative study showed ASC-seeded bone matrices
supported osteogenic differentiation of ASC under static and
perfusion culture. Perfusion culture improved cellular dis-
tribution throughout the scaffold, thus enhancing the po-
tential three-dimensionality of the construct, a consistent
challenge in creating tissue constructs.31

A wide variety of scaffold materials, derived from both
natural and synthetic sources, have been used as a platform
for ASC growth and induction toward an osteogenic phe-
notype in two-dimensional and 3D culture. We and others
have shown that ASC acquire an osteogenic phenotype
in vitro when grown on collagen scaffolds in 3D,37,136 de-
cellularized bone scaffolds,31 PLA scaffolds,132 b-TCP,131,137

bioceramics,138 and composite scaffolds containing the
aforementioned materials,131,134,135,139,140 among others. In
general, most top-down in vitro approaches apply similar
methodologies with ASC and simply vary the scaffold type,
but all focus on tissue level resolution and function. The cell-
level effects of scaffold variation will be further discussed in
the section exploring bottom-up approaches.

In vivo studies

In 2005, a study by Cowan et al. reported successful cal-
varial critical defect healing by 12 weeks in mice with
implantation of ASC-seeded, apatite-coated poly(lactic-co-
glycolic acid) (PLGA) scaffolds.141 The cell-seeded scaffolds
were biochemically stimulated with bone morphogenetic
protein-2 (BMP-2) and retinoic acid for 4 weeks ex vivo before
implantation.141 Although the mechanism was not under-
stood and the differentiation process not optimized, this was
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one of the initial studies reporting the potential use of ASC in
healing a critical bone defect. In 2006, Conejero et al. reported
successful repair of surgically created palatal bone defects in
rats using osteogenically differentiated ASC on a PLA scaf-
fold. After 12 weeks, the osteogenically differentiated ASC
produced osseous regeneration of bone, calcium accretion,
and positive staining for osteocalcin, a bone matrix protein, at
the defect site. Defect sites implanted with PLA alone, PLA
seeded with undifferentiated ASC, or left implant free ex-
hibited only fibrous tissue production with little evidence of
bone formation.142 Similarly, Yoon et al. implanted osteo-
genically differentiated ASC-seeded scaffolds into critical-
sized rat calvarial defects and observed robust bone regen-
eration after 12 weeks.143

These studies suggest that the osteogenic phenotype of
pre-differentiated ASC is functionally maintained in vivo and
that they can operate in a regenerative capacity at a bone
defect site. Work by Jeon et al. further evaluated the ability of
ASC to differentiate in vivo through BMP-2 stimulation,
without the need for an in vitro pre-differentiation step.144 It
is important to highlight that this study directly evaluated
in vivo differentiation capacity only in the sub-cutaneous
space, and did not evaluate its performance within a critical
bone defect. ASC seeded on PLGA/hydroxyapatite scaffolds
loaded with BMP-2 and implanted subcutaneously into
athymic mice generated bone formation and calcification
after 8 weeks. The phenotype of the explanted cell popula-
tion was confirmed through upregulation in bone genetic
markers after 8 weeks.144

Further, a comparative study explored the osteogenic po-
tential of BMP-4 retrovirally transduced ASC and MSC and their
capacity to ossify a calvarial defect. The transduced ASC and
MSC embedded in fibrin gel both formed bone when implanted
in the calvarial defect with no significant differences between the
groups, though the ASC deposited a higher amount of calcified
matrix.145 Similarly, gene therapy approaches using ASC
transduced to express BMP-7 derived from rats146 and hu-
mans147 have shown evidence for enhanced bone formation
in vitro and in vivo. The BMP-7 was encased in a collagen I gel
and implanted subcutaneously into rats146 or SCID mice,147 re-
spectively, and caused an increase in mineralization, alkaline
phosphatase activity, and osteocalcin expression.146,147 Taken
together, these transduction results are consistent with an
in vitro study by Dragoo et al. showing increased frequency of a
BMP-2-transduced ASC-derived osteoblastic phenotype com-
parable to exogenous BMP-2 stimulation.148 Another transduc-
tion study inducing overexpression of osterix, an important
transcription factor in bone development, also produced similar
results and differentiation of ASC into an osteoblastic pheno-
type.149 Gene therapy techniques show promise as an in vivo
single-step alternative to chemically induced differentiation
before and/or during implantation, minimizing the complexity
of the construct components. This body of work suggests fea-
sible techniques for in vivo differentiation of ASC, potentially
simplifying therapeutic procedures.

ASC Differentiation: Bottom-Up
Cell-Based Approaches

With the emergence of ASC and other stem cell types as a
cell source in tissue constructs, a more cell-based, mecha-
nistic, bottom-up approach has led to extensive study on the

mechanisms of differentiation. This more basic science ap-
proach focuses largely on characterizing cell behavior, phe-
notype, and the cell-level activity as it contributes to the
potential function of a tissue-engineered construct. Such cell-
level understanding is becoming particularly important fol-
lowing the increasing popularity of stem cells as cell sources
in tissue engineering (Fig. 2). With the growing evidence
supporting that chemical, mechanical, and electrical envi-
ronments all significantly affect ASC differentiation and be-
havior, the bottom-up approach has generated more
rigorous validation methods to understand cell activity. This
allows researchers to best optimize tissue-construct design,
leading to in-depth study of the differentiation process.
Table 1 highlights the major studies applying bottom-up ap-
proaches modifying the physical environment, for using
ASC in bone tissue engineering.

Differentiation via chemical stimulation

As stem cell-based tissue engineering technology continues
to progress, it is imperative to establish techniques yielding a
well characterized and consistent cell population following
the differentiation process. The most prevalent bottom-up
approach to creating tissue engineering therapeutics operates
in the realm of in vitro expansion of the stem cells and sub-
sequent induction of differentiation before implantation into
the defect or disease site. ASC can be differentiated by che-
mical stimulation using media supplements and growth fac-
tors to induce lineage specification. Typically, osteogenesis
can be obtained by treating ASC with dexamethasone or 1,25-
dihydroxyvitamin D3, ascorbic acid, and b-glycerolphosphate
in the standard cell growth/expansion media.1,14,115,150 Ad-
ditional components and growth factors such as BMP-2 and
retinoic acid,141 tumor necrosis factor-a,151 growth and dif-
ferentiation factor-5,152 and histone deacetylase inhibitor val-
proic acid153 among others have also been studied as
osteogenic enhancers. Much of the differentiation media for-
mulation has been based on previous work with pre-osteo-
blasts and MSC osteogenic differentiation media.154–156

To evaluate the level of osteogenic differentiation re-
sponse, differentiated cells are characterized using histolog-
ical stains, protein and gene markers, and morphological
properties specific to the osteogenic lineage. Typically, the
most straightforward test for differentiation is the Alizarin
Red stain for calcium deposits (Fig. 1b), indicating the
presence of an osteogenic phenotype.1,115,122,157 Osteogenesis
can also be quantified nonspecifically by measuring calcium
content using a colorimetric assay or specifically by the up-
regulation of osteogenic gene and protein markers such as
BMP-2, collagen I, alkaline phosphatase, osteocalcin, OPN
(SPP1), bone sialoprotein (IBSP), and runt-related transcrip-
tion factor-2 (Runx2 also known as CBFa1).1,28,31,113,115,156,157

Chemically induced differentiation still remains the gold
standard to produce an osteogenic phenotype from ASC,
though it has become quite clear that chemical signals are
certainly not the only mediators in that process.

Differentiation via mechanical stimulation

While chemical differentiation methods are generally
effective at inducing osteogenesis and production of
bone ECM products, studies including mechanical
stimulation15,21,158–161 are proving to be more appropriate
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Table 1. Major Studies Utilizing Bottom-Up Physical Approaches in the Generation
of Adipose Stem Cell-Derived Osteogenic Tissue Constructs

Author

External
mechanical

load Medium Substrate
Evidence

of differentiation Conclusions

Wall et al.113 Cyclic tensile
strain

ODM 3D culture in Collagen I in Tissue
Train strain culture system.
(Flexcell Int.)

Alizarin Red Staining
Opn protein expression

Palladin expression is upregulated with chemically
induced osteogenesis and tensile strain.

Hanson
et al.21

Cyclic tensile
strain

ODM 2D culture on Col I-coated Bioflex
membraneTM (Flexcell Int.)

Quantified calcium accretion Continuous and rest-inserted cyclic tensile strain
enhances osteogenic differentiation.

Huang
et al.167

Cyclic tensile
strain

ODM 2D culture on Col I-coated
Bioflex membraneTM

(Flexcell Int.)

Quantified calcium deposition
Alizarin Red Staining

Proliferative capacity of ASC is reduced with age,
but restored with tensile strain stimulation.

Osteogenic potential is unchanged with age.
Knippenberg

et al.34
PFF ODM Polylysine-coated glass NO production

cox-2 gene expression
PFF upregulates NO production and cox-2 gene

expression in osteogenically differentiated ASC.
Tjabringa

et al.171
PFF ODM Polylysine-coated glass NO production, cox-2, runx2

and poly-amine associated
SSAT gene expression

PFF upregulates SSAT gene expression.
Polyamines mediate mechanically induced

upregulation of NO activity and cox-2 gene
expression.

Fröhlich
et al.31

Continuous
flow

ODM 3D culture in decellularized
bone matrix scaffold

Histological and Immunostaining
detection of Col I, BSP, and Opn

SEM detection of mineralization

Perfusion culture of ASC on 3D deceullarized
bone scaffolds improves cellular distribution
and enhances mass transport through the scaffold.

ODM in perfusion culture system enhances
expression of bone specific markers throughout
the construct.

Hammerick
et al.25

Electrical
stimulation
(DC field)

ODM Tissue culture plastic Gene expression of ALP, Opn,
Col I, Runx2 and Osc

Atomic force microscopy
ALP activity
Cytosolic calcium
Immunostaining

ALP, Opn, Col I, and Runx2 gene expression is
upregulated with DC field exposure.

DC field exposure increases cytoskeletal tension
Increase in cytoskeletal tension is not necessary for DC

field induced differentiation.

McCullen
et al.26

Electrical
stimulation
(AC field)

ODM Glass slides Intracellular calcium
Mineralized calcium accretion

AC field exposure induces intracellular calcium
signaling and increases mineralized calcium
accretion.

ODM, osteogenic differentiation medium; 3D, three-dimensional; 2D, two-dimensional; ASC, adipose-derived stem cell; OPN, osteopontin; PFF, pulsatile fluid flow; NO, nitric oxide; cox-2, cyclo-
oxygenase-2; SSAT, spermidine/spermine N (1)-acetyltransferase; BSP, bone sialoprotein; Runx2, runt-related transcription factor-2; SEM, scanning electron microscope; ALP, alkaline phosphatase; OSC,
osteocalcin; DC, direct current; AC, alternating current.
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Figure 2.3 Schematic of ASC responses to physical 
stimulation in 2D culture. Each type of stimulation results in 
physical changes in cell morphology, alignment, 
conformation of actin cytoskeleton, and ion channel activity. 
(a) Fluid shear deforms the apical surface of the cell when 
sensed by cytoskeletal proteins and activation of stretch-
activated ion channels. (b) Tensile strain elongates the basal 
surface of the cell through stretching of the substrate. 
Cytoskeletal proteins sense the cellular deformation via 
connections to integrin–substrate adhesions. Strain applied to 
the basal surface also induces activation of stretch-activated 
ion channels. (c) Compressive strain applies pressure to the 
apical surface of the cell leading to compaction of the 
cytoplasm and cytoskeleton. (d) Electrical stimulation results 
in cellular and cytoskeletal alignment perpendicular to the 
direction of the electric field. Ion channel activity changes, 
though the mechanism is not clear. (e) Substrate compliance 
alters the cell’s ability to form focal adhesions, limiting cell 
spreading and causing integrin-cytoskeleton mediated 
changes in cell behavior. 2D, two-dimensional. 

 

 

for creation of functional tissue-engineered constructs.
Further knowledge on the native mechanical environments
cells experience in vivo has suggested an entirely different
mode of differentiation signaling from the physical envi-
ronment (Fig. 3).

The role of mechanical stimulation in ASC differentiation
is following in the stride of MSC, though the mechan-
otransduction mechanisms in both cell types remain an ac-
tive area of investigation. However, the basis for
mechanically directed differentiation is increasingly sup-
ported through the evidence of behavioral changes in bone
tissue and cells (osteoblasts, osteoclasts, and osteocytes) in
response to mechanical signals such as fluid flow and tensile
strain in committed cell types, as discussed previously.

Tensile strain. Early work by Thomas and El Haj in 1996
and Yoshikawa et al. in 1997 demonstrated some of the first
evidence of in vitro mechanosensitivity in MSC, implicating
the role of tensile strain for MSC osteogenic specifica-
tion.162,163 Further, stemming from in vivo work with dis-
traction osteogenesis,57,59 cyclic tensile strain has been shown
to establish successfully enhanced osteogenic induction of
bone marrow-derived MSC in vitro.15,39,162–166 Extending the
optimal in vivo distraction osteogenesis parameters to an
in vitro model, Sumanasinghe et al. found that even in the
absence of osteogenic differentiation medium (i.e., cells
maintained in complete growth medium) 10% cyclic tensile
strain, applied at a frequency of 1 Hz, for 4 h/day, resulted in
an upregulation of BMP-2 in MSC seeded in a 3D collagen I
matrix after 1 week, a significant fourfold increase over un-
strained samples.15 Likewise, Ignatius et al. reported that

cyclic tensile strain (1% at 1 Hz for 1800 cycles/day) applied
to osteoblastic precursor cells for 3 weeks resulted in slight
increases of histone H4, alkaline phosphatase, CBFa1
(runx2), and OPN compared to unstrained controls.19 Lower
frequencies of strain (2.5% at 0.17 Hz) have also been shown
to enhance osteogenesis in MSC and reduce their prolifera-
tion rate, hinting at the relationship between mechanically
signaled proliferation and differentiation.20 Additionally,
that mechanistic study demonstrated the critical role of
stretch activated cation channels and kinases such as ERK,
p38, and PI3K in mediating the mechanically transduced
differentiation signals.20

Subsequent work with ASC has similarly demonstrated
mechanosensitivity during osteogenic differentiation, though
the specific mechanisms of the process are less clear. We
have shown that ASC exhibit enhanced osteogenic differen-
tiation when exposed to both continuous (10% strain, 1 Hz)
and rest inserted strain (10% strain, 1 Hz, 10 rest between
each cycle).21 That particular study specifically compared
ASC from two different donors: one line with high miner-
alization potential in response to chemical stimulation with
osteogenic supplements and the other with low mineraliza-
tion potential. Both modalities of tensile strain enhanced cell-
mediated calcium accretion in both ASC lines; however, the
ASC with a predisposition to greater calcium accretion ex-
pressed a relatively higher osteogenic response to tensile
strain, suggesting increased mechanical sensitivity in this
line.21 Differences in the observed osteogenic response sup-
port the idea that all ASC do not always behave the
same way. Just as human ASC from different donors vary
in their chemical differentiation potential, so do they in
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FIG. 3. Schematic of ASC responses to
physical stimulation in 2D culture. Each type
of stimulation results in physical changes in
cell morphology, alignment, conformation of
actin cytoskeleton, and ion channel activity.
(a) Fluid shear deforms the apical surface of
the cell when sensed by cytoskeletal proteins
and activation of stretch-activated ion chan-
nels. (b) Tensile strain elongates the basal
surface of the cell through stretching of the
substrate. Cytoskeletal proteins sense the
cellular deformation via connections to
integrin–substrate adhesions. Strain applied
to the basal surface also induces activation of
stretch-activated ion channels. (c) Compres-
sive strain applies pressure to the apical
surface of the cell leading to compaction of
the cytoplasm and cytoskeleton. (d) Electrical
stimulation results in cellular and cytoskele-
tal alignment perpendicular to the direction
of the electric field. Ion channel activity
changes, though the mechanism is not clear.
(e) Substrate compliance alters the cell’s
ability to form focal adhesions, limiting cell
spreading and causing integrin-cytoskeleton
mediated changes in cell behavior. 2D, two-
dimensional. Color images available online
at www.liebertonline.com/teb
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2.5.3 Other environmental mediators of 

differentiation 

their mechanosensitivity and differentiation potential. Much
investigation is still needed to understand the underlying
mechanisms of these predispositions and how they are related.

Our group has published a mechanistic study with the
goal of elucidating proteins and mechanisms associated with
mechanically induced osteogenic differentiation of ASC. We
have described the upregulation of palladin expression, an
actin-associated cytoskeletal protein, during chemically in-
duced osteogenesis and under cyclic tensile strain.37 That
study identified a mechanosensitive protein associated with
both osteogenesis and signaling transduction of tensile
strain, though it is unclear whether this protein is crucial to
mechanically enhanced osteogenesis.

Very recent work with mouse-derived ASC has shown
that tensile strain can mechanically mediate age-related var-
iations in ASC proliferation and differentiation potential, al-
tering their cell fate in a magnitude and frequency-dependent
fashion.167 However, that study reported significant age and
strain-related differentiation effects only in ASC adipogen-
esis and no significant age and strain related differences in
osteogenesis.167 Characteristics such as magnitude,15 number
of cycles,168 and frequency168 of strain have been shown to be
important variables for optimal tissue regeneration. It is
apparent that mechanical signals differentially affect cell
behavior more widely than initially hypothesized. Elucidat-
ing this process will allow researchers to better harness these
characteristics for optimal ASC differentiation.

Fluid flow and shear stress. As stated previously, inter-
stitial fluid flow is believed to impose a physical signal on
osteocytes altering their proliferation and metabolic activi-
ty.33,50,55,72,73 Empirical and computational studies on the
effects of fluid flow signaling osteogenic proliferation and
differentiation in MSC16,17,169,170,172 have opened the door for
similar studies in ASC.31,34,35,171 Fluid perfusion has also
been used as a culture tool to increase dimensionality and
cellular distribution throughout a scaffold material, enhanc-
ing nutrient transport, to create a more functional con-
struct.35,172 Direct osteogenic signaling via fluid shear in ASC
has been primarily PFF, though constant flow perfusion
culture regimes have been specifically used to promote 3D
cell seeding.31,173

Knippenberg et al. harnessed this principle in an attempt
to enhance ASC osteogenesis. ASC differentiation was
chemically initialized with 1,25-dihydroxyvitamin D3 and
subsequently the cells were cultured under PFF. They re-
ported significant differences in phenotypic behavior be-
tween ASC-derived osteogenic cells cultured under PFF and
those in static culture. Osteogenic ASC cultured under PFF
showed increases in production of NO and upregulation of
cox-2 gene expression. This suggests functional validation
and enhancement of the osteogenic phenotype through ap-
plication of physiologically relevant mechanical stimulation,
and further demonstrates the innate mechanosensitivity of
ASC.34 A subsequent study from the same group identified
the role of polyamines in the process of fluid shear-enhanced
differentiation in ASC.171 They reported that PFF also led to
increased gene expression of spermidine/spermine N (1)-
acetyltransferase (SSAT), an enzyme associated with poly-
amine activity, suggesting that PFF affected polyamine
levels. Furthermore, the authors showed that the addition of
polyamine spermine inhibited mechanically induced NO-

production and cox-2 gene expression.171 These data imply
that polyamines play a role in modulating ASC response to
mechanical stimulation, which may have a profound effect
on ASC approaches to bone tissue engineering and potential
therapeutic uses for polyamines in skeletal disorders.

Additionally, studies by Grayson et al. and Li et al. have
utilized a perfusion culture system with steady fluid flow to
distribute MSC throughout 3D scaffold materials.35,172

Grayson et al. reported substantial cellular penetration and
distribution throughout a decellularized bone matrix scaffold
and enhanced expression of specific bone matrix markers,
concluding flow rate alone can directly control the quality of
an MSC-derived bone construct.172 Likewise Li et al.
achieved cell survival and shear stress-level dependent os-
teogenic differentiation and matrix mineralization through-
out a TCP scaffold in perfusion culture.35

Following the Grayson et al. article, the same group ap-
plied their perfusion culture system to ASC seeded on de-
cellularized bone scaffolds for a comparative investigation,
using the same parameters as their MSC study and other
static culture methods (study also discussed in ‘‘In vitro
studies’’).31 Similar to the MSC study, ASC also achieved
improved 3D cellular distribution and expression of bone
specific markers, validating the perfusion culture method for
creating a 3D ASC-derived bone construct.31 In general, a
variety of fluid flow modalities are proving to provide di-
rective mechanical cues for ASC differentiation as well as
cell-seeding methods and improved nutrient delivery within
a 3D construct.

Unconfined and confined compression. Cyclic compres-
sion has been shown to stimulate osteoblast differentiation
and bone formation in vitro and in vivo.36,174,175 Although
there has been little work to date on the effect of compression
on ASC osteogenic differentiation, it has been implicated in
MSC osteogenesis and thus likely is another important me-
diator of ASC lineage specification. A majority of the work in
MSC suggests that cyclic compressive loading leads to a
chondrogenic phenotype,176,177 though there is some evi-
dence it may also enhance osteogenic differentiation.174,175

However, it is unclear whether it is the compressive force
initiating the mechanically transduced signal, or rather the
tensile force acting along the unconfined axis, orthogonally
to the direction of compression.

Other environmental mediators of differentiation

Electrical stimulation. Electrical stimulation has been
used clinically as a therapeutic procedure to stimulate bone
growth and enhance healing of nonunion bone fractures,
though some argue the evidenced benefits of the proce-
dure.178 Regardless, the effect of various modalities of elec-
trical stimulation on osteoblast,179 MSC,180–182 and ASC25,26

osteogenic differentiation remains an active area of research.
Tsai et al. demonstrated enhanced early osteogenic induction
in MSC via application of low-frequency (7.5 Hz) pulsed
electromagnetic fields as determined by an increase in alka-
line phosphatase activity and upregulation of Runx2 and
ALP gene expression.180 Hammerick et al. used pulsed direct
current (DC) at a higher frequency (50 Hz) applied to ASC
and likewise observed enhanced osteogenic differentiation
via upregulation of Opn, Col I, and Runx2 gene expression as
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2.6 Conclusions 

well as an increase in cytoskeletal tension, as measured by
atomic force microscopy.25 Interestingly, this study reported
an important mechanistic finding: the addition of an inhibi-
tor disrupting the tensional action of the cytoskeleton did not
yield an apparent decrease in osteogenesis, suggesting that
electric field effects are not mediated by mechanical changes
in cytoskeletal tension, but rather through another path-
way.25 Similarly, active research in our group has observed
enhanced osteogenesis and intracellular calcium activity in
ASC when exposed to low frequency alternating current
(AC) fields via ASC growth and stimulation on interdigitated
electrodes.26 Further understanding of this process is needed
to fully harness the potential of using electrical stimulation as
a tool in creating tissue-engineered bone constructs.

Substrate-mediated differentiation. Another develop-
ment in directing stem cell differentiation has come out of
investigating cell–substrate interactions. Substrate biochem-
ical composition, stiffness, and surface morphology can
greatly affect ASC and MSC adhesion, proliferation, migra-
tion, and differentiation.28,131–134,183–189 Engler et al. demon-
strated distinct morphological, gene, and protein differences
among MSC cultured on collagen-coated polyacrylamide
gels with elastic moduli of 0.1–1 kPa, 8–17 kPa, and 25–
40 kPa. These values were predicted to emulate the tissue
compliance of brain, muscle, and collagenous bone, respec-
tively.28 They described synergistic lineage specification ef-
fects when combining chemical differentiation media with
the appropriate substrate stiffness for the target phenotype.
Following that study, work by Rowlands et al. described the
interplay between substrate stiffness and surface ligand
properties, through testing various ECM coatings. This
group reported greatest osteogenic differentiation of MSC on
the stiffest (80 kPa) collagen I-coated substrate through ex-
pression of Runx2 as compared to other ECM coatings. In-
terestingly, MSC showed peak expression of myogenic
marker MyoD1 at varying moduli depending on type of
ECM coating.188

In addition to these mechanistic studies, others have ex-
plored the use of bioinstructive materials to direct functional
differentiation through inducing characteristic metabolic ac-
tivities. A study by Au et al. used a well-defined protein pep-
tide for cellular adhesion (GRGDSPY) and a peptide derived
from bone sialoprotein (FHRRIKA) to observe integrin-
mediated processes in MSC osteogenic differentiation and
alkaline phosphatase activity.183 Although much of the work
on substrate-mediated differentiation has characterized MSC
behavior, our group has shown similar findings of substrate-
mediated differentiation with ASC. Studies in our lab have
shown that incorporating TCP into electrospun PLA scaf-
folds enhances ASC endogenous alkaline phosphatase ac-
tivity and cell-mediated calcium accretion.131 These results
were consistent with a similar study conducted by Haimi
et al. confirming that PLA/TCP composite scaffolds signifi-
cantly enhance osteogenic differentiation of ASC.140 These
studies suggest that the biochemical composition of the
substrate can provide important environmental cues to direct
lineage specification of ASC and MSC, particularly for os-
teogenesis. Although there are fewer studies on substrate-
controlled differentiation of ASC, there is substantial evi-
dence that ASC may have similar mechanosensing properties
to MSC.

Conclusions

From the development of Wolff’s law in the late 19th cen-
tury to the principles of mechanobiology applied to stem cell
osteogenic differentiation, the field has made huge strides to-
ward engineering bone tissue replacements. Mechanical
stimulation is now a well-established inducer of osteogenesis
in native bone and its role in ASC and MSC osteogenic dif-
ferentiation is relatively undeniable. Creating a viable tissue-
engineered bone construct derived from ASC is truly a mul-
tifaceted process necessitating a multidisciplinary approach to
optimize the culture environment, as discussed in various
sections of this review. Although ASC are a relatively abun-
dant cell source, they are not as well characterized as their
MSC counterparts. Further understanding of both of these cell
populations will improve our understanding of their multi-
potency and their limitations for use in bone tissue engineer-
ing. Additionally, development of consensus in ASC isolation
procedures, though not emphasized in this article, is a neces-
sary step for an accurate characterization definition of the ASC
population, as some studies have a more stringent and specific
selection process for their ASC population than others.

Most importantly, the crux of this review aimed to explore
the current knowledge base in ASC mechanobiology as
framed through established principles in bone, though a
thorough mechanistic understanding of mechanotransduc-
tion processes in these cells remains elusive. It is quite clear
that mechanical forces, particularly tensile strain and fluid
shear among others, are crucial signals in ASC osteogenic
differentiation. Emerging evidence of hypothesized media-
tors such as the cytoskeletal proteins, primary cilia, and ion
channels shows great promise in elucidating the mechanisms
behind mechanotransduction in these cells. As we expand
our understanding of the ASC mechanosensing process, we
can better optimize the chemical, mechanical, and electrical
culture environment, as well as the properties of the culture
substrate, to direct ASC toward the specified osteogenic
phenotype. ASC continue to show great promise as a cell
source for autologous bone replacement and regeneration
procedures, and as each facet of bone tissue engineering
advances in conjunction with further understanding of the
ASC populations, they will very likely be cell source candi-
dates in these future therapeutic constructs.
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CHAPTER 3 Primary Cilia: Control Centers for 

Stem Cell Lineage Specification and Potential 

Targets for Cell-Based Therapies 

This chapter is in preparation for submission to Physiological Reviews. 
 

3.1 Introduction 

 
The primary cilium is a cell organelle present on most vertebrate cell types. It has 

emerged as an important sensory organelle, thought to coordinate a multitude of critical cell 

processes, and it has garnered much research attention over the last decade. Primary cilia 

were first described by Zimmerman in 1898 in his observations on the lumen of kidney 

tubules (4). However, the structure was largely ignored for the following century, with many 

researchers deeming it a vestigial organelle. The primary cilium is now known to modulate 

many cell processes, including cell proliferation, differentiation and cell migration (4, 33, 37, 

42, 43). Primary cilia are composed of nine microtubule doublets arranged concentrically in a 

9 + 0 configuration, and they are generally considered non-motile, with the exception of 

specialized nodal cilia (44). In contrast, motile cilia structures present in epithelial 

mucociliary systems such as the airway express a 9 + 2 microtubule configuration, with a 

central pair of microtubules in the center of the ciliary axoneme. In addition to structural 

disparities between the two classes of cilia, non-motile primary cilia are typically thought to 

lack the axonemal dynein motor proteins that facilitate the beating motion of motile cilia 



 

 31 

 

(45). In the context of this review, we aim to examine how the structure and function of the 

primary cilium relates to cell phenotype, particularly focusing on cilium’s mechanistic 

contribution to the development, maintenance and degeneration of specific progenitor and/or 

stem cell phenotypes.  

Primary cilia typically localize to the apical cell surface of epithelial cell types and 

cells grown in monolayer culture. Their structure is contained within a ciliary membrane 

contiguous with the cell membrane (46). However, they have also been observed within a 

membrane infolding just below the membrane surface of the cell (46). Primary cilia emanate 

from the mother centriole, anchoring the basal body and docking just below the surface of the 

cell membrane (47). The presence of the primary cilium is intimately associated with the cell 

cycle, as they are most frequently expressed during the G0 phase. However, they can be 

observed any time during interphase and are normally assembled during the G1
 phase (48).  

In addition to their cell cycle link, many researchers have identified the primary 

cilium as a chemo- and/or mechanosensory organelle in a variety of cell types, including 

those derived from bone (30, 49, 50), cartilage (51-53), kidney (54, 55), cardiovascular (32, 

56, 57) and neural tissue (58, 59) . These studies collectively hint at the idea that the primary 

cilium may be the physical and chemical balance point for cell lineage specification, 

fulfilling the paradigm that cell proliferation is at odds with cell differentiation; as 

proliferative activity slows, cells can then differentiate (60, 61).  

The function of the primary cilium is not limited to basic cell physiology, and its 

dysfunction has been implicated in a number of diseases. Clinical presentations of motile or 

non-motile cilia-associated genetic diseases and disorders have recently been classified as 
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“ciliopathies” (62). Ciliopathies can arise at any time from development through adulthood, 

and they can affect virtually any tissue in the body. Ciliopathies frequently result in 

neurosensory or respiratory system disorders or abnormal patterning in bone development. 

They can also cause tissue degeneration in the liver or kidney due to aberrant cell 

proliferation and cyst development (62). 

Research at the convergence of clinical ciliopathies and cilia biology has the potential 

to uncover the fundamental cell proliferation and differentiation processes that are mediated 

by the cilium, a once-overlooked vestige of evolution. Investigators estimate that the primary 

cilium is associated with the activity of over 300 proteins and mediates the signaling 

processes of many critical signaling pathways (36, 63). This review aims to highlight the 

major studies elucidating the functions of primary cilia in cell phenotype, with a focus on 

stem cells and tissue morphogenesis. We will begin with a summary of the methodologies 

used to direct and define cell phenotype. We will then follow with a brief background on the 

physiological function of the primary cilium as shown through landmark studies performed 

in the kidney. Subsequently, we will explore the role of the primary cilium during 

environmentally-induced changes in cell phenotype, modulating the chemical, mechanical 

and substrate microenvironment. Each section describes induction factors and processes of 

cell lineage specification, maintenance of cell lineage and degeneration into a pathological 

cell phenotype, with primary emphasis on connective and musculoskeletal cell and tissue 

phenotypes. Finally, we will describe more recent work investigating the role of the primary 

cilium in regulating adult stem cell fate, particularly for musculoskeletal tissue applications.  
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3.2 In Vitro Approaches to Define Cell Phenotype 

 In the context of tissue engineering and regenerative medicine, defining cell 

phenotype has been a critical barrier to the widespread clinical application of stem cell-based 

tissue replacement therapies. In both stem cell and committed cell types, culture conditions 

such as chemical factors, mechanical stimulation and substrate microenvironment modulation 

all affect cell phenotype. A variety of cellular attributes can be examined to determine a 

committed cell phenotype: cellular morphology, cytoskeletal organization, focal adhesion 

formation, gene expression profiles, protein expression profiles and end-product expression 

(64-67). Emerging evidence suggests that the primary cilium is another indicator of cell 

phenotype and is likely linked to phenotypic observations in cytoskeletal reorganization; 

however, its distinct function in determining/predicting cell phenotype is a relatively new 

area of study. Further supporting the idea that the primary cilium plays a role in phenotypic 

determination, loss of cell phenotype and dysregulation of tissue homeostasis is observed in 

ciliopathies such as autosomal polycystic kidney disease. 

3.3 Primary Cilia and Loss of Phenotype - Kidney 

 The physiological function of the primary cilium was discovered when investigators 

identified its link with polycystic kidney disease (PKD). That work was the first prominent 

study to recognize the vertebrate primary cilium as a mechanosensory organelle (Nauli & 

Zhou 2004). PKD is an autosomal genetic disorder characterized by a loss of primary cilia in 

the epithelial cells of the kidney distal tubule. Absence of the primary cilia leads to a loss of 

mechanosensitivity followed by hyperproliferation of the epithelial cells, which eventually 

form cysts (6, 54). The process of cilia loss is associated with a loss of phenotype or de-
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differentiation of the epithelial layer. Frequently in autosomal PKD, the genes PKD1 and 

PKD2, respectively encoding functional ciliary polycystin-1 (PC1) and polycystin-2 (PC2), 

are mutated (6). The resulting loss of cilia in PKD leads to the deregulation of typical kidney 

tissue homeostasis, suggesting that PC1 and PC2 serve a functional mechanosensitivity role.  

 In a study by Nauli et al., murine cells lacking functional PC1 still formed cilia but 

demonstrated a loss of fluid sensitivity as measured by fluid-induced calcium fluxes (68). 

Other polycystic kidney models have identified KIF3A and IFT88 as critical cilia proteins 

required for healthy kidney homeostasis, motivating the work behind a large majority of 

studies on primary cilia in musculoskeletal function (6). 

3.4 Primary Cilia in the Developing Musculoskeletal System 

 As the story with primary cilia has unfolded, it appears that the ciliary structure was 

observed on chondrocytes and osteogenic cell types approximately 30 years prior to their in-

depth study in the kidney. However, the cilium structure and its associated proteins are now 

known to play critical chemo- and mechanosensory roles in osteocytes (49, 50), osteoblasts 

(30), chondrocytes (46, 69), and tenocytes (70), amongst other connective tissue cell types 

(41, 71). Though the expression patterns of these musculoskeletal cell types still remain 

something of an enigma, they are clearly an important locale for the signaling pathways that 

modulate musculoskeletal cell lineages, such as Wnt (72), Hedgehog (73) and TGF-β 

signaling pathways (74). 
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3.4.1 Cilia in Development - Skeletogenesis 

On the heels of the foundational kidney studies, Xiao et al. observed primary cilia 

structures on bone cells in culture and expressed on osteoblasts and osteocytes in extracted 

bone tissue (75). Not only were primary cilia structures present, Xiao et al. reported the link 

between a functional PKD1 gene encoding polycystin-1 and the expression of osteogenic 

gene markers. Using heterozygous and homozygous Pkd1m1Bei mouse models that possessed 

an inactivating point mutation within the first transmembrane domain of the PC1 protein 

structure, they demonstrated that this mutation led to osteopenia and skeletal abnormalities in 

the developing embryo. Additionally, embryonic mice with the homozygous Pkd1m1Bei 

mutation expressed a more severely disrupted skeletal phenotype (75). Osteoblasts isolated 

from these mice exhibited reduced osteogenic Runx2 expression at both the gene and protein 

level. Further, they exhibited a reduced capacity for differentiation ex vivo, suggesting their 

osteogenic phenotype was impaired. Xiao et al. also showed that an overexpression of PC1 in 

MC3T3E1 osteoblasts conferred an upregulation of osteoblastic gene markers. Further, in 

osteoblasts derived from the Pkd1m1Bei mice, co-expression of PC1 restored Runx2 P1 

promoter activity and osteogenic gene expression levels (75). This study was the first major 

study to functionally link primary cilia with the osteogenic phenotype. 

 Following the Xiao et al. report, a wide range of in vivo and in vitro studies 

implicated primary cilia as a part of the osteogenic and chondrogenic phenotype. 

Intraflagellar transport is a critical aspect of primary cilia biology because their proteins must 

be synthesized outside of the ciliary body and subsequently transported into the ciliary 

pocket or membrane (43, 63). In addition to PKD1 and functional cilia-localized PC1 protein, 
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a group of kinesin, intraflagellar transport (IFT) and dynein proteins are responsible for 

antero- and retrograde protein transport through the axoneme of the primary cilium and have 

been found to modify ciliary structure and function (30, 76).  

3.4.2 Cilia in Development - Endochondral Ossification and Subchondral Tissue 

3.4.2.1 Mouse Models - Kif3a Knockout 

Kif3a is a protein subunit of the Kinesin II Motor complex, which is active in the 

process of ciliary transport. Kif3a has been of particular interest in the bone and cartilage 

development of the post-natal growth plate and in the endochondral ossification of 

developing/growing subchondral tissue. One of the first reports to implicate Kif3a in ciliary 

activity and skeletogenesis described impaired cilia formation in mouse chondrocytes 

modified by a Col2a-Cre-mediated Kif3a deletion (77). Mice possessing the Kif3a deletion 

exhibited post-natal dwarfism and premature loss of the endochondral growth plate in long 

bones. Additionally, this deletion resulted in aberrant chondrocyte rotation; its healthy 

function is necessary to maintain the columnar organization of the long bone epiphyseal 

growth plate. This misorientation was concomitant with disruption of the actin cytoskeleton 

and focal adhesion formation, likely affecting the differentiation activity in the growth plate 

(77).  

The role of Kif3a in cartilage was further confirmed in a study by Koyama et al., 

describing Kif3a-deficient mice that by post-natal day 7 lacked ordered zones of proliferative 

and hypertrophic regions of chondrocytes in the cranial synchondrosis growth plate (78). 

Unusual intramembranous ossification coupled with ectopic cartilage development was also 

observed. The resulting Kif3a-deficient cranial phenotype somewhat coincided with that of 
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mice deficient in the Indian Hedgehog gene (Ihh) and led Koyama et al. to investigate the 

distribution of Hedgehog signaling within the Kif3a mutant mice. They reported a 

differential distribution of topographical Hedgehog signaling activity in the synchondroses of 

the Kif3a-deficient mice relative to the controls. Further, they found that Ihh-deficient mice 

developed abnormal synchondroses. However, the phenotype was distinct from that of the 

Kif3a-deficient mice (78), indicating that the cilium uniquely contributes to the localization 

of Hedgehog signaling in the cranial growth plate.  

3.4.2.2 Mouse Models - IFT88 Knockout 

The Tg737orpk mouse model for autosomal polycystic kidney disease expressed 

epiphysis and growth plate morphology comparable to the Kif3a-deficient mouse (79). 

Tg737orpk mice express a global mutation in the Tg737 gene resulting in a disruption of its 

encoded protein IFT88, also known as Polaris. Disruption of IFT88/Polaris leads to a lack 

and/or shortening of cilia expressed in the kidney cells as well as cells of other tissues (80). 

Chondrocytes in the growth plate of Tg737orpk mice were reported to express a dearth of 

ciliary structures and to lack the characteristic cilia orientation in those chondrocytes within 

the surface layers of the cartilage tissue (79). Consistent with the Kif3a epiphyseal growth 

plate findings, the organization of the actin cytoskeleton was affected by the lack of cilia.  

To more closely examine the specific effects of IFT88 on endochondral bone 

formation, Haycraft et al. developed a conditional mutant mouse using a Cre-lox system 

targeting only the mesenchymal tissues, avoiding the lethality of a global IFT88 mutation 

(81). Mice at post-natal day 11 expressing the conditional prx1cre;Ift88fl/n mutation exhibited 

forelimbs stunted along the proximodistal axis with severe polydactylism (81). Associated 
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with the disrupted endochondral bone formation in the mutant mice, Haycraft et al. identified 

irregular Sonic Hedgehog (Shh) signaling in conjunction with abnormal digit patterning and 

reduced Ihh signaling (81). Ectopic deposition of chondrocytes and perichondral organization 

were abnormal in this mutant model (81).  These abnormalities were similar to endochondral 

phenotypes observed in the growth plate irregularities of the Kif3a and Tg737orpk studies (77, 

79).  

Though IFT88 is a different protein involved in intraflagellar transport within the 

cilium, like Kif3a it is a critical ciliary protein required for functional cilia expression. This 

supports the idea that the cilium is required for appropriate cell specification and tissue 

morphogenesis processes. Taken together, these studies suggest that the primary cilium, and 

more specifically the intraflagellar transport activity of the cilium, plays an important role in 

cartilage tissue morphogenesis, with the primary cilium structure likely mediating distinct 

protein activity in the Hedgehog signaling pathway.  

3.4.3 Degeneration – Cilia and Osteoarthritis 

 Osteoarthritis (OA) is a degenerative joint disease leading to the degradation of 

articular cartilage and subchondral bone. It can be genetically inherited and/or caused or 

exacerbated by acute or chronic injury. In OA patients, primary cilia have been observed on 

localized subpopulations of human chondrocytes undergoing degeneration of fibrillated and 

non-fibrillated cartilage, both in the superficial and middle zones (51). In this early study, 

cilia were most frequently observed in the middle zone of cartilage from OA patients, while 

few were observed in the cartilage of non-OA control patients (51). A subsequent study 

published nearly 12 years later quantified the frequency of cilia observed on OA tissue in a 
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bovine model (82). Those authors reported increased cilia expression and length in OA 

chondrocytes at the degenerating articular surface as compared to healthy cartilage; further, 

they found an increase in ciliated cells corresponding to the degree of tissue degeneration 

(82). These observations allude to the function of primary cilia in phenotype, corresponding 

to a change in the degenerating extracellular environment.  

Cilia seem to serve an important function in developing endochondral tissue and 

diseased subchondral tissue of the skeletal system, suggesting that the cilium may 

indiscriminately coordinate processes of cell differentiation in both tissue homeostasis and 

tissue degeneration.  The primary cilium’s multifaceted functionality in directing 

chondrogenic and osteogenic phenotypes in the subchondral tissue suggests that it may be a 

potential therapeutic target in treating OA.  

3.4.4 Cilia in Development - Chondrogenesis 

 Primary cilia have not only been observed in the endochondral regions of ossifying 

bone and in cartilage degeneration in OA; they are also present in mature cartilage and likely 

serve a mechano-active function in cartilage tissue. In 1997, primary cilia were identified in 

situ on canine articular cartilage of the tibial plateau and femoral condyle (83). Cilia were 

also observed on agarose-cultured canine chondrocytes isolated from the same regions, but 

the ciliary structure projected out farther from the cytoplasmic surface than the in situ cilia, 

which were observed within a membranous ciliary pocket (83). These early reports on cilia in 

cartilage highlight the differences in cilia structure between chondrocytes in vivo and those 

cultured in vitro, pointing to the relationship between the primary cilium and chondrogenic 

phenotype. 
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Following the 1997 work, transmission electron microscopy (TEM) and confocal 

microscopy analyses by Poole et al. and Jensen et al., respectively, described the 

ultrastructure and orientation of the primary cilium in hyaline cartilage derived from the 

sterna of chick embryos (84, 85). Those studies determined that the chondrocyte primary 

cilium ranges in length from 1-4 µm, and it was categorically observed by Poole et al. to 

express three patterns of orientation in situ: 1) fully extended into the extracellular matrix 

(ECM), 2) partially extending with bending along the axoneme, 3) folded along the surface 

of the cytoplasm with minimal matrix contact (84). Further, the authors frequently observed 

the Golgi apparatus to be anchored between the nucleus and the base of the cilium. They 

hypothesized that the cilium may act as a conduit collecting chemical and/or mechanical cues 

from the ECM to direct Golgi activity (84). These studies demonstrated that the primary 

cilium structure can be deflected or bent within the cartilage matrix; the mechanical force 

applied to the tissue is likely transduced to the cilium from the surrounding matrix of 

collagen fibers and proteoglycans (84) (85). This idea was supported by TEM images 

illustrating potential attachment points between collagen fibers and the ciliary membrane. 

Confocal images also illustrated the differential bending profiles expressed by the 

chondrocyte primary cilia (85).  

A recent study published in 2014 explored the relationship between the presence of 

primary cilia and the mechanical properties of cartilage tissue. It was observed that loss of 

primary cilia in the Col2aCre;ift88fl/fl transgenic mouse model results in upregulation of OA 

markers.  This occurs in conjunction with reduced structural integrity and a thickening of the 

cartilage tissue (52). Somewhat in contrast to the frequency of ciliated cells in typical OA 
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models, in this model the chondrocytes devoid of cilia were associated with an OA 

phenotype. However, this study points to the importance of primary cilia in maintaining a 

healthy chondrogenic phenotype and its role in cartilage homeostasis (52). 

3.5 Primary Cilia as Chemosensors 

 Chemical stimulation of cells in vitro is known to affect the frequency of expression, 

length and orientation of primary cilia in culture, demonstrating their sensitivity to the 

surround chemical environment. Through loss of function animal models, investigators have 

been able to show the importance of cilia in tissue development in the embryo; however, in 

vitro studies aim to clarify their specific cellular function. Primary cilia have been observed 

on a variety of cell types under in vitro cell culture, including stem and progenitor cells (3, 

41, 73, 86). The expression patterns of primary cilia on cultured cell types remain an enigma 

due to the high variation observed across cell types.  However, their expression is thought be 

largely linked to quiescence within the cell cycle (48). Under in vitro culture conditions, 

primary cilia exhibit chemosensitivity to their surrounding environment, which can be 

demonstrated directly through serum starvation to induce cilia expression and elongation 

(63). Their structure and function has been implicated in cell fate determination processes as 

well as in cellular chemotactic migration (87, 88). 

Purportedly, cilia elaboration or resorption modulates Hedgehog and Wnt signaling, 

and this modulation is likely in response to changes in the chemical environment. Below we 

describe a number of studies illustrating the chemosensory properties of the cilium and the 

implications for defining cellular behavior. 
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3.5.1 Chondrogenic Cell Types 

As described above, cilia expression is intimately linked to developing chondrogenic 

tissue and healthy and degenerating cartilage tissue; however, the specific mechanisms 

dictating these changes in cartilage cilia expression remain unclear. Changes in chondrocyte 

cilia expression patterns have been observed in response to the chemical environment, and 

these changes have been proposed to detect to inflammatory signaling (69). IL-1 secretion is 

a characteristic inflammatory signal present in osteoarthritic tissue (69). When stimulated 

with IL-1β, cultured primary bovine chondrocytes increase both their length and expression 

frequency, demonstrating chemosensitivity in the chondrogenic phenotype (69). 

Interestingly, the authors also tested this effect against fibroblasts and noted a similar 

increase in cilia length in response to IL-1β, suggesting that this may be a chemosensing 

property of cilia across cell types (69). To further support that this response was specific to 

the cilia acting as mediators of IL-1 stimulation, the authors measured nitric oxide (NO) and 

prostaglandin release in response to pro-inflammatory cytokine IL-1, utilizing chondrocytes 

derived from IFT88 knockout mice (Tg737ORPK). They found that cells devoid of cilia did not 

characteristically upregulate NO and PGE2 in response to IL-1 stimulation, whereas wild 

type cells exhibited the prototypical response described in bovine chondrocytes and 

fibroblasts (69). This study suggests a mechanistic explanation for the typical cilia length 

increase seen in the inflammatory signaling of osteoarthritic tissue (82). 

Another study by Rich and Clark described the impact of an osmotic environment on 

chondrocyte primary cilia (89). Interestingly, the authors reported that the primary cilia on 

explanted, intact femoral condyles derived from mice exhibited changes in the length of the 
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ciliary axoneme within minutes of exposure to both a hypo- and hyperosmotic environment 

(200-400mOsm) in the surrounding culture medium (89). The authors did note that they did 

not distinguish between intracellular and extracellular length and therefore did not account 

for cilia retraction into the ciliary pocket, so length changes were direct measurements of 

ciliary resorption (89). Osteoarthritic (OA) tissue is generally thought to produce a hypo-

osmotic environment for chondrocytes with a degenerated cartilage matrix devoid of 

glycosaminoglycans (GAGs); this study illustrates contrasting results to those described in 

OA chondrocytes with elongated cilia by McGlashan et al. (82). These observations taken 

together with the IL-1 study by Wann et al. suggest a differential response in primary cilia 

chemosensitivity, highlighting its complex function in integrating a variety of chemical 

signals controlling chondrogenic cell phenotypes. 

3.5.2 Osteogenic Cell Types 

 Primary cilia clearly demonstrate chemosensitivity to soluble factors in the 

surrounding cell culture environment in a broad range of cell types. This is frequently 

demonstrated through serum starvation to induce cilia formation and elongation (42). 

Further, changes in cilia expression are observed in response to osteogenic induction factors.  

A study by Plaisant et al. describes the effect of osteogenic differentiation media on 

human adipose stem cell (hASC) cilia expression, reporting that 92% of undifferentiated 

hASCs expressed primary cilia; however, following 5 days of culture in osteogenic media, 

only 48% of the differentiating hASCs expressed cilia (73). The authors also noted that this 

level of expression was closer to that observed in osteoblastic cell types (73). Primary cilia 

on mesenchymal stem cells (MSCs) have also display a level of chemosensitivity. When cilia 
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protein IFT88 is knocked down in MSCs, they exhibit a significantly reduced ability to 

differentiate into osteogenic, adipogenic and chondrogenic cell types, as measured by gene 

expression markers Runx2, PPARγ, and Sox-9, respectively (41). This study suggested that a 

functional cilium structure was required for chemical induction of lineage specification. 

3.6 Primary Cilia Mechanosensitivity in Osteogenic Cell Types 

An interesting study by Hoey et al. proposed a paracrine signaling function of 

primary cilia MSCs (50). Their findings indicated that when MSCs were cultured in 

conditioned media from mechanically stimulated osteocytes (MLO-Y4), the MSCs 

upregulated osteopontin (OPN) and cyclcooxygenase-2 (COX-2) osteogenic gene expression. 

MSCs cultured in conditioned media derived from osteocytes that were not mechanically 

stimulated did not upregulate osteogenic genes (50). In contrast, conditioned media derived 

from mechanically stimulated osteoblasts (MC3T3-E1) did not have this effect on MSCs, 

suggesting unique paracrine signaling activity between mechanically stimulated osteocytes 

and MSCs. 

 In osteogenic cell lines, primary cilia exhibit sensitivity to oscillatory fluid flow 

(OFF), and their frequency of expression is related to osteogenic differentiation (30). In 

MC3T3-E1 osteoblast-like cells and MLO-Y4 cells, both siRNA knockdown of ciliary 

protein IFT88 and physical abrogation of primary cilia using chloral hydrate resulted in a loss 

of mechanosensitivity. MC3T3E1 osteoblasts characteristically upregulate osteopontin gene 

expression and release prostaglandin E2 (PGE2) in response to fluid shear. However, cilia 

disruption diminished this behavior following exposure to OFF for 1 hour at 1 Hz. Further, in 

MLO-Y4 osteocytes/osteoclast-like cells, characteristic flow-induced increases in 
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cyclooxygenase-2 (COX2) gene expression and the ratio of osteprotegerin (OPG) to RANKL 

gene expression were suppressed under both chloral hydrate exposure and siRNA 

knockdown.  That study also explored the role of primary cilia in the flow-induced release of 

intracellular calcium, as osteogenic cells tend to exhibit calcium fluxes in response to fluid 

shear and kidney cells exhibit cilia dependent calcium release via polycystin-2 (PC2), a 

stretch activated calcium channel.  However, they found that the flow-induced release of 

intracellular calcium occurred independent of primary cilia in osteogenic cell types (30).  

 A subsequent report demonstrated that primary cilia mediated fluid induced 

osteogenesis in MLO-A5 osteoblasts as measured by calcium accretion following exposure 

to 2 hours of OFF/day for 12 days, applied with the use of a rocker platform (90). Through 

physical disruption of the primary cilia with chloral hydrate, MLO-A5 cells exhibited a 

reduced capacity for calcium accretion in response to OFF, suggesting that cilia were 

required for this process. The authors further reported a reduction in the number of primary 

cilia in response to OFF stimulation. 

Other evidence suggests cilia-specific protein polycystin-1 (PC1) may play an 

integral role in osteoblastic mechanosensing of the surrounding mechanical environment. 

When cultured under cyclic tensile strain (2% strain at 0.5 Hz), MC3T3-E1 osteoblasts show 

PC1-dependent mechanically induced osteogenesis (91). PC1 shRNA lentiviral knockdown 

diminishes characteristically upregulated osteogenic gene markers such as Runx2, 

osteocalcin, osterix and osteonectin in response to osteogenic induction via chemical or 

mechanical stimulation. This was observed as early as one hour following mechanical 

stimulation (91). Though this study did not specifically focus on the cilium structure as the 
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mechanosensor in this case, PC1 localizes to the primary cilium, and its mechanosensitivity 

likely functions in conjunction with the cilium structure.  

3.7 Conclusions 

Overall, primary cilia functionally contribute to the chemo- and mechanosensing 

activities of a variety of cell types both in vivo and in vitro. They appear to play a crucial role 

in tissue homeostasis and are the site of critical signaling pathways involved in the 

phenotypic development of cells and tissues. Within the musculoskeletal system, Kif3a, 

IFT88 and PC1 emerge as critical cilia proteins required for both their form and function. 

Clearly, primary cilia are no longer relegated to the vestiges of evolution as they were once 

considered to be; however, their apparent multifunctional physiological purpose combined 

with their often elusive expression frequency, has contributed to their broad study in a wide 

array of cell and tissue types.  
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CHAPTER 4 Primary Cilia: The Chemical Antenna 

Regulating Human Adipose-Derived Stem Cell 

Osteogenesis 

This chapter has been published in the journal PLoS One under the following citation: 
 
Bodle JC, Rubenstein CD, Phillips ME, Bernacki SH, Qi J, Banes AJ, Loboa EG.  
Primary cilia: the chemical antenna regulating human adipose-derived stem cell 
osteogenesis. 
PLoS One. 2013 May 17;8(5):e62554. doi: 10.1371/journal.pone.0062554. Print 2013. 
PMID: 23690943 

4.1 Introduction 

The non-motile primary cilium is an organelle composed of tubulin, which projects 

from the centrosome and is located at the apical cell surface. The cilium axoneme consists of 

a set of nine peripheral microtubule doublets arranged in a 9 + 0 non-motile primary cilium 

configuration (Figure 4.1a). This is in contrast to the (9+2) motile cilium configuration, 

which has a central tubulin pair surrounded by nine tubulin doublets. Discovered over a 

century ago, non-motile primary cilia were largely considered vestigial organelles, despite 

their prevalence on a variety of cell types (4). More recently, they have been implicated as 

critically important chemo- and mechanoresponsive cell surface structures, hinting at their 

role in functional phenotypic maintenance in a variety of mammalian cell types (28, 29). 

Assembly of the primary cilium is cell cycle dependent and most mammalian cell types 

express primary cilia at some point during the cell cycle (29). The scope of the primary 
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cilium’s function remains largely elusive, though evidence suggests that its function is 

complex. It acts as an important site for intracellular signaling (40) and detects external 

chemical and mechanical changes in the extracellular environment (33). Emerging evidence 

from our group and others suggests that, in addition to tissue homeostasis, they may also be 

involved in signaling stem cell lineage commitment in both embryonic as well as in adult 

stem cells, both in vivo and in vitro (33-35).  

Human adipose-derived stem cells (hASC) are a promising autologous cell source for 

tissue-engineered replacement therapies (1, 11). Due to their relative abundance and 

multipotent capacity to differentiate into a variety of mesenchymal lineages, hASC have 

demonstrated potential for a broad range of therapeutic applications (1-3, 11). However, a 

majority of the mechanisms controlling these differentiation processes have largely remained 

elusive. We hypothesize the primary cilium and its associated proteins may contribute to 

these processes. 

Primary cilia have been most thoroughly studied in kidney epithelial cells under the 

autosomal polycystic kidney disease model. Loss of the cilium and its associated proteins 

polycystin-1 (PC1) and polycystin-2 (PC2) in kidney epithelial cells is associated with the 

loss of epithelial cell mechanosensitivity, which leads to development of cysts and 

deregulation of tissue morphogenesis (6, 36). PC1 and PC2 colocalize to the primary cilium 

(Figure 4.1a) and are thought to have a large component of their functional activity at the site 

of the cilium (37). However, it is important to note both PC1 and PC2 localize to other 

subcellular compartments as well. PC1 is observed at the apical cell surface and at cell-cell  
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adhesion junctions in a variety of ductal and epithelial cell types (92, 93). PC2 is found in the 

plasma membrane and in the endoplasmic reticulum of kidney epithelial cells (37). 

Figure 4.1 Primary cilia on hASC. (a) The non-motile primary cilium axoneme is composed of 9 
pairs of peripheral microtubule doublets arranged concentrically in 9+0 configuration, devoid of a 
central tubulin pair. (b–f) Primary cilia appear as a dense cluster of acetylated tubulin protruding 
from the apical surface of hASC in confluent culture. (b) Few cilia are observed 24 hours after 
culture in complete growth expansion media (CGM) in subconfluent culture. They are observed at 
day 3 (c) undifferentiated in CGM, (d) differentiated in osteogenic differentiation medium (ODM) 
and at day 12 in (e) undifferentiated in CGM and (f) differentiated in ODM. Cilia are identified with 
anti-acetylated tubulin (green) or in combination with CEP164 (red), actin identified with phalloidin 
(red) and nuclei are identified with DAPI staining (blue). Scale bar = 25 µm. 

 

these differentiation processes have largely remained elusive. We
hypothesize the primary cilium and its associated proteins may
contribute to these processes.

Primary cilia have been most thoroughly studied in kidney
epithelial cells under the autosomal polycystic kidney disease
model. Loss of the cilium and its associated proteins polycystin-1
(PC1) and polycystin-2 (PC2) in kidney epithelial cells is associated
with the loss of epithelial cell mechanosensitivity, which leads to
development of cysts and deregulation of tissue morphogenesis
[12,13]. PC1 and PC2 colocalize to the primary cilium (Fig. 1a)
and are thought to have a large component of their functional
activity at the site of the cilium [14]. However, it is important to
note both PC1 and PC2 localize to other subcellular compart-
ments as well. PC1 is observed at the apical cell surface and at cell-
cell adhesion junctions in a variety of ductal and epithelial cell
types [15,16]. PC2 is found in the plasma membrane and in the
endoplasmic reticulum of kidney epithelial cells [14].

In addition to PC1 and PC2, intraflagellar transport protein-88
(IFT88), also known as polaris, is another critical cilia-associated
protein required for proper cilia structure and function (Fig. 1a).

Disease models incorporating IFT88 knockout result in a cystic
kidney phenotype similar to that observed in autosomal polycystic
kidney disease [17]. This is likely due to the fact that IFT88 is
responsible for transporting proteins into the cilium axoneme,
building the cilium microtubule structure, and transporting
functional cilia proteins into the cilium. Due to this critical
activity, disrupted IFT88 expression results in a shortened ciliary
axoneme [17].

IFT88 activity in primary cilia has been of particular interest in
bone cell cilia-mediated mechanosensing. Transient knockdown of
IFT88 has been reported to reduce the frequency of primary cilia
observed on osteoblastic cell lines. Further, IFT88 knockdown
leads to reduced expression of osteogenic gene markers known to
be upregulated with fluid shear stimulation, indicating a suppres-
sion of functional osteogenic phenotype [18].

In this study, we investigate the role of the primary cilium in
hASC differentiation. Human ASC are excellent cell source
candidates for musculoskeletal tissue engineering and regenerative
medicine applications; however, characterizing the mechanisms of
hASC differentiation is a barrier to implementing their clinical use.

Figure 1. Primary cilia on hASC. (a) The non-motile primary cilium axoneme is composed of 9 pairs of peripheral microtubule doublets arranged
concentrically in 9+0 configuration, devoid of a central tubulin pair. (b–f) Primary cilia appear as a dense cluster of acetylated tubulin protruding from
the apical surface of hASC in confluent culture. (b) Few cilia are observed 24 hours after culture in complete growth expansion media (CGM) in
subconfluent culture. They are observed at day 3 (c) undifferentiated in CGM, (d) differentiated in osteogenic differentiation medium (ODM) and at
day 12 in (e) undifferentiated in CGM and (f) differentiated in ODM. Cilia are identified with anti-acetylated tubulin (green) or in combination with
CEP164 (red), actin identified with phalloidin (red) and nuclei are identified with DAPI staining (blue). Scale bar = 25 mm.
doi:10.1371/journal.pone.0062554.g001
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In addition to PC1 and PC2, intraflagellar transport protein-88 (IFT88), also known as 

polaris, is another critical cilia-associated protein required for proper cilia structure and 

function (Figure 4.1a). Disease models incorporating IFT88 knockout result in a cystic 

kidney phenotype similar to that observed in autosomal polycystic kidney disease (94). This 

is likely due to the fact that IFT88 is responsible for transporting proteins into the cilium 

axoneme, building the cilium microtubule structure, and transporting functional cilia proteins 

into the cilium. Due to this critical activity, disrupted IFT88 expression results in a shortened 

ciliary axoneme (94).  

IFT88 activity in primary cilia has been of particular interest in bone cell cilia-

mediated mechanosensing. Transient knockdown of IFT88 has been reported to reduce the 

frequency of primary cilia observed on osteoblastic cell lines. Further, IFT88 knockdown 

leads to reduced expression of osteogenic gene markers known to be upregulated with fluid 

shear stimulation, indicating a suppression of functional osteogenic phenotype (95).  

In this study, we investigate the role of the primary cilium in hASC differentiation. 

Human ASC are excellent cell source candidates for musculoskeletal tissue engineering and 

regenerative medicine applications; however, characterizing the mechanisms of hASC 

differentiation is a barrier to implementing their clinical use. We hypothesize that primary 

cilia are present on hASC and that their associated proteins PC1, PC2 and IFT88 dynamically 

control hASC differentiation potential. Based on previous work by our group, as well as 

others, hASC are known to readily differentiate into an osteogenic cell phenotype. They 

upregulate osteogenic gene markers, and proteins, as well as accreting calcium and exhibiting 

changes in alkaline phosphatase activity, in response to a variety of osteogenic induction 
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factors (2, 15, 96, 97). The aim of this study is to elucidate the primary cilia-mediated 

mechanisms of the hASC differentiation process, specifically exploring the action of PC1, 

PC2 and IFT88. 

4.2 Materials and Methods 

4.2.1 Cell Isolation and Propagation 

Human adipose-derived stem cells (hASC) are obtained from waste adipose tissue 

derived from anonymous patients undergoing elective abdominoplasty surgeries (IRB 

exemption protocol #10-0201), at University of North Carolina hospitals (Chapel Hill, NC). 

All data were analyzed anonymously and the only patient information obtained included age, 

sex and ethnicity. The Office of Human Research at UNC hospitals deemed that this study 

does not constitute human research, “as defined under federal regulations [45 CFR 46.102 (d 

or f) and 21 CFR 56.102(c)(e)(l)] and does not require IRB approval.” Isolation of hASC was 

performed according to previously established protocols from our lab (7), adapted from 

methods initially reported by Zuk et al. (2). Once isolated, hASC obtained from 

approximately 50g of tissue were allowed to propagate in culture in complete growth 

medium (CGM) until ~80% confluency (or up to two weeks). CGM contained Eagle’s 

Minimum Essential Medium, alpha-modified supplemented with 10% fetal bovine serum, 2 

mM L-glutamine, 100 units/ml penicillin and 100 µg/ml streptomycin. The hASC were then 

trypsinized and frozen down at passage 0 (p0). All hASC used in these experiments were 

passage 4 or lower, and were derived from three female donors (ages 47 – 55 years).  
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4.2.2 Osteogenic and Adipogenic Differentiation 

To characterize the growth and differentiation potential of each cell line isolated per 

donor, p0 cells were grown in complete growth medium (CGM), adipogenic differentiation 

medium (ADM) and osteogenic differentiation medium (ODM). ADM contained the 

aforementioned CGM supplemented with 1 µM dexamethasone, 5 µg/ml insulin, 100 µM 

indomethacin and 500 µM isobutylmethylxanthine. ODM contained complete growth 

medium with the addition of 50 µM ascorbic acid, 0.1 µM dexamethasone, and 10 mM β -

glycerolphosphate.  

To confirm multipotency, p0 hASC were grown in each medium condition for 14 

days to evaluate adipogenic and osteogenic differentiation potential. Cells were seeded in 6-

well plates (5 x 104 cells/well) and 12-well plates (2 x 104 cells/well) and were grown to 90-

100% confluency in CGM (1-3 days), then transferred to ODM or ADM (14 days) for 

osteogenic or adipogenic differentiation induction, respectively. Evidence of differentiation 

was visualized using Alizarin Red S for calcium accumulation in osteogenesis and Oil Red O 

for lipid droplet accumulation in adipogenesis. 

4.2.3 siRNA Knockdown 

hASC at ~ 60% confluency were transfected with Lipofectamine 2000® (Invitrogen, 

Carlsbad, CA) using siRNA knockdown for PC1, PC2 and IFT88. A ratio of 24 pmol siRNA 

to 1.2 µL lipofectamine 2000® per sample in a 12-well plate were prepared according to 

manufacturer’s protocol. hASC were transfected for 4-5 hours exposure to siRNA-

lipofectamine solution in serum-free Opti-MEM-I transfection media. Cells were placed in 

complete growth media following initial transfection and subsequently placed in treatment 
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media (CGM, ODM, ADM) 24 hours later. Serial knockdown was applied at Day 0 and 7 for 

experiments lasting longer than 7 days. 

To assess initial knockdown efficiency to optimize knockdown protocol, RNA was 

collected from duplicate samples of hASC transfected with either PC1 siRNA or Scramble-A 

control siRNA at 24, 48 and 72 hours after transfection. Real-time PCR using Taqman® was 

used to evaluate the relative mRNA expression levels between time-dependent controls and 

polycystin-1 knockdown samples. Following optimization with PC1, qRT-PCR was used to 

further evaluate mRNA expression of PC1, PC2 and IFT88 following knockdown. 

4.2.4 Immunostaining 

  hASC were fixed in 10% formalin for 15 minutes. Following fixation, cells were 

blocked with a 0.2% Triton X-100/5.0% BSA stock solution for 40 minutes in 12-well plates 

on a shaker table. Following blocking, the coverslips were incubated in the primary antibody 

solution in humidified chambers. Primary antibody solutions contained mouse monoclonal 

acetylated α-tubulin antibody (diluted 1:100) (Sigma), CEP164 (1:50) (Santa Cruz) rabbit 

PC1 (diluted 1:50) (Santa Cruz), rabbit PC2 (diluted 1:50) (SantaCruz) or goat IFT88 

primary antibody (1:50) (Abcam), with 0.2% Triton X-100, and 0.5% BSA in PBS. The cells 

were then incubated in the chambers overnight at 4oC.   

 Samples were rinsed three times in PBS for five minutes each on a shaker table and 

then incubated in the secondary antibody (1:250), phalloidin 594 (Molecular Probes) (1:500) 

and DAPI (1:500) stain solutions. A chicken anti-mouse Alexa Fluor 488 (Molecular Probes) 

secondary (Molecular Probes) was used against the mouse acetylated α-tubulin primary, 

donkey anti-goat Alexa Fluor 594 secondary (Molecular Probes) was used against the goat 
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IFT88 and CEP164 primaries and goat anti-rabbit Alexa Fluor 594 secondary (Molecular 

Probes) was used against PC1 and PC1 primaries. The samples were incubated for three 

hours at room temperature. Following the secondary incubation, the samples were placed in 

PBS for the final three rinses and excess liquid was blotted on a kimwipe in preparation for 

mounting. Prolong Gold Mounting Media (Molecular Probes) was used to mount the samples 

and slides were allowed to dry in the dark for 24 hours prior to imaging. 

4.2.5 Phase Contrast and Fluorescence Microscopy  

Phase contrast microscopy was used to monitor hASC viability and to visualize cell 

morphology throughout the duration of differentiation. Fluorescence microscopy was used in 

conjunction with immunohistochemistry to visualize cytoskeletal organization, cell surface 

markers, primary cilia conformation, PC1, PC2 and IFT88 localization, cell-cell junctions 

and matrix deposition.  

Samples were imaged on a Leica DM5500B Fluorescent Microscope using the 

compatible LAS-AF software. Three images were taken for each section: DAPI (blue), Alexa 

488 (green), and Alexa 594 (red). They were used for nuclei visualization, cilia visualization, 

and actin/CEP164/PC1/PC2/IFT88 visualization respectively. Optimized exposure, gain, and 

intensity experiment settings were determined by using the quick LUT function of the LAS-

AF program. Images were taken at 40x magnification, 500-1000ms exposure time 

(depending on filter), and a lamp intensity of 4.  
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4.2.6 Cellular Proliferation 

To measure proliferative activity, DNA content was measured at days 0, 3, 5, 7 and 

10. Cell lysates were digested overnight at 60°C in 2.5 units/mL papain from papaya latex in 

PBS with 5mM ethylenediaminetetra-acetic acid and 5mM cysteine hydrochloride. Hoechst 

33258 (Molecular Probes), a DNA-binding fluorescent dye, was applied to samples at 

0.1µg/mL in a black 96-well microplate. Fluorescence was measured at an excitation 

wavelength of 352 nm and an emission wavelength of 461 nm on a microplate reader 

(TECAN GENios, Männedorf, Switzerland). A DNA standard curve was generated using 

DNA derived from calf thymus (Sigma) and DNA concentration was calculated as a function 

of fluorescence.  

4.2.7 RNA Extraction and Gene Expression Analysis 

Quantitative RT-PCR analysis was used to determine relative mRNA expression 

levels of lineage specific gene markers for osteogenic gene markers. RNA cell lysate samples 

collected at days 0, 3, 10 and 14 were run through a Qiashredder column (Qiagen, Valencia, 

CA) at 15,000g for 2 minutes to homogenize samples. Total RNA was extracted using the 

RNeasy Mini Kit (Qiagen, Valencia, CA). RNA concentrations were measured using a 

NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE). To synthesize first 

strand cDNA, 110 – 600 ng of RNA in a 21µL reverse transcriptase (RT) reaction was used 

with the Superscript III RT with oligo(dT) primers kit (Invitrogen, Carlsbad, CA). Taqman 

Gene expression assays with pre-determined primer-probe sets were used to amplify diluted 

(1:1) cDNA (Assays-on-Demand, Applied Biosystems, Foster City, CA). All gene expression 
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profiles were normalized to Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Assay 

HS99999905_M1) in an ABI Prism 7000 system.   

4.2.8 Histological Staining 

After 14 days of culture in osteogenic differentiation medium, or complete growth 

medium, hASC were fixed in 10% formalin for 15 minutes and rinsed 2 times with deionized 

water. They were stained with a 2% (w/v) Alizarin Red S solution to characterize calcium 

accretion and degree of hASC osteogenic differentiation. After exposure to stain for 3 

minutes, wells were rinsed 4 times and stains were qualitatively evaluated and visualized 

using a dissecting microscope (Leica Microsystems, Buffalo Grove, IL). 

4.2.9 Calcium Accretion 

Total calcium concentration was quantified on day 14 using an absorbance assay. 

Briefly, cells were rinsed with PBS, and digested in 0.5 N HCl overnight. Samples were 

centrifuged at 1000g for 2 minutes and supernatant was assayed using the Calcium 

Liquicolor kit (Stanbio Laboratory, Boerne, TX). CaCl2 included in the kit was used to 

generate a standard curve. The standard curve was used to determine sample calcium 

concentration based on absorbance values read at 550nm. Calcium data was normalized to 

either total protein quantified using the BCA absorbance assay, or to total DNA using the 

DNA Hoechst fluorescence assay. To visualize calcium accretion, calcium deposits were 

stained using Alizarin Red S applied directly to the well following a 30-minute fixation in 

10% formalin. Images were captured with a Leica (Wetzlar, Germany) EZ 4D Digital 

Dissecting Scope.  
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4.2.10 Endogenous Alkaline Phosphatase 

Endogenous alkaline phosphatase (ALP) activity was evaluated at days 10 and 14 of 

osteogenic differentiation. Alkaline phosphatase enzymatic activity was quantified with the 

Alkaline Phosphatase Liquicolor® Test (Stanbio Laboratory, Boerne, TX), using the P-

nitrophenylphosphate methodology. Briefly, hASC were scraped in RIPA protein lysis buffer 

and were frozen for storage at -30o C. Samples were then thawed, vortexed and centrifuged 

(1000g for 2 min). Supernatant was assayed using absorbance (405nm) in a kinetic fashion, 

measuring change in absorbance at 5 minute intervals. Quantified alkaline phosphatase 

activity was normalized to total protein content using the BCA absorbance assay (570 nm). 

4.2.11 Statistical Analysis 

Statistical differences between experimental groups in hASC proliferation, mRNA 

gene expression, and calcium accretion were analyzed using an unpaired Student’s t-test 

compared to control conditions as denoted on presented graphs. To ensure comprehensive 

statistical analysis, a one-way, non-repeated measures ANOVA test with a Newman-Keuls 

multiple comparison test was also used to analyze gene expression and calcium 

quantification data. A one-way repeated measures ANOVA with a Newman-Keuls post-test 

was used to analyze alkaline phosphatase kinetic activity data. Statistical significance is 

indicated as follows: *p < .05, **p < .01, ***p < .001. Data are presented as mean ± standard 

error of the mean (SEM). 

4.2.12 Controls 

hASC transfected for primary cilia protein abrogation were measured against hASC 
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transfected with a non-targeting scramble siRNA knockdown control, and a no knockdown 

control group of hASC. Cellular controls were cultured under identical conditions in all 

assays. 

4.3 Results 

4.3.1 Identification of Primary Cilia 

To initially test our hypothesis, it was necessary to confirm the presence of primary 

cilia on our hASC populations. Using immunofluorescence to visualize the cilia, a mouse α-

acetylated tubulin antibody was used to stain the microtubule cilia structure. Primary cilia 

were most frequently identified as a dense clustering of acetylated tubulin projecting from 

the apical surface of the cell membrane (Figure 4.1b-f). Cilia were observed in a variety of 

conformations within the undifferentiated hASC population after 24 hours (Figure 4.1b), 3 

siRNA Knockdown of Cilia-Associated Proteins IFT88, PC1,
and PC2

hASC expression of polycystin-1 (PC1) (Fig. 2a), polycystin-1
(PC2) (Fig. 2b) and intraflagellar protein-88 (IFT88) (Fig. 2c)
was determined by immunostaining. To assess cilia co-localization,
hASC were also co-immunostained for acetylated a-tubulin.
IFT88 colocalized to the base and tip of the ciliary axoneme, as
denoted by the arrows (Fig. 2c). PC1 and PC2 exhibited diffuse
expression throughout the hASC cell membrane as well as
localization at the base of the cilium (Fig. 2a,b).

To elucidate the function of primary cilia-associated proteins in
hASC osteogenesis, we systematically abrogated expression of
each of the three cilia-associated proteins of interest. To do this,
we used serial transient siRNA transfections to allow for sustained
mRNA knockdown of PC1, PC2, and IFT88. The serial siRNA
knockdown method was used to eliminate any off-target effects
associated with other stable knockdown techniques, which can
result in a possible alteration in hASC multipotency. This serial
siRNA approach yielded a minimum of 50% knockdown
efficiency. Transfection with siRNA was performed on day 0
and day 7 of the standard osteogenic differentiation procedure to
ensure cilia-associated knockdown for the duration of chemically
stimulated osteogenic differentiation. Diminished mRNA expres-
sion of PC1, PC2 and IFT88 was confirmed with real-time RT-
PCR for up to 15 days of osteogenic differentiation (Fig. 3).

As PC1, PC2 and IFT88 are cilia associated proteins, it is
expected that their knockdown would have an effect on cilia
structure. hASC were cultured for 72 hours and cilia-associated
proteins were assessed via immunostaining (Fig. 4). We found
that IFT88 knockdown had the greatest impact on the frequency
of cilia expression observed on the hASC population (Fig. 4d) as
compared to the non-targeting scramble siRNA control (Fig. 4a).
Further, we observed that PC1 (Fig. 4b) and PC2 (Fig. 4c)
knockdown had a moderate impact on the primary cilia structure
with hASC expressing cilia that tended to be expressed in a more
curved conformation than cilia in control conditions. PC1 and
PC2 knockdown had no noticeable effect on the frequency of cilia
observed on the hASC population.

Cilia-Associated Protein Knockdown Affects hASC
Proliferation

The presence of the primary cilium structure is intimately
associated with the cell cycle and thus it was necessary to establish

the baseline effects of PC1, PC2, and IFT88 knockdown on the
basal hASC phenotype. To assess hASC proliferation activity
under siRNA knockdown, the Hoechst DNA Assay was used to
measure DNA content incrementally over a 10 day culture in
expansion media (CGM) (Fig. 5). hASC were transfected at day 0
and subsequently cultured in expansion media (CGM) for up to 10
days. We collected DNA at days 0, 3, 7 and 10 and used a
fluorimetric assay to measure DNA concentration at each time-
point. Interestingly, we found that ITF88 knockdown conferred a
significant increase in hASC proliferative activity, whereas PC1
and PC2 knockdown did not alter hASC proliferation as
compared to the siRNA non-targeting control (Fig. 5). The
IFT88 knockdown significantly increased hASC proliferative
activity as compared to the control. However, PC1 and PC2
exhibited a comparable level of proliferation activity to the control,
non-targeting siRNA (Fig. 5).

hASC are density-dependent; and once they reach confluency,
they slow down their proliferative activity and quickly become
quiescent. Under phase contrast microscopy, control hASC, PC1-
and PC2-knockdown hASC expressed similar cell morphology in
confluent culture. In contrast, IFT88 knockdown hASC exhibited
a loss of this characteristic hASC density-dependent behavior and
rather exhibited crowding and much denser hASC monolayer
coverage, as observed by phase contrast microscopy (data not
shown).

Knockdown of Cilia-Associated Proteins Downregulates
hASC Osteogenic Gene Marker Expression

To evaluate how PC1, PC2 and IFT88 function during the
hASC osteogenic differentiation process, real-time RT-PCR was
used to analyze mRNA expression for early markers of hASC
osteogenesis at days 3,10 and 15 of osteogenic differentiation in
ODM. We probed for gene expression of runt-related transcrip-
tion factor (Runx2) (Fig. 6a) at day 3, gene expression of alkaline
phosphatase (ALP) (Fig. 6b) and bone morphogenetic protein-2
(BMP-2) (Fig. 6c) at day 10, and osteocalcin at day 15 (Fig. 6d),
all hallmarks for development of an osteogenic phenotype. After
siRNA knockdown and 3 days of culture in osteogenic differen-
tiation medium, IFT88 knockdown resulted in significant down-
regulation of Runx2 expression, suggesting suppressed osteogen-
esis (Fig. 6a). This indicated that the function of IFT88 may be
important in the early signals of osteogenic lineage specification in
hASC. After siRNA knockdown and 10 days of osteogenic

Figure 2. hASC expression of polycystin-1 (PC1), polycystin-2 (PC2) and intraflagellar transport protein-88 (IFT88). (a) PC1 and (b) PC2
are observed as a diffuse signal on the cell body and at the base of the cilium. (c) IFT-88 is localized at the base and tip of the primary cilium. Cilia are
identified with anti-acetylated tubulin (green), PC1, PC2 and IFT88 (red), and nuclei are identified with DAPI staining (blue). Scale Bar = 25 mm.
doi:10.1371/journal.pone.0062554.g002
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Figure 4.2 hASC expression of polycystin-1 (PC1), polycystin-2 (PC2) and intraflagellar transport protein-
88 (IFT88). (a) PC1 and (b) PC2 are observed as a diffuse signal on the cell body and at the base of the 
cilium. (c) IFT-88 is localized at the base and tip of the primary cilium. Cilia are identified with anti-
acetylated tubulin (green), PC1, PC2 and IFT88 (red), and nuclei are identified with DAPI staining (blue). 
Scale Bar = 25 µm. 

 



 

 59 

 

days (Figure 4.1c) and 12 days (Figure 4.1e) of culture in complete growth medium (CGM), 

and within the osteogenically differentiated population after 3 days (Figure 4.1d) and 12 days 

(Figure 4.1f) of culture in osteogenic differentiation medium (ODM).  Cilia length tended to 

vary with phenotype: cells grown in hASC growth media tended to express shorter cilia 

(Figure 4.1b,c,e), while osteogenically stimulated hASC expressed more extended cilia 

(Figure 4.1c,f) as they committed to the osteogenic lineage, with the day 12 osteogenically 

differentiated hASC expressing the longest cilia (Figure 4.1f). A portion of the hASC 

population consistently expressed primary cilia, however, since their expression is linked to 

the cell-cycle, primary cilia were observed on approximately 30% of the undifferentiated 

hASC in sub-confluent culture and up to 60% of hASC in confluent culture (data not shown). 

Incidence and length of primary cilia on hASC were found to be directly related to the 

chemical culture environment and cell phenotype. 

4.3.2 siRNA Knockdown of Cilia-Associated Proteins IFT88, PC1, and PC2 

hASC expression of polycystin-1 (PC1) (Figure 4.2a), polycystin-1 (PC2) (Figure 

4.2b) and intraflagellar protein-88 (IFT88) (Figure 4.2c) was determined by immunostaining. 

To assess cilia co-localization, hASC were also co-immunostained for acetylated α-tubulin. 

IFT88 colocalized to the base and tip of the ciliary axoneme, as denoted by the arrows 

(Figure 4. 2c). PC1 and PC2 exhibited diffuse expression throughout the hASC cell 

membrane as well as localization at the base of the cilium (Figure 4.2a,b). 
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To elucidate the function of primary 

cilia-associated proteins in hASC osteogenesis, 

we systematically abrogated expression of each 

of the three cilia-associated proteins of interest. 

To do this, we used serial transient siRNA 

transfections to allow for sustained mRNA 

knockdown of PC1, PC2, and IFT88.  The 

serial siRNA knockdown method was used to 

eliminate any off-target effects associated with 

other stable knockdown techniques, which can 

result in a possible alteration in hASC 

multipotency. This serial siRNA approach 

yielded a minimum of 50% knockdown 

efficiency. Transfection with siRNA was 

performed on day 0 and day 7 of the standard 

osteogenic differentiation procedure to ensure 

cilia-associated knockdown for the duration of 

chemically stimulated osteogenic 

differentiation. Diminished mRNA expression 

of PC1, PC2 and IFT88 was confirmed with 

real-time RT-PCR for up to 15 days of 
differentiation, we observed that IFT88 knockdown resulted in a
significant downregulation of BMP-2 gene expression (Fig. 6c)
and PC1, PC2 and IFT88 knockdown resulted in significant
downregulation of ALP gene expression (Fig. 6b). At day 15 of
osteogenic differentiation, PC1 knockdown resulted in a significant
decrease in osteocalcin expression (Fig. 6d). Evaluation of
osteopontin gene expression was also assessed at day 15 of
osteogenic differentiation; however there was no significant change

in osteopontin expression with knockdown (data not shown).
These results suggest that PC1 and PC2 may function in
intermediate signaling processes related to hASC osteogenesis,
IFT88 function is necessary at the early-to-intermediary duration
of the osteogenic differentiation process, and PC1 in particular is
critical in later steps of the osteogenic differentiation process.

Cell-Mediated Calcium Accretion of Osteogenically
Differentiated hASC

Calcium accretion and endogenous alkaline phosphatase
activity are canonical hallmarks of functional osteogenesis and
development of bone-like calcified tissue. To extend our study
further, we looked at the effects of PC1, PC2, and IFT88
knockdown on hASC mediated mineralization after 14 days of
osteogenic differentiation to determine if the activity of these
proteins was involved in the development of functional osteogenic
tissue. Alizarin Red results indicated that PC1 and PC2
knockdown led to a diminished level of calcium accretion after
14 days of osteogenic differentiation with culture in ODM
(Fig. 7a). Quantification of calcium accretion using a colorimetric
absorbance calcium assay further corroborated this qualitative
data. Evaluating calcium concentration as normalized to DNA
content, we observed a diminished calcium concentration
(Fig. 7b). This data suggested that PC1 and PC2 were critical
in the ability of hASC to functionally differentiate into an
osteogenic mineralized phenotype. Taken together with the gene
expression data (Fig. 6), these findings support the idea that PC1
plays a particular role in the later signaling pathways of hASC
osteogenesis.

PC1, PC2 and IFT88 Affect ALP Enzymatic Activity
End product expression of ALP and its enzymatic activity level

is another important hallmark of development of a true osteogenic
phenotype. To further understand how PC1, PC2 and IFT88
knockdown suppresses development of a functional osteogenic
phenotype in hASC, we evaluated ALP enzymatic activity. At 14
days of culture in ODM, we analyzed ALP activity using a kinetic
colorimetric absorbance assay (Stanbio, Boerne, TX) over the
course of 25 minutes. Our results indicated that knockdown of
PC1, PC2 and IFT88 led to significantly decreased ALP
enzymatic activity suggesting diminished development of an
osteogenic phenotype (Fig. 8). This data supports the idea that
all three proteins are necessary to induce a hASC osteogenic
response, with the greatest suppression of ALP activity observed in
the PC1 knockdown (Fig. 8), consistent with the calcium
accretion data (Fig. 7).

Discussion

This study has demonstrated that primary cilia are prevalent on
hASC and that cilia proteins appear to play a critical role in
mediating the osteogenic differentiation of hASC. Additionally, we
have determined that the presence of the primary cilium and
functional IFT88 is likely linked to early lineage commitment
signals and may be important in appropriate hASC proliferation.
This proliferative behavior suggests that IFT88 may either play a
role in maintenance of a normal baseline hASC progenitor cell
phenotype, or it may conversely suggest that IFT88 is necessary to
prevent aberrant, over-proliferative activity. A further study
analyzing stemness and cell cycle gene markers in IFT88
knockdown hASC will be required to elucidate IFT88 function
in progenitor cell types. hASC do not express typical stemness cell
markers such as Oct-4, Sox2, and Nanog found in pluripotent
stem cells; however they do generally express a panel of consensus

Figure 3. PC1, PC2 and IFT88 gene expression up to 15 days in
ODM culture. siRNA knockdown applied at days 0 and 7, confers at
least a 50% reduction in mRNA expression of each cilia-associate
protein (n = 3, Error bars = SEM).
doi:10.1371/journal.pone.0062554.g003
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Figure 4.3 PC1, PC2 and IFT88 gene 
expression up to 15 days in ODM culture. 
siRNA knockdown applied at days 0 and 7, 
confers at least a 50% reduction in mRNA 
expression of each cilia-associate protein (n = 3, 
Error bars = SEM). 
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osteogenic differentiation (Figure 4.3).  

As PC1, PC2 and IFT88 are cilia associated proteins, it is expected that their 

cell surface markers distinctive to their multipotent population [8].
Future comparative work characterizing immunophenotypes of
wild type hASC and IFT88 knockdown hASC will be critical and
interesting mechanistic work in understanding IFT88’s role in
stemness phenotype. Our findings showed that IFT88 knockdown
led to a significant increase in hASC proliferative activity,
suggesting the ciliary activity of IFT88 is likely acting in the
process of cell cycle progression (Fig. 5).

Interestingly, IFT88 knockdown of osteogenically differentiated
hASC also conferred significant downregulation of Runx2 and
BMP-2 gene expression, which are early and intermediary
markers for osteogenesis (Fig. 6a, 6c). The Runx2 result was
consistent with previous work in MSC demonstrating IFT88
knockdown disrupted MSC osteogenesis as indicated by dimin-
ished Runx2 expression [23]. BMP-2 gene expression is important
in the process of wound healing and tissue remodeling in bone and
interacts with Hedgehog, Wnt and TGF-b signaling - pathways
that localize processes in the primary cilium [3,24,25]. It follows
that IFT88 knockdown disrupts gene expression of BMP-2 as the
cilium structure is likely involved in BMP-2 signaling processes,
which in turn affect hASC osteogenesis. Taken together these data
indicate IFT88 may be an early modulatory switch dictating
hASC to operate in either a proliferation signaling modality or the
contrasting differentiation signaling modality. These findings hint

that the function of IFT88 may be more dynamic than just
regulating protein transport in the primary cilium, suggesting
instead that it may also participate in the early stages of hASC fate
determination. These findings are consistent with IFT88 studies in
immortalized cell lines [26].

While IFT88 knockdown confers early effects on hASC
differentiation, disrupting early signals modulating osteogenic
lineage commitment, PC1 and PC2 knockdown resulted in
disruption of later markers of osteogenesis. Both PC1 and PC2
knockdown conferred a downregulation of alkaline phosphatase
gene expression (Fig. 6b) and end-product expression conferring
a decrease in the endogenous alkaline phosphatase enzymatic
activity (Fig. 8). siRNA knockdown of cilia-specific PC1 and PC2
resulted in reduced calcium accretion (Fig. 7), which is somewhat
intuitive as PC1 and PC2 are thought to couple together forming a
calcium channel [14]. However, the PC1–PC2 complex is
generally thought to be a stretch activated calcium channel,
though the mechanistic function of the PC1–PC2 complex is a
matter of debate [14,27].

In our static culture system, we have observed significant
diminished cell-mediated calcium accretion with knockdown of
PC1 (Fig. 7b) and downregulation of osteocalcin gene expression
at day 15 of differentiation (Fig. 6d), which suggests that there is
also a non-mechanical signaling component in the function of

Figure 4. The effects of PC1, PC2 and IFT88 siRNA knockdown on hASC primary cilia. hASC were cultured in expansion media (CGM) for
72 hours. Cilia expression on hASC: (a) Non-targeting scramble siRNA baseline cilia expression on approximately 50% of the hASC population (b) PC1
and (c) PC2 knockdown conditions express more cilia observed in a curved conformation and a minimal decrease in cilia population frequency, (d)
IFT88 knockdown confers a reduction in cilia frequency on the hASC population. Cilia are identified with anti-acetylated tubulin (green), actin
identified with phalloidin 594 (red) and nuclei are identified with DAPI staining (blue). Scale Bar = 25 mm.
doi:10.1371/journal.pone.0062554.g004
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Figure 4.4 The effects of PC1, PC2 and IFT88 siRNA knockdown on hASC primary cilia. 
hASC were cultured in expansion media (CGM) for 72 hours. Cilia expression on hASC: (a) 
Non-targeting scramble siRNA baseline cilia expression on approximately 50% of the hASC 
population (b) PC1 and (c) PC2 knockdown conditions express more cilia observed in a curved 
conformation and a minimal decrease in cilia population frequency, (d) IFT88 knockdown 
confers a reduction in cilia frequency on the hASC population. Cilia are identified with anti-
acetylated tubulin (green), actin identified with phalloidin 594 (red) and nuclei are identified 
with DAPI staining (blue). Scale Bar = 25 µm. 
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knockdown would have an effect on cilia structure. hASC were cultured for 72 hours and 

cilia-associated proteins were assessed via immunostaining  (Figure 4.4).  

We found that IFT88 knockdown had the greatest impact on the frequency of cilia expression 

observed on the hASC population (Figure 4.4d) as compared to the non-targeting scramble 

siRNA control (Figure 4.4a). Further, we observed that PC1 (Figure 4.4b) and PC2 (Figure 

4.4c) knockdown had a moderate impact on the primary cilia structure with hASC expressing 

cilia that tended to be expressed in a more curved conformation than cilia in control 

conditions. PC1 and PC2 knockdown had no noticeable effect on the frequency of cilia 

observed on the hASC population.  

4.3.3 Cilia-Associated Protein Knockdown Affects hASC Proliferation  

The presence of the primary 

cilium structure is intimately 

associated with the cell cycle and 

thus it was necessary to establish the 

baseline effects of PC1, PC2, and 

IFT88 knockdown on the basal 

hASC phenotype. To assess hASC 

proliferation activity under siRNA 

knockdown, the Hoechst DNA 

Assay was used to measure DNA 

content incrementally over a 10 day 

PC1. This finding is consistent with mouse model work showing
heterozygous PC1 knockout mice embryos exhibit reduced bone
mineralization [28]. Osteocalcin is an osteogenic bone marker
molecule, and its gene expression is typically upregulated in
osteoblastic cell types [29]. Secreted osteocalcin is known to closely
associate with mineralized bone matrix, which supports the critical
activity of PC1 in formation of an appropriate bone matrix as
evidenced by calcium accretion and osteocalcin gene expression.
Our data supports a similar global effect of PC1 knockdown within
the static in vitro system. Taken together with other recent
evidence, our findings suggest that PC1 may have multiple
functions in the osteogenic differentiation process and, further,
that its function is likely critical to the development of properly
mineralized bone.

In general, there was a greater qualitative difference in the
alizarin red staining data than the quantitative data for calcium
accretion, which may be attributed to variations in cell number,
and/or differences in the assays (Fig. 7). Though IFT88
knockdown did not significantly reduce the amount of calcium
accreted, the quantitative trend followed with the staining,
showing that knockdown of all three proteins may have an effect
(Fig. 7). This smaller quantitative change may also be attributed
to siRNA knockdown efficiency. In a stable knockdown model
with complete abrogation of ciliary protein mRNA expression, we

Figure 5. The effect of knockdown on hASC proliferation in
expansion media (CGM). DNA was collected at days 0, 3, 7 and 10 to
measure proliferative activity with siRNA knockdown of PC1, PC2 and
IFT88 in as compared to the non-targeting scramble control siRNA.
Knockdown of IFT88 significantly increases hASC proliferation as
compared to control (n = 3, error bars = SEM, Student’s t-test comparing
each treatment to control, * p,0.05, ** p,0.01).
doi:10.1371/journal.pone.0062554.g005

Figure 6. Osteogenic gene marker expression in hASC. IFT88 knockdown confers a reduction in (a) Runx2 gene expression after 3 day and (c)
BMP-2 gene expression after 10 day culture in osteogenic differentiation medium (ODM). (b) PC1, PC2 and IFT88 knockdown confer a reduction in
alkaline phosphatase (ALP) gene expression after 10 days of culture in ODM. (d) PC1 knockdown confers downregulation of osteocalcin after 15 days
of culture in osteogenic differentiation. Knockdown treatments applied at day 0 and day 7 of differentiation, (n = 3, error bars = SEM, Student’s t-test
comparing each treatment to control, * p,0.05, ** p,0.01).
doi:10.1371/journal.pone.0062554.g006
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Figure 4.5 The effect of knockdown on hASC 
proliferation in expansion media (CGM). DNA was 
collected at days 0, 3, 7 and 10 to measure proliferative 
activity with siRNA knockdown of PC1, PC2 and 
IFT88 in as compared to the non-targeting scramble 
control siRNA. Knockdown of IFT88 significantly 
increases hASC proliferation as compared to control (n 
= 3, error bars = SEM, Student’s t-test comparing each 
treatment to control, * p,0.05, ** p,0.01). 
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culture in expansion media (CGM) (Figure 4.5). hASC were transfected at day 0 and 

subsequently cultured in expansion media (CGM) for up to 10 days. We collected DNA at 

days 0, 3, 7 and 10 and used a fluorimetric assay to measure DNA concentration at each 

time-point. Interestingly, we found that IFT88 knockdown conferred a significant increase in 

hASC proliferative activity, whereas PC1 and PC2 knockdown did not alter hASC 

proliferation as compared to the siRNA non-targeting control (Figure 4.5). The IFT88 

knockdown significantly increased hASC proliferative activity as compared to the control. 

However, PC1 and PC2 exhibited a comparable level of proliferation activity to the control, 

non-targeting siRNA (Figure 4.5).  

hASC are density-dependent; and once they reach confluency, they slow down their 

proliferative activity and quickly become quiescent. Under phase contrast microscopy, 

control hASC, PC1- and PC2-knockdown hASC expressed similar cell morphology in 

confluent culture. In contrast, IFT88 knockdown hASC exhibited a loss of this characteristic 

hASC density-dependent behavior and rather exhibited crowding and much denser hASC 

monolayer coverage, as observed by phase contrast microscopy (data not shown).  

4.3.4 Knockdown of Cilia-Associated Proteins Downregulates hASC Osteogenic Gene 

Marker Expression 

To evaluate how PC1, PC2 and IFT88 function during the hASC osteogenic 

differentiation process, real-time RT-PCR was used to analyze mRNA expression for early 

markers of hASC osteogenesis at days 3,10 and 15 of osteogenic differentiation in ODM. We 

probed for gene expression of runt-related transcription factor (Runx2) (Figure 4.6a) at day 3, 

gene expression of alkaline phosphatase (ALP) (Figure 4.6b) and bone morphogenetic 
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protein-2 (BMP-2) (Figure 4.6c) at day 10, and osteocalcin at day 15 (Figure 4.6d), all 

hallmarks for development of an osteogenic phenotype. After siRNA knockdown and 3 days 

of culture in osteogenic differentiation medium, IFT88 knockdown resulted in significant 

downregulation of Runx2 expression, suggesting suppressed osteogenesis (Figure 4.6a). This 

indicated that the function of IFT88 may be important in the early signals of osteogenic 

lineage specification in hASC. After siRNA knockdown and 10 days of osteogenic 

PC1. This finding is consistent with mouse model work showing
heterozygous PC1 knockout mice embryos exhibit reduced bone
mineralization [28]. Osteocalcin is an osteogenic bone marker
molecule, and its gene expression is typically upregulated in
osteoblastic cell types [29]. Secreted osteocalcin is known to closely
associate with mineralized bone matrix, which supports the critical
activity of PC1 in formation of an appropriate bone matrix as
evidenced by calcium accretion and osteocalcin gene expression.
Our data supports a similar global effect of PC1 knockdown within
the static in vitro system. Taken together with other recent
evidence, our findings suggest that PC1 may have multiple
functions in the osteogenic differentiation process and, further,
that its function is likely critical to the development of properly
mineralized bone.

In general, there was a greater qualitative difference in the
alizarin red staining data than the quantitative data for calcium
accretion, which may be attributed to variations in cell number,
and/or differences in the assays (Fig. 7). Though IFT88
knockdown did not significantly reduce the amount of calcium
accreted, the quantitative trend followed with the staining,
showing that knockdown of all three proteins may have an effect
(Fig. 7). This smaller quantitative change may also be attributed
to siRNA knockdown efficiency. In a stable knockdown model
with complete abrogation of ciliary protein mRNA expression, we

Figure 5. The effect of knockdown on hASC proliferation in
expansion media (CGM). DNA was collected at days 0, 3, 7 and 10 to
measure proliferative activity with siRNA knockdown of PC1, PC2 and
IFT88 in as compared to the non-targeting scramble control siRNA.
Knockdown of IFT88 significantly increases hASC proliferation as
compared to control (n = 3, error bars = SEM, Student’s t-test comparing
each treatment to control, * p,0.05, ** p,0.01).
doi:10.1371/journal.pone.0062554.g005

Figure 6. Osteogenic gene marker expression in hASC. IFT88 knockdown confers a reduction in (a) Runx2 gene expression after 3 day and (c)
BMP-2 gene expression after 10 day culture in osteogenic differentiation medium (ODM). (b) PC1, PC2 and IFT88 knockdown confer a reduction in
alkaline phosphatase (ALP) gene expression after 10 days of culture in ODM. (d) PC1 knockdown confers downregulation of osteocalcin after 15 days
of culture in osteogenic differentiation. Knockdown treatments applied at day 0 and day 7 of differentiation, (n = 3, error bars = SEM, Student’s t-test
comparing each treatment to control, * p,0.05, ** p,0.01).
doi:10.1371/journal.pone.0062554.g006
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Figure 4.6 Osteogenic gene marker expression in hASC. IFT88 knockdown confers a reduction in (a) 
Runx2 gene expression after 3 day and (c) BMP-2 gene expression after 10 day culture in osteogenic 
differentiation medium (ODM). (b) PC1, PC2 and IFT88 knockdown confer a reduction in alkaline 
phosphatase (ALP) gene expression after 10 days of culture in ODM. (d) PC1 knockdown confers 
downregulation of osteocalcin after 15 days of culture in osteogenic differentiation. Knockdown 
treatments applied at day 0 and day 7 of differentiation, (n = 3, error bars = SEM, Student’s t-test 
comparing each treatment to control, * p<0.05, ** p<0.01). 
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differentiation, we observed that IFT88 knockdown resulted in a significant downregulation 

of BMP-2 gene expression (Figure 4.6c) and PC1, PC2 and IFT88 knockdown resulted in 

significant downregulation of ALP gene expression (Figure 4.6b). At day 15 of osteogenic 

differentiation, PC1 knockdown resulted in a significant decrease in osteocalcin expression 

(Figure 4.6d). Evaluation of osteopontin gene expression was also assessed at day 15 of 

osteogenic differentiation; however there was no significant change in osteopontin 

expression with knockdown (data not shown). These results suggest that PC1 and PC2 may 

function in intermediate signaling processes related to hASC osteogenesis, IFT88 function is 

necessary at the early-to-intermediary duration of the osteogenic differentiation process, and 

PC1 in particular is critical in later steps of the osteogenic differentiation process.  

4.3.5 Cell-Mediated Calcium Accretion of Osteogenically Differentiated hASC 

 Calcium accretion and endogenous alkaline phosphatase activity are canonical 

hallmarks of functional osteogenesis and development of bone-like calcified tissue. To 

extend our study further, we looked at the effects of PC1, PC2, and IFT88 knockdown on 

hASC mediated mineralization after 14 days of osteogenic differentiation to determine if the 

activity of these proteins was involved in the development of functional osteogenic tissue. 

Alizarin Red results indicated that PC1 and PC2 knockdown led to a diminished level of 

calcium accretion after 14 days of osteogenic differentiation with culture in ODM (Figure 

4.7a). Quantification of calcium accretion using a colorimetric absorbance calcium assay 

further corroborated this qualitative data. Evaluating calcium concentration as normalized to 

DNA content, we observed a diminished calcium concentration (Figure 4.7b). This data 

suggested that PC1 and PC2 were critical in the ability of hASC to functionally differentiate 
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into an osteogenic mineralized phenotype. Taken together with the gene expression data 

(Figure 4.6), these findings support the idea that PC1 plays a particular role in the later 

signaling pathways of hASC osteogenesis. 

Figure 7. Calcium accretion is affected by cilia-associated protein knockdown. (a) Alizarin Red staining indicating degree of mineralization
after 14 days ODM with knockdown. (b) Quantified calcium accretion normalized to DNA content. PC1 and PC2 knockdown leads to diminished
calcium accretion, (n = 3, error bars = SEM, Student’s t-test comparing each treatment to control, * p,0.05).
doi:10.1371/journal.pone.0062554.g007

Figure 8. Endogenous alkaline phosphatase (ALP) activity of hASC after 14 days of culture. hASC were cultured in osteogenic
differentiation medium (ODM) and transfected with non-targeting scramble, PC1, PC2 and IFT88 siRNA. ODM and complete growth medium (CGM)
hASC without knockdown (no KD) were also measured for comparison of baseline activity. Alkaline phosphatase activity is suppressed with cilia-
associated protein knockdown. Knockdown of PC1 (*** p,0.01), PC2 (* p,0.05) and IFT88 (* p,0.05) all led to a significant decrease in ALP
enzymatic activity compared to the non-targeting scramble siRNA knockdown control (n = 3, error bars = SEM, One-way repeated measures ANOVA,
with Newman-Keuls post-hoc test).
doi:10.1371/journal.pone.0062554.g008
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Figure 4.7 Calcium accretion is affected by cilia-associated protein knockdown. (a) Alizarin Red 
staining indicating degree of mineralization after 14 days ODM with knockdown. (b) Quantified 
calcium accretion normalized to DNA content. PC1 and PC2 knockdown leads to diminished calcium 
accretion, (n = 3, error bars = SEM, Student’s t-test comparing each treatment to control, * p,0.05). 
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4.3.6 PC1, PC2 and IFT88 Affect ALP Enzymatic Activity 

End product expression of ALP and its enzymatic activity level is another important 

hallmark of development of a true osteogenic phenotype. To further understand how PC1, 

PC2 and IFT88 knockdown suppresses development of a functional osteogenic phenotype in 

hASC, we evaluated ALP enzymatic activity. At 14 days of culture in ODM, we analyzed 

ALP activity using a kinetic colorimetric absorbance assay (Stanbio, Boerne, TX) over the 

course of 25 minutes. Our results indicated that knockdown of PC1, PC2 and IFT88 led to 

significantly decreased ALP enzymatic activity suggesting diminished development of an 

Figure 7. Calcium accretion is affected by cilia-associated protein knockdown. (a) Alizarin Red staining indicating degree of mineralization
after 14 days ODM with knockdown. (b) Quantified calcium accretion normalized to DNA content. PC1 and PC2 knockdown leads to diminished
calcium accretion, (n = 3, error bars = SEM, Student’s t-test comparing each treatment to control, * p,0.05).
doi:10.1371/journal.pone.0062554.g007

Figure 8. Endogenous alkaline phosphatase (ALP) activity of hASC after 14 days of culture. hASC were cultured in osteogenic
differentiation medium (ODM) and transfected with non-targeting scramble, PC1, PC2 and IFT88 siRNA. ODM and complete growth medium (CGM)
hASC without knockdown (no KD) were also measured for comparison of baseline activity. Alkaline phosphatase activity is suppressed with cilia-
associated protein knockdown. Knockdown of PC1 (*** p,0.01), PC2 (* p,0.05) and IFT88 (* p,0.05) all led to a significant decrease in ALP
enzymatic activity compared to the non-targeting scramble siRNA knockdown control (n = 3, error bars = SEM, One-way repeated measures ANOVA,
with Newman-Keuls post-hoc test).
doi:10.1371/journal.pone.0062554.g008
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Figure 4.8 Endogenous alkaline phosphatase (ALP) activity of hASC after 14 days of culture. hASC were 
cultured in osteogenic differentiation medium (ODM) and transfected with non-targeting scramble, PC1, 
PC2 and IFT88 siRNA. ODM and complete growth medium (CGM) hASC without knockdown (no KD) 
were also measured for comparison of baseline activity. Alkaline phosphatase activity is suppressed with 
cilia- associated protein knockdown. Knockdown of PC1 (*** p,0.01), PC2 (* p,0.05) and IFT88 (* 
p,0.05) all led to a significant decrease in ALP enzymatic activity compared to the non-targeting scramble 
siRNA knockdown control (n = 3, error bars = SEM, One-way repeated measures ANOVA, with 
Newman-Keuls post-hoc test). 
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osteogenic phenotype (Figure 4.8). This data supports the idea that all three proteins are 

necessary to induce a hASC osteogenic response, with the greatest suppression of ALP 

activity observed in the PC1 knockdown (Figure 4.8), consistent with the calcium accretion 

data (Figure 4.7).  

4.4 Discussion 

This study has demonstrated that primary cilia are prevalent on hASC and that cilia 

proteins appear to play a critical role in mediating the osteogenic differentiation of hASC. 

Additionally, we have determined that the presence of the primary cilium and functional 

IFT88 is likely linked to early lineage commitment signals and may be important in 

appropriate hASC proliferation. This proliferative behavior suggests that IFT88 may either 

play a role in maintenance of a normal baseline hASC progenitor cell phenotype, or it may 

conversely suggest that IFT88 is necessary to prevent aberrant, over-proliferative activity. A 

further study analyzing stemness and cell cycle gene markers in IFT88 knockdown hASC 

will be required to elucidate IFT88 function in progenitor cell types. hASC do not express 

typical stemness cell markers such as Oct-4, Sox2, and Nanog found in pluripotent stem 

cells; however they do generally express a panel of consensus cell surface markers distinctive 

to their multipotent population (11). Future comparative work characterizing 

immunophenotypes of wild type hASC and IFT88 knockdown hASC will be critical and 

interesting mechanistic work in understanding IFT88’s role in stemness phenotype. Our 

findings showed that IFT88 knockdown led to a significant increase in hASC proliferative 

activity, suggesting the ciliary activity of IFT88 is likely acting in the process of cell cycle 

progression (Figure 4.5).  
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Interestingly, IFT88 knockdown of osteogenically differentiated hASC also conferred 

significant downregulation of Runx2 and BMP-2 gene expression, which are early and 

intermediary markers for osteogenesis (Figure 4.6a,c). The Runx2 result was consistent with 

previous work in MSC demonstrating IFT88 knockdown disrupted MSC osteogenesis as 

indicated by diminished Runx2 expression (41). BMP-2 gene expression is important in the 

process of wound healing and tissue remodeling in bone and interacts with Hedgehog, Wnt 

and TGF-β signaling - pathways that localize processes in the primary cilium (29, 98, 99). It 

follows that IFT88 knockdown disrupts gene expression of BMP-2 as the cilium structure is 

likely involved in BMP-2 signaling processes, which in turn affect hASC osteogenesis. 

Taken together these data indicate IFT88 may be an early modulatory switch dictating hASC 

to operate in either a proliferation signaling modality or the contrasting differentiation 

signaling modality. These findings hint that the function of IFT88 may be more dynamic than 

just regulating protein transport in the primary cilium, suggesting instead that it may also 

participate in the early stages of hASC fate determination. These findings are consistent with 

IFT88 studies in immortalized cell lines (100). 

While IFT88 knockdown confers early effects on hASC differentiation, disrupting 

early signals modulating osteogenic lineage commitment, PC1 and PC2 knockdown resulted 

in disruption of later markers of osteogenesis. Both PC1 and PC2 knockdown conferred a 

downregulation of alkaline phosphatase gene expression (Figure 4.6b) and end-product 

expression conferring a decrease in the endogenous alkaline phosphatase enzymatic activity 

(Figure 4.8). siRNA knockdown of cilia-specific PC1 and PC2 resulted in reduced calcium 

accretion (Figure 4.7), which is somewhat intuitive as PC1 and PC2 are thought to couple 



 

 70 

 

together forming a calcium channel (37). However, the PC1-PC2 complex is generally 

thought to be a stretch activated calcium channel, though the mechanistic function of the 

PC1-PC2 complex is a matter of debate (37, 101).  

In our static culture system, we have observed significant diminished cell-mediated 

calcium accretion with knockdown of PC1 (Figure 4.7b) and downregulation of osteocalcin 

gene expression at day 15 of differentiation (Figure 4.6d), which suggests that there is also a 

non-mechanical signaling component in the function of PC1. This finding is consistent with 

mouse model work showing heterozygous PC1 knockout mice embryos exhibit reduced bone 

mineralization (102). Osteocalcin is an osteogenic bone marker molecule, and its gene 

expression is typically upregulated in osteoblastic cell types (103). Secreted osteocalcin is 

known to closely associate with mineralized bone matrix, which supports the critical activity 

of PC1 in formation of an appropriate bone matrix as evidenced by calcium accretion and 

osteocalcin gene expression. Our data supports a similar global effect of PC1 knockdown 

within the static in vitro system. Taken together with other recent evidence, our findings 

suggest that PC1 may have multiple functions in the osteogenic differentiation process and, 

further, that its function is likely critical to the development of properly mineralized bone.  

In general, there was a greater qualitative difference in the alizarin red staining data 

than the quantitative data for calcium accretion, which may be attributed to variations in cell 

number, and/or differences in the assays (Figure 4.7). Though IFT88 knockdown did not 

significantly reduce the amount of calcium accreted, the quantitative trend followed with the 

staining, showing that knockdown of all three proteins may have an effect (Figure 4.7). This 

smaller quantitative change may also be attributed to siRNA knockdown efficiency. In a 
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stable knockdown model with complete abrogation of ciliary protein mRNA expression, we 

would potentially expect a more exaggerated difference between treatments.  

Our results diverge somewhat from what is reported in IFT88 knockdown by Pazour 

et al. showing a more severe cilium phenotype in Chlamydomonas and mice than our hASC 

using transient siRNA techniques (94). Their study used different model organisms and 

reported that Chlamydomonas IFT88 mutants did not exhibit an increase in proliferative 

activity, which is not consistent with the results in our model. Though cilia formation is 

disrupted in our IFT88 knockdown, it is by no means completely abrogated and this likely 

contributes to the differences between our findings and those of the Pazour et al. study. 

Increased endogenous alkaline phosphatase activity is a characteristic marker 

indicating development of a functional osteogenic phenotype. Knockdown of PC1, PC2 and 

IFT88 all conferred downregulated alkaline phosphatase gene expression after 10 day 

exposure to ODM, chemical osteogenic induction (Figure 4.6b). This data was further 

corroborated with the enzymatic activity of alkaline phosphatase, showing reduced activity in 

all three knockdown conditions (Figure 4.8). These findings support consistent observations 

in hASC osteogenesis in vitro and evidence of disrupted skeletogenesis in heterozygous 

mouse embryo knockouts (102). 

To summarize our findings, we established the relative temporal activities of PC1, 

PC2 and IFT88. We generalized that IFT88 activity was critical in earlier stages of hASC 

lineage specification processes (Figure 4.5, Figure 4.6), whereas PC1 and PC2 activity 

affected later stages of hASC osteogenic phenotypic development. Osteogenic transcription 

factor Runx2 and Hedgehog related osteogenic signaling molecule BMP-2 gene expression 
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were sensitive to IFT88 knockdown. PC1 and PC2 activity specifically affects intermediary 

and later gene expression markers of hASC osteogenesis (Figure 4.6). In particular, PC1 

appeared to be critical for later functional hallmarks of the osteogenic phenotype, affecting 

osteocalcin gene expression (Figure 4.6d) and conferring effects at the level of end product 

expression – calcium accretion and alkaline phosphatase activity (Figure 4.7, Figure 4.8). 

These data suggest that IFT88 may be a mediator between a proliferative signaling modality 

(Figure 4.5) and a differentiation signaling modality (Figure 4.6b,c), as its significant effects 

seem to occur at the early stages of differentiation. Further, PC1 is critical in the appropriate 

expression of end-product expression and the functional activity of osteogenic cells derived 

from hASC. 

This study temporally assayed a subset of typical hallmark osteogenic measures: 

endogenous alkaline phosphatase activity, upregulation of gene markers, morphological 

changes, and calcium accretion, but the techniques used in this study were by no means 

exhaustive. As seen from the mRNA data, each of these specific ciliary protein knockdowns 

temporally effects alterations in the osteogenic process. The calcium data, taken together 

with gene expression and alkaline phosphatase activity data suggest that PC1 is more 

critically involved in the later stages of osteogenesis, which provides a compelling 

explanation for its effect on calcium accretion. IFT88 is critical in the formation of the ciliary 

structure and significantly affects early lineage commitment signals. However, the cilium 

structure is by no means the only mediator of this process. Taken together our data imply that 

cilia-associated proteins are involved in the osteogenic process, and temporally IFT88 is a 
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mediator of early differentiation signals, while PC1 mediates later lineage commitment 

signals. 

Our results shed light on primary cilia-mediated aspects of hASC osteogenesis. We 

have established the presence of primary cilia on hASC cell populations and have uncovered 

primary cilia and its key associated proteins are linked to determining hASC phenotype. 

Additionally, we have demonstrated that primary cilia play a role in controlling hASC 

proliferation and thus may also be involved in regulating cell proliferation/cell cycling 

activity of this cell population. We have established that primary cilia-associated proteins 

PC1, PC2 and IFT88 all have a chemosensitive role in mediating hASC differentiation and 

propose that they are critically active proteins in this process, despite their unchanged level 

of gene expression.  

To mechanistically understand PC1, PC2 and IFT88’s mode of action, an extensive 

protein study tracking protein localization, pathway activity and post-translational 

modifications throughout hASC differentiation should be pursued. While exploring 

mechanistic cilium mediated signaling is important and interesting, the focus and scope of 

this study was to initially identify whether the cilium was affecting hASC osteogenesis, and 

to investigate how ciliary proteins affect typical hallmarks of differentiation in the context of 

regenerative medicine applications. As the primary cilium is emerging as a critical organelle 

that modulates a number of signaling and tissue homeostasis properties, we aimed to 

understand if they were players in hASC osteogenesis. Our ongoing and future work will 

explore the more intimate mechanisms of cilia modulated hASC differentiation, by means of 

investigating pathways such as PDGF, Hh and Wnt signaling, known to be important in 
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processes of lineage commitment and localized to the primary cilium. Additionally, a further 

extension of this work will include incorporation of mechanical stimulation to enhance 

osteogenesis as all three of these cilia proteins also exhibit mechanosensitivity as 

chemosensitivity is only part of the story (38, 95, 101).  

  This work is the first step to understanding the intricacies of primary cilia function in 

hASC differentiation in order to better harness hASC potential for creating bone tissue 

replacements. This is the first study to demonstrate that primary cilia play an important role 

in chemically mediated osteogenic differentiation of hASC. 

4.5 Conclusion 

We have conclusively demonstrated that primary cilia are present on hASC and that 

three of their key structural/functional proteins are critical in hASC osteogenic lineage 

specification. Primary cilium morphology changes with respect to chemically induced 

changes in cell phenotype. Specifically, we have shown that osteogenically differentiated 

hASC exhibit longer cilia than hASC cultured in basal growth media. Our study is the first to 

show that IFT88 is likely an early mediator controlling the switch between a proliferative 

stem cell phenotype and a committed osteogenic phenotype in hASC. We have also 

demonstrated that PC1 plays a particularly important role in osteogenic end product 

expression and is critical in developing truly functional osteogenic-like tissue. Taken 

together, the results from this study indicate that the structure of the primary cilium is 

intimately associated with the process of hASC osteogenic differentiation and that its 

associated proteins are critical players in this process. Elucidating the dynamic role of the 

primary cilium and its associated proteins will help advance the application of hASC in 
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generating autologous tissue engineered therapies for the potential treatment of critical defect 

bone injuries. 

4.6 Summary 

Adipose-derived stem cells (ASC) are multipotent stem cells that show great potential as a 

cell source for osteogenic tissue replacements and it is critical to understand the underlying 

mechanisms of lineage specification. Here we explore the role of primary cilia in human 

ASC (hASC) differentiation. This study focuses on the chemosensitivity of the primary 

cilium and the action of its associated proteins: polycystin-1 (PC1), polycystin-2 (PC2) and 

intraflagellar transport protein-88 (IFT88), in hASC osteogenesis. To elucidate cilia-

mediated mechanisms of hASC differentiation, siRNA knockdown of PC1, PC2 and IFT88 

was performed to disrupt cilia-associated protein function. Immunostaining of the primary 

cilium structure indicated phenotypic-dependent changes in cilia morphology. hASC cultured 

in osteogenic differentiation media yielded cilia of a more elongated conformation than those 

cultured in expansion media, indicating cilia-sensitivity to the chemical environment and a 

relationship between the cilium structure and phenotypic determination. Abrogation of PC1, 

PC2 and IFT88 effected changes in both hASC proliferation and differentiation activity, as 

measured through proliferative activity, expression of osteogenic gene markers, calcium 

accretion and endogenous alkaline phosphatase activity. Results indicated that IFT88 may be 

an early mediator of the hASC differentiation process with its knockdown increasing hASC 

proliferation and decreasing Runx2, alkaline phosphatase and BMP-2 mRNA expression. 

PC1 and PC2 knockdown affected later osteogenic gene and end-product expression. PC1 

knockdown resulted in downregulation of alkaline phosphatase and osteocalcin gene 
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expression, diminished calcium accretion and reduced alkaline phosphatase enzymatic 

activity. Taken together our results indicate that the structure of the primary cilium is 

intimately associated with the process of hASC osteogenic differentiation and that its 

associated proteins are critical players in this process. Elucidating the dynamic role of the 

primary cilium and its associated proteins will help advance the application of hASC in 

generating autologous tissue engineered therapies in critical defect bone injuries. 
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CHAPTER 5 Examining the Phenotypic-dependent 

Effects of Cyclic Tensile Strain on Primary Cilia in 

Adipose-derived Stem Cells.  

This chapter is in preparation for submission to the Journal of Cell Science. 
 

5.1 Introduction 

Human adipose-derived stem cells (hASC) are a multipotent stem cell type that can 

be easily isolated from excess fat tissue. Due to their ability to differentiate along a variety of 

mesenchymal lineages, they are being actively explored for their potential use in a wide 

range of tissue engineering and regenerative medicine therapeutics (1, 2, 104). However, 

many of the underlying mechanisms of hASC lineage specification have yet to be elucidated.  

hASC are capable of differentiating into adipogenic, osteogenic, chondrogenic, 

vasculogenic and myogenic lineages (1, 2, 11, 105). Specific combinations of chemical, 

mechanical and environmental factors are known to induce hASC differentiation towards 

these various cell phenotypes (1-3). Previous work from our group and others has shown that 

physiologically relevant mechanical stimulation can enhance hASC lineage specification (15, 

97, 105-107); this phenomenon is particularly observed when directing hASCs towards 

musculoskeletal cell phenotypes, which have a largely mechanical function in vivo. More 

specifically, we have shown that hASCs exhibit enhanced osteogenic differentiation when 



 

 78 

 

cultured under 10% cyclic tensile strain and osteogenic differentiation media (ODM), as 

compared to hASCs cultured in ODM in static culture (108). Other groups have reported an 

enhanced osteogenic phenotype in hASC when cultured under fluid flow conditions (97). 

Further, this mechanically controlled phenotypic development has also been observed in 

hASC-derived chondrogenic (106) and myogenic lineages (105). 

The mechanisms behind mechanical sensing and signal transduction have been 

investigated, and these studies have largely implicated the cytoskeleton along with cell-cell 

and cell-matrix interactions as sensors and effectors of mechanical stimuli (109). We propose 

that the primary cilium may be another important cell structure involved in this process. 

Primary cilia are known to act as mechanosensors in bone and kidney epithelial cells when 

exposed to fluid shear (54), and are also known to change their length in response to their 

mechanical environment in tendon explants (70). 

Primary cilia are non-motile cilia, and they can be observed on nearly every 

mammalian cell type at some point during the cell cycle. The primary cilium emanates from 

the basal body, formed by the centriole, and it is composed of nine microtubule doublets 

arranged in a 9+0 configuration, with nine concentric tubulin doublets forming the axoneme 

of the cilium. Primary cilia are structurally distinct from motile cilia (9+2), which are present 

in the mucosal epithelial layers of tissues such as the lung and intestinal tract and have a 9+2 

microtubule configuration with a pair of microtubules in the center of the axoneme. Previous 

work from our group has shown that hASC express primary cilia on anywhere from 20 to 

65% of their cell population, depending on confluency (71). Further, we have shown that the 

expression of cilia-associated proteins PC1 and IFT88 plays an important role in the 
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osteogenic differentiation capacity of hASC (71). Under chemically-induced osteogenic 

differentiation, knockdown of PC1 and IFT88 conferred a reduction in hASC osteogenic 

differentiation. These data implicate primary cilia as chemosensitive cell organelles. 

During the process of cell lineage specification, cells change and reorganize their 

cytoskeleton, thus changing their cell morphology to be characteristic of a particular 

phenotype (110). In in vitro model systems, physically controlling cell morphology also 

modulates phenotypic specification in human mesenchymal stem cells (hMSC) and adipose-

derived stem cells (hASC) (66, 111). Moreover, applying mechanical stimulation to stem 

cells effects changes in lineage commitment signals, often enhancing chemically induced 

phenotypes (14, 97, 112). The primary cilium is somewhat contiguous with the cytoskeleton 

via the docking of the centrosome at the apical surface of the cell (33), so it follows that the 

cilium structure itself may be sensitive to morphological changes effected by cytoskeletal 

reorganization in response to mechanical cues. Conversely, the cilium structure is known to 

be a mechanosensing organelle in many tissues, and in the case of stem cell differentiation, it 

may play a role in facilitating the mechanically-induced cytoskeletal reorganization.  

Based on our previous work, we have established that primary cilia-associated 

proteins are involved in hASC osteogenic differentiation (71) and that tensile strain enhances 

hASC osteogenesis (15, 113). We hypothesize that the mechano-active primary cilium may 

be a critical structure in this process. We postulate that the cilium structure is intimately 

involved in lineage specification processes and that it dynamically modulates and/or is 

modulated by chemically- and mechanically-induced hASC differentiation. 
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5.2 Materials and Methods 

5.2.1 Cell Isolation and Expansion 

Human adipose-derived stem cells (hASC) were obtained from waste adipose tissue 

derived from anonymous patients undergoing elective abdominoplasty surgeries (IRB 

exemption protocol #10-0201), at University of North Carolina hospitals (Chapel Hill, NC). 

All data were analyzed anonymously and the only patient information obtained included age, 

sex and ethnicity. The Office of Human Research at UNC hospitals deemed that this study 

does not constitute human research, “as defined under federal regulations [45 CFR 46.102 (d 

or f) and 21 CFR 56.102(c)(e)(l)] and does not require IRB approval.” Isolation of hASC was 

performed according to previously established protocols from our lab (7), adapted from 

methods initially reported by Zuk et al. (2). Once isolated, hASC obtained from 

approximately 50 g of tissue were allowed to propagate in culture in complete growth 

medium (CGM) until they reached ~80% confluency (or up to two weeks). CGM contained 

Eagle’s Minimum Essential Medium, alpha-modified, supplemented with 10% fetal bovine 

serum, 2 mM L-glutamine, 100 units/ml penicillin and 100 µg/ml streptomycin. The hASC 

were then trypsinized and frozen down at passage 0 (p0). All hASC used in these 

experiments were passage 4 or lower and were derived from three female donors (ages 47 – 

55 years).  

5.2.2 Culture and Differentiation Under Cyclic Tensile Strain.  

hASC were cultured in Bioflex plates (Flexcell International, Hillsborough, NC) that 

contained a culture surface composed of collagen I-coated silicone membranes. The hASC 
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were cultured under both static and dynamic growth conditions. hASC cultured under 

mechanical stimulation were exposed to 10% cyclic tensile strain at 1Hz, for 4 hours/day. In 

addition to the mechanical stimulation, they were cultured in three different media: complete 

growth media (CGM), osteogenic differentiation media (ODM) and adipogenic 

differentiation media (ADM). ODM contained complete growth medium with the addition of 

50 µM ascorbic acid, 0.1 µM dexamethasone, and 10 mM β -glycerolphosphate. ADM 

contained the aforementioned CGM supplemented with 1 µM dexamethasone, 5 µg/ml 

insulin, 100 µM indomethacin and 500 µM isobutylmethylxanthine. hASC were cultured in 

all media formulations both with and without tensile strain as indicated in the schematic 

(Figure 5.1). 

5.2.3 Visualization of hASC - Phase Contrast Microscopy 

 hASC cultures were monitored using phase contrast microscopy throughout the 

duration of the culture/differentiation period for up to three weeks. Images were collected at 

day 14 of culture to record morphological changes in cell phenotype based on media 

formulation and culture environment. Phase contrast microscopy allowed for detection of cell 

morphology, orientation, deposition of extracellular calcium crystals and formation of lipid 

vacuoles.  

5.2.4 RNA Extraction and Gene Expression Analysis 

Quantitative RT-PCR analysis was used to determine the relative mRNA expression 

levels of lineage specific gene markers for osteogenesis (Runx2, BMP-2, Alk Phos) and 

adipogenesis (ppar-γ and LPL). RNA cell lysate samples were collected following 24 and 72 
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hours in culture. Lysates were run through a Qiashredder column (Qiagen, Valencia, CA) at 

15,000g for 2 minutes to homogenize samples. Total RNA was extracted using the RNeasy 

Mini Kit (Qiagen, Valencia, CA). RNA concentrations were measured using a NanoDrop 

spectrophotometer (Thermo Scientific, Wilmington, DE). To synthesize first strand cDNA, 

110 – 600 ng of RNA in a 21 µL reverse transcriptase (RT) reaction was used with the 

Superscript III RT with oligo(dT) primers kit (Invitrogen, Carlsbad, CA). Taqman Gene 

expression assays with pre-determined primer-probe sets were used to amplify diluted (1:1) 

cDNA (Assays-on-Demand, Applied Biosystems, Foster City, CA). All gene expression 

profiles were normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT) (Assay 

Hs02800695_m1) in an ABI Prism 7000 system (Life Technologies, Grand Island, NY).  

5.2.5 Immunostaining  

hASC were fixed in 10% formalin for 15 minutes. Following fixation, cells were 

blocked with a 0.2% Triton X-100/5.0% BSA stock solution for 40 minutes in the twelve 

well plates on a shaker table. Following blocking, the coverslips were incubated in 

humidified chambers with the primary antibody solution, containing primary mouse 

monoclonal acetylated α-tubulin antibody (diluted 1:100) (Sigma) or rabbit polyclonal Runx2 

primary antibody (1:50) (Abcam), 0.2% Triton X-100, and 0.5% BSA. The cells were then 

incubated in the humidified chambers overnight at 4°C. 

Samples were rinsed 3 times in PBS for five minutes each on a shaker table and then 

incubated in the secondary antibody (1:500), phalloidin 594 (Molecular Probes) (1:500) and 

DAPI (1:500) stain solutions. A chicken anti-mouse secondary was used against the mouse 
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acetylated α-tubulin primary, and goat anti-rabbit secondary was used against the rabbit 

primary. The samples were incubated for 3 hours at room temperature. Following the 

secondary incubation, the samples were rinsed three final times, and the PBS and excess 

liquid was blotted using a kimwipe in preparation for mounting. Prolong Gold Mounting 

Media (Molecular Probes) was used to mount the samples and slides were allowed to dry in 

the dark for 24 hours prior to imaging. 

5.2.6 Categorical Analysis of Cilia Conformation and Cell Morphology 

ImageJ software (National Institutes of Health, Bethesda, MD) was used to 

quantitatively analyze variations in frequency of cilia expression, cilia conformation, cilia 

length, cilia orientation, cell aspect ratio and cell orientation in static and actively strained 

hASC in 2D culture. Relative fluorescence was correlated with quantified cell and cilia 

morphological changes to determine the relationship between morphology and level of 

marker expression. Additionally, we adapted a method described by Gardner et al. to 

categorically analyze cilia conformation and parse out changes in cilia structure following 

culture in various differentiation media (70). For each condition n > 300 cells. 

5.2.7 End-Product Expression 

 Alkaline phosphatase activity and lipid accumulation were used to analyze end-

product expression for evidence of osteogenesis and adipogenesis, respectively. After 14-16 

days of culture in osteogenic differentiation media and/or 10% cyclic tensile strain (1 Hz, 4 

hours/day), the ELF® 97 phosphatase substrate assay (Life Technologies, Grand Island, NY) 

was used to visualize localized alkaline phosphatase activity, following 10% formalin 
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fixation and permeabilization in 5% bovine serum albumin (BSA), with 0.2% Triton-X-100. 

Analysis of alkaline phosphatase activity was done using an ELF filter cube on an 

epifluorescent microscope (Leica Microsystems, Buffalo Grove, IL). Lipid accumulation was 

measured using a colorimetric adipogenesis absorbance assay (Biovision, Milpitas, CA) 

quantifying triglyceride content. Following culture in adipogenic differentiation media for 

14-16 days, cells were scraped in 200 µL lipid extraction buffer (Biovision, Milpitas, CA), 

collected into microfuge tubes, incubated at 90-100°C for 30 minutes on a heat block, and 

then stored at -30°C. The lysate was then thawed and spun down at 1000 rcf for 2 minutes, 

and the supernatant was transferred to a new tube to eliminate debris that could interfere with 

absorbance readings. The sample was then diluted 1:1 with adipogenesis assay buffer 

(Biovision, Milpitas, CA) and 50 µL of each lysate was prepared according to the 

manufacturer’s protocol. Briefly, the 50 µL sample was combined with 46 µL adipogenesis 

assay buffer, 2 µL Adipogenesis Probe (Biovision, Milpitas, CA), and 2 µL Adipogenesis 

Enzyme Mixture (Biovision, Milpitas, CA). Absorbance was read using a 96 well plate on a 

Tecan Microplate Reader (Tecan Group Ltd, Switzerland) using MagellanTM Data Analysis 

Software (Tecan Group Ltd, Switzerland) at a wavelength of 570 nm. Adipogenesis 

measurements were normalized to protein content using a colorimetric bicinchoninic acid 

(BCA) absorbance assay (Thermo Scientific Pierce, Rockford, IL). Remaining adipogenesis 

samples were processed according manufacturer’s protocol for the BCA assay and samples 

were read at a wavelength of 560 nm. 
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5.3 Results 

 When cultured in complete growth media (CGM), osteogenic differentiation media 

(ODM) and adipogenic differentiation media (ADM) over the course of 14 days, hASC begin 

to alter their cell morphology as they assume a committed cell phenotype (Figure 5.1). In 

CGM, expansion media devoid of additional chemical inducers of differentiation, hASC 

orient randomly in a multitude of directions as they grow; however, with the addition of 

mechanical stimulation in the form of 10% cyclic tensile strain (1 Hz, 4 hours/day) hASCs 

Figure 5.1 hASCs exhibit different cellular morphology in response to both chemical and mechanical 
stimulation. hASCs cultured under CGM (a,d), ODM (b,e) and ADM (c,f) for 14 days either in static 
culture (a-c) or under 10% cyclic tensile strain (4 hours/day, 1Hz) (d-f). Accumulation of calcium 
deposits indicates osteogenic differentiation in both static and strain osteogenic hASCs (b,e). Lipid 
droplets indicate adipogenesis in both static and strained adipogenic hASCs (c,f). No demarcated 
evidence of differentiation is observed in CGM, however all hASC exposed to strain tend to align 
perpendicular to the axis of strain (d-f). 
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tend to align roughly perpendicular to the axis of strain (Figure 5.1). This cell orientation was 

consistent with cells cultured in ODM and ADM under strain, with all cell types 

demonstrating a proclivity to orient perpendicular to the axis of strain. Under static culture 

conditions osteogenic hASC show evidence of calcium accretion, as visualized by deposited 

calcium over the monolayer cell surface (Figure 5.1). When osteogenic hASCs are cultured  

under cyclic tensile strain, they appear highly oriented perpendicular to the axis of strain and 

the cells assume a very elongated morphology compared to undifferentiated hASCs and 

hASCs cultured in ODM without strain. Osteogenic hASCs exposed to strain also exhibit 

calcium deposition; however, the crystal formations tended to be smaller and more dispersed 

Figure 5.2 Expression of osteogenic and adipogenic gene markers PPARG and RUNX2 
following 3 days of culture in CGM, ODM and ADM with and without mechanical stimulation of 
cyclic tensile strain. At day 3 strain moderately downregulates PPARG in adipogenic hASCs (a) 
and moderately upregulates RUNX2 expression in osteogenic hASC (b). It also downregulates 
baseline PPARG expression levels in osteogenic hASCs (c). n=3, Error bars represent SEM. 
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(Figure 5.1). Adipogenic hASCs tend to assume a more rounded cell phenotype, indicative of 

osteogenic differentiation, and show evidence of adipogenesis via the accumulation of lipid  

vacuoles within the cells. Interestingly, strain tended to encourage a slightly more elongated 

cell morphology than in adipogenic cells cultured in static culture; strain resulted in fewer 

cells expressing lipid vacuoles (Figure 5.1).  

In light of these general observations, we then examined peroxisome proliferator-

activated receptor gamma (PPAR-γ) and runt-related transcription factor-2 (RUNX2), early 

gene expression markers upregulated in osteogenesis and adipogenesis, respectively. As 

expected, expression of PPAR-γ and RUNX2 genes were upregulated under ADM and 

Figure 5.3 Gene expression of cilia-associated genes IFT88 (top row) and PC1 (bottom) following 3 
days of culture. Strain upregulates cilia-associated gene expression in undifferentiated hASCs and 
osteogenic hASCs, but downregulates cilia-associated gene expression in adipogenic hASCs. n=3, 
Error bars represent SEM, * p < 0.05. 
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ODM, respectively (Figure 5.2a-b). hASCs cultured under cyclic tensile strain conferred a 

slight downregulation of PPAR-γ in ADM and a slight upregulation of RUNX2 gene 

expression however the change was not significant after only 3 days of exposure to strain. 

Intriguingly, PPAR-γ expression in osteogenically differentiated cells was significantly 

downregulated in response to strain, restoring expression to the levels of non-stimulated 

hASCs (Figure 5.2c).  

Figure 5.4 Primary cilia expression in differentiating hASCs at day 3 (a-c) and day 14 (d-f) of culture. 
Primary cilia exhibit variation in their expression frequency, length and conformation temporally throughout 
the differentiation process amongst different lineages. hASC cultured in CGM (a,d), hASC cultured in ODM 
(b,e), hASCs cultured in ADM (c,f). Scale bar = 25 µm. 
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To determine whether cilia function varied under exposure to cyclic tensile strain 

under differing types of chemical induction media, we analyzed the gene expression of cilia-

associated proteins IFT88 and PC1, known mediators of hASC osteogenesis. We found that 

after 3 days of culture, PC1 and IFT88 were 

upregulated with exposure to strain in cells 

cultured in both CGM and ODM. In contrast, the 

opposite was true for cells cultured in ADM, with 

strain conferring a reduction in IFT88 and PC1 

gene expression (Figure 5.3). Taken together, this 

suggests that primary cilia exhibit a differential 

response to their surrounding mechanical 

environment depending on cell phenotype.  

To explore this concept further, we 

examined changes in cell morphology and 

primary cilia expression following 3 days and 14 

days of culture under differing conditions (Figure 

5.4). We observed qualitatively that 

morphological changes in response to chemically-

induced differentiation were concomitant with 

changes in cilia expression. Fewer cilia appeared 

to be expressed in hASC cultured in expansion 

media; however, there was an increase in cilia expression with increasing osteogenic 

Figure 5.5 Categorical analysis of 
primary cilia. Examples of cilia 
conformation frequently observed under 
immunofluorescence. Doublets stained 
with acetylated tubulin are quantified, but 
excluded from cilia frequency analysis as 
they are generally thought to be 
cytokinetic bundles, not cilia. 
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differentiation, and assumption of an osteogenic cell morphology. Further, adipogenic cells 

appeared to express elongated cilia at day 3 of culture in ADM, with shorter and potentially 

fewer cilia as the cells progressed towards a more committed adipogenic phenotype after 14 

days of culture (Figure 5.4).  

Following our 

qualitative analysis of primary 

cilia in hASC cultured under 

different media conditions, we 

adapted from Gardner et al. a 

semi-quantitative categorical 

analysis approach to analyze 

changes in cilia conformation 

(70). We used this analysis to 

visualize the distribution of 

cilia conformations present in 

each culture condition (Figure 

5.5). When quantifying cilia conformation following three days under expansion, adipogenic 

or osteogenic differentiation media, we found distinct differences in the cilia expressed on 

each hASC phenotype (Figure 5.6). Interestingly, adipogenic media resulted in the most 

variety in the distribution of cilia shapes, though this may be due to the elongated cilia 

structure being more prone to bending (Table 5.1). When considering the mechanosensitive 

Figure 5.6 Analysis of the cilia conformation following 3 days 
of culture under expansion medium (CGM), adipogenic 
differentiation medium (ADM) and osteogenic differentiation 
medium (ODM). Distribution of cilia conformation varies 
based on chemical stimulation and may be phenotype-specific. 
n>300 cells. 
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properties of the primary cilium, it is 

important to consider the length and shape of 

the mechanosensor because that effectively 

changes the forces experienced by the 

structure.  

We next aimed to determine whether 

the effect of mechanical stimulation observed 

in cilia-associated gene expression reflected 

the overall level of cilia expression. In fact, we found that cilia expression increased with 

strain in hASC in CGM, but fewer cilia were observed in hASC cultured in ODM (Figure 

5.7a-g). In the adipogenic condition, cilia remained elongated both in static culture and under 

cyclic tensile strain, but we observed that ciliated cells in ADM appeared less adipogenic 

than non-ciliated cells. Further, it appeared that strain allowed for cilia expression to persist 

(Figure 5.7c,f).  

A more in-depth analysis of hASC conformation revealed an inverse relationship 

between cell spreading and cilia length in the static culture environment (Figure 5.8a,b). 

Interestingly, cilia appear to align closer to the long axis of the cell when osteogenic and 

adipogenic hASC were cultured under strain; however, the opposite was the case for hASC 

grown in expansion media (Figure 5.8c). In support of the gene expression data, we found 

that nuclear Runx2 protein expression qualitatively appeared upregulated with culture in 

ODM under cyclic tensile strain (Figure 5.9a,b). 

Table 5.1 A summary of apparent ciliary length 
as measured on immunofluorescent images. 
n>300 cells. 
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Figure 5.7 Primary cilia expression following 3 days of culture under CGM (a,d), ODM (b,e) and 
ADM (c,f) on hASCs exposed to static culture (a-c) or mechanical stimulation in the form of 10% 
cyclic tensile strain (4hours/day, 1 Hz) (d-f). Scale bar = 25 µm. Cilia frequency of expression and 
distribution of conformations in culture were analyze semi-quantitatively using the aforementioned 
categorical shape analysis (g). 
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Additionally, adipogenesis is suppressed with exposure to cyclic tensile strain following 14 

days of culture in adipogenic media (Figure 5.9c).  

5.4 Discussion  

 Within mesenchymal and adipogenic stem cell types, adipogenesis is generally 

thought to be at odds with osteogenesis because each lineage results in cell types with very 

different physiologies. This theory of stem cell differentiation is somewhat supported by the 

signaling pathways involved in phenotypic differentiation, suggesting that adipogenic cell 

Figure 5.8 Semi-quantitative analysis of cilia and cell morphology under different chemical and mechanical 
culture conditions. Average cilia length was calculated for each media type, with and without strain (a). 
Angle of the primary cilia compared to the long axis of the cell body was measured to determine ciliary 
alignment (b). Cell adhesion and spreading were quantified by measuring cell area (c). 
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types are mutually exclusive with osteogenic cell types when undergoing these lineage 

commitment processes (114).We hypothesized that strain may contribute to separating the 
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Figure 5.9 Osteogenic factors are upregulated under exposure to cyclic tensile strain and adipogenic 
factors are suppressed under exposure to strain. Runx2 nuclear expression in hASCs in ODM (a,b) under 
static culture (a) and dynamic culture under cyclic tensile strain (b) at 3 days. Lipid accumulation is 
suppressed in hASCs cultured under adipogenic media and cyclic tensile strain for 14 days (c). Scale bar 
= 25 µm. n=3, Error Bars represent SEM, * p < 0.05. 
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two lineages further; that is to say that strain not only enhances osteogenesis of hASCs (15), 

but also may suppress inherent adipogenic signals. Studies in in vivo and cell models other 

than hASCs suggest that mechanical stimulation likely suppresses adipogenesis (115-117), 

but it is unclear whether a specific stimulation modality and/or magnitude optimally inhibits 

adipogenesis.  

 Through our baseline analysis of hASC differentiation in CGM, ODM and ADM with 

and without strain, we observed stark differences between cell morphology in hASCs 

cultured in a static environment and those cultured under 10% cyclic tensile strain (1 Hz, 4 

hours/day) (Figure 5.1). There was evidence of osteogenic and adipogenic differentiation in 

both the static and strained cultures after 14 days; however, the hASC tended to orient 

perpendicular to the axis of strain, whereas non-mechanically stimulated cells exhibited a 

more random organization pattern (Figure 5.1). This result is consistent with other studies on 

fibroblasts and cyclic tensile strain (118), suggesting that a realignment of the actin 

cytoskeleton perpendicular to the axis of strain prevents disruption of the internal tension 

within the cytoskeleton (119). Further, in the strained, adipogenically differentiated cells, 

fewer cells appeared to accumulate lipid vacuoles than did adipogenically differentiated 

hASCs in static culture. This qualitative observation was the first sign that cyclic tensile 

strain may have an inhibitory effect on hASC adipogenesis, separate from our previous 

findings in hASC and hMSC osteogenesis (14, 15, 112).  

To determine the temporal effect of strain, we analyzed early gene markers for 

osteogenesis and adipogenesis at day 3 (Figure 5.2a). PPAR-γ, a gene marker for 

adipogenesis, was very moderately downregulated in adipogenic hASCs under tensile strain, 
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consistent with trends observed in adipogenic hASCs at day 14 in culture. Likewise, 

expression of the osteogenic gene marker RUNX2 exhibited a moderate increase in 

expression in osteogenic hASCs under strain, consistent with the trends in Figure 1 and our  

previously published work on strain mediated osteogenesis (Figure 5.2b). Unexpectedly, 

PPAR-γ expression in osteogenically differentiated hASCs was significantly downregulated 

following 3 days of culture under 10% cyclic tensile strain (1 Hz, 4 hours/day) (Figure 5.2c). 

This finding suggests that mechanical stimulation via tensile strain may not simply enhance 

osteogenic signals but rather may be inhibiting the baseline adipogenic signals present, 

allowing for the osteogenic signals to have a greater effect on determination of hASC 

phenotype.  

Our previous work in hASC strain-mediated osteogenesis(15) and the role of the 

primary cilia in osteogenesis (71) provided the impetus to explore the role of the primary 

cilium as a potential mechanosensor. Following daily exposure to cyclic tensile strain and 3 

days of stimulation in differentiation medium, we analyzed the gene expression of cilia-

associated proteins IFT88 and PC1, which are known to be involved in hASC osteogenesis 

(Figure 5.3). We found that both PC1 and IFT88 were upregulated under strain in 

undifferentiated hASCs and osteogenically differentiated hASCs, while adipogenically 

differentiated hASCs exhibited the opposite affect (Figure 5.3). These inversely-related cilia 

gene expression findings suggest that the primary cilia may differentially sense the 

surrounding mechanical environment based on cell phenotype, in part validating their 

phenotype-specific function (Figure 5.3).  
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To analyze further the primary cilium structure in differentiated hASCs, we used 

immunostaining to characterize the level of cilia expression and length of cilia elongation for 

each media type after 3 and 14 days of culture (Figure 5.4). Our immunofluorescent results 

illustrated stark differences in cilia expression amongst committed cell types concomitant 

with changes in overall cell morphology over time in culture (Figure 5.4). Very few studies 

have explored changes in cilia with phenotype, however a study by Nathwani et al. observed 

changes in cilia length and presumed reductions in cilia rigidity in human induced pluripotent 

stem cells (iPSCs) derived from fibroblasts (120), thus indicating that changes in cilia 

structure can change with phenotype. Further, another study on Bardet-Biedl syndrome 

proteins revealed that pre-adipocytes transiently express primary cilia during the 

adipogenesis process, yet they lose their cilia upon terminal differentiation (31). The findings 

of that study were consistent with our observations of cilia on hASCs undergoing adipogenic 

differentiation (Figure 5.4). 

In our observations of cilia expression lengths varying with changes in cell 

phenotype, we noted that cilia tended to present in a variety of shapes. We adapted a semi-

quantitative categorical analysis approach from a report by Lavagnino et al. to analyze 

differences in cilia shapes among differing cell populations (Figure 5.5) (121). In quantifying 

the cilia conformations observed on hASCs cultured in expansion media, adipogenic 

differentiation media and osteogenic differentiation media for 3 days, we found that each 

phenotypic population had a distinctly different distribution of cilia conformations (Figure 

5.6). Adipogenic hASCs had a stark change in the distribution of cilia shapes within the cell 

population, exhibiting a relatively higher percentage of cells in curved or bent conformations 
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(Figure 5.6). This is likely related to the increase in average length of adipogenic hASC cilia 

(3.14 µm  ±1.56) as compared to cilia observed in hASCs cultured in CGM (1.43 µm  ±0.45) 

or ODM (1.38 µm  ±0.49) (Table 5.1), as the longer cilia may be more susceptible to 

bending. This may also be due to changing mechanical integrity of the cilia and a reduction 

in cilia rigidity, as proposed in an iPSC study categorizing changes in cilia morphology with 

fibroblast reprogramming (120).  

Extending this analysis further, we examined cilia expression and conformation in 

hASCs cultured on the collagen I-coated silicone membranes of Bioflex plates, comparing 

the effects of strain on each hASC phenotype (Figure 5.7). Strain appeared to not only affect 

the morphology of each specified cell type but also affect the level of cilia expression. In 

hASC cultured in CGM for 3 days, strain appeared to increase the number of cells expressing 

cilia, though it is unclear why this is the case. It may be related to strain itself signaling the 

hASC to assume a more committed phenotype, so that as the proliferative signaling is 

quieted, the cilia simply elongate due to a level of quiescence. Osteogenically differentiated 

hASCs expressed the highest percentage of cilia in static culture, though a smaller proportion 

of osteogenic hASCs expressed cilia under strain (Figure 5.7b, e, g). This finding is 

consistent with observations in tendon explants and supports the idea of the “stress 

deprivation paradigm,” which states that in the absence of mechanical stimulation, cilia 

lengthen, and in the presence of strain, the ciliary axoneme is shortened or resorbed (70).  

In adipogenically differentiated hASC, there was a moderate decrease in the 

percentage of cells expressing primary cilia following exposure to strain; however, the effect 

was much more muted than that observed in the osteogenic phenotype (Figure 5.7). Further, 
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it appeared that elongated cilia persisted in strained hASCs in ADM more so than in those in 

ODM. This resulted taken together with the idea that differentiating hASCs transiently 

express elongated cilia in the pre-adipocyte stage (31), suggests that strain may be delaying 

the temporal stages of adipogenesis. This question could be further addressed by analyzing 

the effects of strain on hASCs cultured in ADM at a later time point than 3 days to determine 

whether cilia persist for a longer amount of time than those in static adipogenic culture. 

A more in-depth morphometric analysis revealed interesting lineage-specific trends in 

cilia conformation as well as global trends in cilia expression (Figure 5.8a). In general, we 

found that hASC grown in CGM on Bioflex plates tended to have the shortest average cilia 

length but showed a slight increase in average length with exposure to cyclic tensile strain. 

Adipogenic cells exhibited a similar trend with a slightly higher average cilium length under 

cyclic tensile strain. We hypothesize that this may occur because strain prolongs the ciliated 

pre-adipocytic phenotype, delaying progression into the lipid-filled adipocyte. However, this 

contrasts the frequency of cilia expression results in Figure 5.7, which shows a slight 

reduction in the percentage of ciliated adipogenic hASC. This disparity may be explained by 

the heterogeneous cell population which comprises hASCs. A subset of the population may 

be more mechanosensitive, and thus these remaining hASCs persistently express elongated 

cilia under strain. Future studies focused on enriching specific hASC subtypes may help tease 

out these differences; however, our cilia data (Figure 5.7-5.8) still support the notion of 

lineage-specific mechanosensitivity.  

Osteogenic hASCs were the longest cilia in static culture but exhibited axonemal 

shortening under cyclic tensile strain, consistent with the aforementioned stress deprivation 



 

 100 

 

paradigm (Figure 5.8a). This paradigm is based on the principle that presumably a more 

extended cilium may detect smaller magnitude changes in the surrounding mechanical 

environment, and when larger magnitude mechanical forces are present, the cilium no longer 

requires such a large “lever arm” to sense mechanical signals (70). This explanation follows 

for mechanically sensitive tissue such as bone. However, these changes can also be explained 

through a cell physiology model, suggesting that strain confers changes in the ciliary 

signaling pathways such as hedgehog and therefore that the cell modulates cilia length to 

adjust hedgehog signaling activity (73). It is likely that both models are accurate and there 

may be both a mechanical and biochemical component to the lineage dependent response of 

cilia to their mechanical surroundings.  

In addition to length changes in the cilia, strain also tended to reduce the angle 

between the cilium and the long axis of the cell in hASCs cultured in ODM and ADM, 

suggesting the cilium was more apt to conform with cytoskeletal alignment in the presence of 

mechanical stimulation (Figure 5.8c). Cyclic tensile strain conferred the largest magnitude 

effect on ciliary alignment, reducing the average angle of cilia from the long access of the 

cell body from 60° to 37°. Osteogenic hASCs exhibited a modest 6° reduction in angle 

between the ciliary axoneme and the long axis of the cell, while osteogenic hASC cilia 

generally tended to align more closely with the axis of the cell. The alignment of 

undifferentiated hASCs exhibited an opposite effect in response to strain, with the angle 

between the ciliary axoneme and the long axis of the cell increasing by 17°. This trend is 

consistent with the increasing length of the cilium in hASCs grown in CGM exposed to 

strain, but it is difficult to speculate on the cause of this decrease in ciliary alignment. It is 
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possible that the mechanical rigidity of the cilium is changing along with phenotype, as 

predicted by both chemical and mechanical induction, and thus it is more susceptible to the 

bending influence of the tensile strain (120). Additionally, cytoskeletal and nucleoskeletal 

rigidity are both affected by lineage commitment (122, 123), though manipulating the 

mechanics of these structures can effectively change the mechanical properties of a cell and 

thus phenotype (111, 124). Because the basal body of the cilium is docked at the cell 

membrane, the cilium is contiguous with the cytoskeleton, and thus it follows that the rigidity 

of the cilium likely also changes with cytoskeletal tension. In the static culture condition, a 

clear inverse relationship between cell spreading and cilia length further supports the 

relationship between cytoskeletal tension and cilia expression, with cells with the lowest 

surface area expressing the longest cilia and vice versa (Figure 5.8a,c). This result is 

consistent with a study in retinal epithelial cells (RPE1 cells) showing that RPE1 cells 

cultured on harder substrates with larger surface areas expressed shorter and fewer cilia 

(125). Similarly, MSCs cultured on grooved substrates also expressed a higher average cilia 

length as compared to MSCs cultured on flat substrates. The grooved substrates confer a less-

spread conformation onto the cell and, thus, our observations are also consistent with the 

morphological findings of this study (126). 

Our results clearly indicated that both cyclic tensile strain and lineage specific 

chemical induction media can modify cilia expression along with lineage changes. Evidence 

from this study and previous work in our lab has established that cyclic tensile strain 

enhances osteogenesis, further supported by upregulation of Runx2 protein expression 

(Figure 5.9a-b). An analysis of lipid accumulation following 14 days of culture in adipogenic 
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induction medium with exposure to strain further confirms not only that osteogenesis is 

enhanced by cyclic tensile strain but also that adipogenesis is suppressed by strain (Figure 

5.9). hASCs are a multipotent lineage with a general proclivity to become either cell 

phenotype; however, adipogenesis and osteogenesis are considered to be orthogonal 

processes of differentiation. Based on this theoretical principle (114), it may be the case that 

cyclic tensile strain diminishes baseline adipogenic signals as much as it enhances osteogenic 

signals. This finding is in line with work done in pre-adipocytes, illustrating the impact of 

exposure to a compressive force for 12 hours on diminishing adipogenic differentiation 

(117). Our observations were also consistent with an in vivo mouse model study showing that 

MSCs in mice were less adipogenic when exposed to high frequency, low magnitude 

mechanical stimulation (115). It is important to note a contrasting study which reported an 

enhancement of adipogenesis under exposure to strain. However, the parameters of their 

strain system were quite different, as their 3T3-L1 cells were exposed to a static application 

of strain (127). From our work, it is clear that strain reduces adipogenic differentiation and 

enhances osteogenic differentiation; these phenotypic changes also affect the primary cilium 

structure, a known mediator of cell differentiation. 

In this body of work, we have clearly demonstrated that hASC primary cilia exhibit a 

lineage-specific response to mechanical stimulation in the form of cyclic tensile strain, but it 

is important to acknowledge the limitations of this study. Primary cilia are notoriously 

difficult to study under in vitro culture due to their variability in expression level depending 

on the cell cycle phase (37, 48). Further, their expression can additionally be modulated 

through cell plating density and serum starvation (48), and their frequency of expression is 
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not always predictable in a given cell population. These challenges are why investigators 

tend to look at general relative trends within cilia expression as opposed to absolute 

quantification. Additionally, hASCs are a somewhat heterogeneous cell population (128), 

and the variation in cilia expression may be attributed to cell population subtypes, further 

complicating how the data is interpreted. Future work in this area may include enriching 

hASC population subtypes for a more in-depth analysis of cilia behavior. 

 Another caveat for consideration in this study is the notion of donor-to-donor 

variability in hASCs (129-131). In this study we selected three relatively age-matched female 

donors whose cells were known to exhibit an acceptable proclivity for both osteogenic and 

adipogenic differentiation. These donor hASC lines were already screened for multipotency 

and as such were preselected based on their ability to differentiate. Therefore, the results of 

this study are most relevant to hASCs which exhibit similar characteristics and may have a 

limited relevance to hASC lacking the ability to osteogenically or adipogenically 

differentiate. Further research is required to better understand the physiological differences 

amongst hASC donor lines.  

5.5 Conclusions 

Cumulatively, the results of this study elucidate the global effects of mechanical 

stimulation in the form of 10% cyclic tensile strain (4 hours/day, 1 Hz) on hASC 

differentiation. We compared and contrasted the differential effects of strain on both 

osteogenic and adipogenic phenotypes as well as strain’s effect on the primary cilium 

organelle and its associated proteins. We established that cilia are indisputably affected by 

strain, as measured by increases in cilia-associated gene expression and length and changes 
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in cilium structure morphology across cell populations cultured under different types of 

chemical and mechanical stimulation. Cilia expression is intimately associated with hASC 

phenotype and, as such, their response to the strain environment seems in part dictated by 

their lineage specificity. We confirmed that strain enhances osteogenesis via the upregulation 

of osteogenic gene markers, and morphological changes corresponding to an osteogenic cell 

morphology. Through a similar analysis, we also found that adipogenesis was downregulated 

under cyclic tensile strain, as measured by delayed adipogenic morphological changes in 

hASCs, a reduction in lipid accumulation, and a downregulation of adipogenic gene 

expression. Overall, we also found that under our strain parameters of 10% cyclic tensile 

strain at 1 Hz for 1 hour per day, cells tended to align roughly perpendicular to the axis of 

strain, which is consistent with the behavior of many fibroblastic cell types cultured under 

cyclic tensile strain in 2D culture and likely relates to the development of the hASC 

phenotype. In spite of our efforts to elucidate cilia function in this study, we suggest further 

research into primary cilia as biomarkers within hASC populations is needed. We 

hypothesize that their expression patterns are likely somewhat indicative of the level of 

stemness of particular hASC sub-populations and/or may help tease out some of the 

physiological differences between hASC donor lines; however, this type of population 

sorting study was outside the scope of this work. This is the first study to demonstrate that 

hASC primary cilia are mechanosensitive to uniaxial cyclic tensile strain and that their 

primary cilia exhibit a differential response to mechanical stimulation upon chemically 

induced differentiation. Further, we also showed that adipogenic signals were quelled by 

culture under strain both in adipogenically differentiated cells and in the baseline expression 
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levels of osteogenically differentiating hASCs. Taking these results together, we have 

highlighted the importance of the primary cilium structure in mechanosensing and lineage 

specification, and we suggest that further work may identify this structure as a novel target in 

manipulating hASC for developing tissue engineering applications. 

5.6 Summary  

Non-motile primary cilia have been implicated as dynamic sensory structures in a 

variety of mammalian cell types, including adipose-derived stem cells (hASC). Previous 

work in our group has identified primary cilia on hASC, and we have demonstrated that 

siRNA knockdown of cilia-associated proteins affects their capacity for chemically induced 

osteogenic differentiation. Further, we have described the mechanosensitivity of hASC and 

have shown that when exposed to 10% cyclic tensile strain, hASC exhibit enhanced 

osteogenic differentiation. We hypothesize that primary cilia play a dynamic role in 

transducing chemical and mechanical cues, effecting global changes in hASC lineage 

commitment. In this study, we established that adipogenesis is suppressed in hASC exposed 

to 10% cyclic tensile strain (1 Hz, 4 hours/day) as measured through adipogenic markers of 

gene expression and end-product expression as determined by lipid accumulation. 

Interestingly, we found that the primary cilia-associated genes intraflagellar transport 

protein-88 (IFT88) and polycystin-1 (PC1) were upregulated in response to strain in hASC 

grown in expansion and osteogenic induction media; however, their expression is 

downregulated in hASC cultured under adipogenic induction media. hASC morphology, 

alignment, cilia length and conformation vary in response to chemical stimulation with 

complete growth media (CGM), adipogenic differentiation media (ADM) and osteogenic 
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differentiation media (ODM), with the longest cilia expressed in adipogenically 

differentiating cells. Mechanical stimulation effectively led to a marked reduction in cilia 

length for osteogenically differentiated cells and a modest reduction for adipogenically 

differentiated cells, but it led to an increase in the cilia length of hASC grown in expansion 

media. Additionally, when exposed to 10% cyclic tensile strain, hASC tended to orient 

perpendicular to the axis of strain regardless of the type of chemical induction media, while 

cilia tended to align along the long axis of strain in osteogenic and adipogenic committed cell 

types. With this study, we have identified the differential mechanosensitive nature of primary 

cilia in hASC undergoing lineage commitment processes and observed concomitant 

morphological changes associated with phenotypic specification. This study is the first to 

analyze changes in ciliary gene expression, conformation and frequency of expression in 

differentiating hASCs, and it will likely contribute to elucidating the fundamental 

mechanisms of hASC differentiation to better harness the potential applications of hASC in 

tissue engineering. 
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CHAPTER 6 Age-Related Effects on the Potency of 

Human Adipose Derived Stem Cells: Creation and 

Evaluation of Superlots and Implications for 

Musculoskeletal Tissue Engineering Applications 

This chapter has been published in the journal under the following citation: 
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Applications. 
Tissue Eng Part C Methods. 2014 May 1. [Epub ahead of print] 
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6.1 Introduction 

 The study of human adipose-derived stem cells (hASC) has been a rapidly expanding 

area of research due to the potential implementation of hASC in a wide range of clinical 

applications.  Both in vitro and in vivo studies have demonstrated the ability of these cells to 

differentiate into a variety of mesodermal lineages such as adipogenic, osteogenic, 

chondrogenic, myogenic and vasculogenic cell types (1, 2, 11, 12, 132). Despite their 

multilineage differentiation potential, hASC exhibit a high level of donor-to-donor variability 

(131, 133) (134, 135). This particular characteristic presents a challenge for studying and 

manipulating hASC on the bench top, as well as employing their widespread use in 

regenerative medicine applications in the clinic.  
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With this high level of donor variability, it is necessary to consider the possible 

sources of donor-specific hASC differentiation capacity when selecting appropriate 

experimental donor cell lines. To obtain data representing the consensus behavior of 

differentiating hASC, it is critical to incorporate both experimental technical replicates within 

each donor cell line and use the statistically appropriate number of donors. Generating this 

data can become quite experimentally expensive and may not yield reports of consensus data, 

as accessible patient history is often limited to gender and age. Further, this experimental 

challenge translates into a larger clinical barrier to understanding how to appropriately utilize 

hASC in a regenerative medicine capacity. 

To circumvent the need to run multiple replicates for various cell lines derived from 

individual donors, some labs and companies now generate pooled cell lines derived from a 

number of donors – termed “superlots,” in their studies (136, 137). The rationale for 

superlots, or pooled donor cell lines, is that the number of samples necessary to generate 

consensus data on hASC differentiation behavior can be minimized. However, this method of 

pooling cell lines has not been thoroughly investigated. It is well established that age affects 

stem cell activity in vivo and in vitro, however characterizing potency changes in aging stem 

cells is a complex process (135, 138-141). A number of investigators have reported 

conflicting data on whether adipose and/or mesenchymal stem cell potency varies with age 

(135, 138, 142, 143). This may be due to variations in donor health, isolation, and culture 

procedures, but may also depend on the assays used for characterization. Further 

complicating the consensus data in the application of hASC for musculoskeletal tissue 

engineering, investigators have reported that mesenchymal and adipose-derived stem cells 



 

 109 

 

isolated from patients or animal models of osteoarthritis have full capacity to differentiate 

into osteogenic, chondrogenic and adipogenic tissues (144, 145). Additionally, there is 

evidence that rabbit ASC derived from osteoporotic rabbits have a comparable capacity for in 

vitro osteogenic differentiation as compared to healthy rabbits, suggesting that a disease such 

as osteoporosis does not preclude the use of ASC in autologous therapies (146). However, 

what a majority of investigators do agree upon is that high donor-to-donor variability is a 

barrier to understanding the consensus behaviors of hASC differentiation and moreover a 

barrier to their widespread clinical use. 

In this study, we present a method by which we generate hASC superlots derived 

from 4-5 individual donors per superlot group, with each group delineated by age, with the 

goal of further understanding and potentially streamlining research approaches in studying 

hASC for tissue engineering applications. The donor lines were clustered based on the 

estimated average age of menopause in Western societies being 51 years old (147). As all 

donors were female, they were generally categorized into three age groups based on the 

availability of cells in a specific donor range in our cell bank: pre-menopausal (24-36 years), 

peri-menopausal (48-55 years) and post-menopausal (60-81 years). It is important to note 

that the ages and number of donor cell lines incorporated in this study were based on the 

availability of donor cell lines within our lab bank of cells. Due to isolating and maintaining 

our own cell bank, number of contributing donor cell lines and the range of ages incorporated 

is a limitation of this study. Our overall objective was to present a method for generating 

hASC superlots, and to validate the approach of generating age-matched pooled samples to 

obtain consensus data on age-matched hASC. 
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6.2 Materials and Methods 

6.2.1 hASC Isolation and Propagation 

Human adipose-derived stem cells (hASC) were isolated from excess adipose tissue 

derived from anonymous patients undergoing elective surgery (Office of Human Research at 

UNC, IRB exemption protocol #10-0201), at University of North Carolina hospitals (Chapel 

Hill, NC). Anonymous patient data obtained included age, gender, ethnicity and procedure 

from which the tissue was collected. Isolation of hASC was performed according to 

previously established protocols from our lab (7), adapted from methods initially reported by 

Zuk et al. (2). Once hASC were extracted from approximately 50g of tissue, they were 

allowed to propagate in culture in complete growth medium (CGM) until ~80% confluency 

(or up to two weeks). Cells were expanded in CGM containing Eagle’s Minimum Essential 

Medium, alpha-modified supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 

100 units/ml penicillin and 100 µg/ml streptomycin. The hASC were then trypsinized and 

frozen down at passage 0 (p0). All hASC used in these experiments were derived from 

female donors (ages 24 - 81 years).  
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6.2.2 Potency Characterization: Osteogenic, Adipogenic and Chondrogenic Differentiation 

At the time of each individual donor hASC isolation, the cell isolates were 

characterized based on their growth and differentiation potential. Each donor cell line was 

characterized at p0 cells and cultured in complete growth medium (CGM), adipogenic 

streptomycin, 4 mM L-glutamine, 6.25mg/mL h-Insulin,
10 ng/mL transforming growth factor-b3, and 50 nM ascor-
bate-2-phosphate) for 3–4 weeks and were fixed, embedded
in paraffin, and sectioned for analysis. Sections of the pellets
were stained with Safranin O or Alcian Blue to characterize
levels of hASC chondrogenesis (data not shown).

Age-matched approach to hASC superlots

It is well known that bone density changes with age.
Furthermore, during and after menopause, a decrease in
bone density is frequently observed. Additionally, the de-
velopment of osteoporosis is often associated with the oc-
currence of menopause.23 Therefore, in an attempt to take
this information into consideration, we generated pooled
donor hASC superlots. We categorized donor groups by the
average reported ages of pre-, peri-, and postmenopausal
women.21 The premenopausal superlot was composed of
cells derived from donors of age 24–36 years, the perime-
nopausal superlot was composed of cells derived from do-
nors of age 48–55 years, and the postmenopausal superlot
was composed of cells derived from donors of age 60–81
years. It should, however, be noted that these groupings
were based on average reported data and the availability of
donor cells within each age group, and were not selected
based on the reported menopausal phase of the specific
donor as that information was not, and is not typically, re-
ported with the anonymous patient data.

Generating hASC superlots

The goal of creating a hASC superlot is to increase the
throughput of experimental data, to acquire true consensus

hASC growth and differentiation characteristics to best
harness their potential for clinical applications, and to stream-
line the bench-to-bedside process to produce hASC-derived
therapeutics that behave in a predictable regenerative capacity
in vivo. In general, high donor-to-donor variability exists
among hASC donor cell lines. In a laboratory setting, it is
simple enough to select lines that generally express a high
level of potency toward osteo- and/or adipogenic lineages. In
contrast, when considering autologous replacement therapies
in a clinical setting, one does not have the luxury of selecting
for potency. It is therefore important to evaluate hASC with
both high and low differentiation potential for osteogenic,
adipogenic, and/or other lineages of interest.

Four to five donor cell lines were chosen as contributing
cell populations to each superlot. Before selecting the spe-
cific donor hASC lines, candidate cells were qualitatively
rated as strong, moderate, or poor differentiators as desig-
nated by their characteristic staining for osteogenic differ-
entiation or adipogenic differentiation with Alizarin Red S
or Oil Red O, respectively (Fig. 2). Following this qualita-
tive ranking, a combination of strong, moderate, and poor
differentiator hASC lines was selected to compose each age-
grouped superlot with the goal of generating a cell popu-
lation that would represent the average hASC differentiation
potential of a particular age group, that is, pre-, peri-, and
postmenopausal (Table 1 and Figure 3).

To create each superlot, each individual donor cell line
was expanded to 80% confluency in the CGM with medium
changes every 3–4 days. Once each cell line reached 80%
confluency, cells were trypsinized, counted, and combined
in equal proportions into a mixed superlot cell population.
For one single 75 cm2 flask, 1 · 105 total hASC were seeded

FIG. 1. Characterization and validation procedure used to evaluate freshly isolated human adipose-derived stem cells (hASC)
lines. hASC seeded in a six-well plate are grown in the complete growth medium (CGM), osteogenic differentiation medium
(ODM), and adipogenic differentiation medium (ADM), two wells per medium treatment, in columns. Following 14 days of
culture, the hASC are then fixed and stained with Alizarin Red S indicating cell-mediated calcium accretion or Oil Red
O indicating formation of lipid droplets, hallmarks of osteogenesis and adipogenesis, respectively. CGM wells provide a
benchmark control to evaluate hASC responses to differentiation media and to ensure hASC are not undergoing random
differentiation in the absence of induction factors. To further confirm the hASC are undergoing appropriate differentiation, cross
staining of Alizarin Red S to ADM-cultured hASC and Oil Red O to ODM-cultured hASC was used to check for aberrant staining.
Scale bar = 500mm. hASC, human adipose-derived stem cells. Color images available online at www.liebertpub.com/tec
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Figure 6.1 Characterization and validation procedure used to evaluate freshly isolated human adipose-
derived stem cells (hASC) lines. hASC seeded in a six-well plate are grown in the complete growth 
medium (CGM), osteogenic differentiation medium (ODM), and adipogenic differentiation medium 
(ADM), two wells per medium treatment, in columns. Following 14 days of culture, the hASC are then 
fixed and stained with Alizarin Red S indicating cell-mediated calcium accretion or Oil Red O 
indicating formation of lipid droplets, hallmarks of osteogenesis and adipogenesis, respectively. CGM 
wells provide a benchmark control to evaluate hASC responses to differentiation media and to ensure 
hASC are not undergoing random differentiation in the absence of induction factors. To further confirm 
the hASC are undergoing appropriate differentiation, cross staining of Alizarin Red S to ADM-cultured 
hASC and Oil Red O to ODM-cultured hASC was used to check for aberrant staining. Scale bar = 500 
µm. hASC, human adipose-derived stem cells. 
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differentiation medium (ADM) and osteogenic differentiation medium (ODM).  

Differentiation media contained inductive supplements to the aforementioned CGM. ADM 

was composed of CGM combined with 1 µM dexamethasone, 5 µg/ml h-insulin, 100 µM 

indomethacin and 500 µM isobutylmethylxanthine.  ODM was composed of CGM with the 

addition of 50 µM ascorbic acid, 0.1 µM dexamethasone, and 10 mM β -glycerolphosphate.  

To assess multipotency, p0 hASC were grown in each medium condition for 14 days. 

Staining and monitoring of morphological changes via microscopy were used to evaluate 

adipogenic and osteogenic differentiation potential. Cells were seeded in 6-well plates (5 x 

104 cells/well) and were grown to 90-100% confluency in CGM (1-3 days). Upon 

confluency, hASC were cultured in their treatment media, ODM or ADM (14 days) for 

osteogenic or adipogenic differentiation induction, respectively as well as CGM for a 

baseline comparison. Evidence of differentiation was visualized with phase contrast 

microscopy and using Alizarin Red S for calcium accumulation (osteogenesis) and Oil Red O 

for lipid droplet accumulation (adipogenesis) as visualized on a dissecting microscope (Leica 

Microsystems, Illinois). Cross staining of Alizarin Red S in ADM and CGM treated wells 

and Oil Red O staining in ODM and CGM treated wells, was performed to ensure hASC 

yielded an appropriate differentiation response (Figure 6.1). Any cell lines that exhibited 

aberrant staining such as lipid accumulation under culture with osteogenic induction medium 

or calcium accretion under culture with adipogenic induction medium were excluded. 

For an expanded study of multipotency, we also characterized our hASC lines for 

their chondrogenic differentiation potential. To induce chondrogenesis, hASC are cultured in 

chondrogenic induction media (Dulbecco’s Modified Eagle’s media, high glucose without 



 

 113 

 

glutamine, supplemented with 1% FBS, 100 units/mL Penicillin, 100 µg/mL Streptomycin, 4 

mM L-glutamine, 6.25 µg /mL h-Insulin,  10 ng/mL Transforming growth factor-β3,  50 nM 

Ascorbate-2-phosphate) for 3 – 4 weeks and are fixed, embedded in paraffin and sectioned 

for analysis. Sections of the pellets are typically stained with Safranin O or Alcian Blue to 

characterize levels of hASC chondrogenesis (data not shown). 

6.2.3 Age-Matched Approach to hASC Superlots 

It is well known that bone density changes with age. Further, during and after 

menopause a decrease in bone density is frequently observed. Additionally, the development 

of osteoporosis is often associated with the occurrence of menopause (148). Therefore, in an 

attempt to take this information into consideration, we generated pooled donor hASC 

superlots. We categorized donor groups by the average reported ages of pre-, peri-, and post-

menopausal women (147). The pre-menopausal superlot was composed of cells derived from 

donors of age 24-36 years, the peri-menopausal superlot derived from donors of age 48-55 

years and the post-menopausal superlot was derived from donors of age 60-81 years. It 

should however be noted that these groupings were based on average reported data and the 

availability of donor cells within each age group, and were not selected based on the reported 

menopausal phase of the specific donor as that information was not, and is not typically, 

reported with the anonymous patient data. 

6.2.4 Generating hASC Superlots 
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The goal of creating an hASC superlot is to increase the throughput of experimental 

data, to acquire true consensus hASC growth and differentiation characteristics to best 

harness their potential for clinical applications, and to streamline the bench-to-bedside 

process to produce hASC-derived therapeutics that behave in a predictable regenerative 

capacity in vivo. In general, high donor-to-donor variability exists among hASC donor cell 

per flask; therefore, 2 · 104 cells from each hASC donor cell
line were added to create a five-donor cell line superlot for
each of the pre- and postmenopausal superlots (Fig. 3). For
the perimenopausal four-donor superlots, the proportions
were adjusted accordingly with 2.5 · 104 cells per line to a
total of 1 · 105 cells in one 75 cm2 flask.

Validating superlots

The differentiation potential and proliferative activity
of each individual donor and superlot cell line were then
evaluated to validate the representative behavior of the
pooled donor superlots. The proliferative activity was

FIG. 2. Qualitative potency
characterization system.
Once a freshly isolated donor
hASC line has been vali-
dated, its differentiation po-
tential is qualitatively ranked
on a scale from one to five
stars. Chart shows examples
of high-, intermediate-, and
low-level differentiators,
from top to bottom, and their
relative osteogenic (left) and
adipogenic (right) potency
ranking. Scale bar = 500 mm.
Color images available on-
line at www.liebertpub
.com/tec

Table 1. Donor Patient Profile and hASC Characterization Following Isolation

Donor
ID

Age
(years) Gender Ethnicity

Tissue origin
and procedure—

if reported

Initial osteogenic
differentiation

(scale 1–5)

Initial adipogenic
differentiation

(scale 1–5)

Premenopausal
1 36 F Other Adipose 1.5 3.5
2 36 F Caucasian Adipose 3.5 3
3 24 F Caucasian Adipose (liposuction) 1.5 4
4 29 F Native American Adipose 2 2.5
5 34 F Caucasian Adipose 1.5 3

Perimenopausal
6 48 F Caucasian Adipose (liposuction) 1 1.5
7 50 F Caucasian Adipose 2 2
8 55 F Unreported Adipose 2 1
9 49 F Caucasian Adipose 3 2

Postmenopausal
10 60 F Caucasian Adipose (surgical removal) 3 3
11 60 F African American Adipose (panniculectomy) 1 2
12 70 F Unreported Adipose (abdominoplasty) 1.5 3.5
13 81 F Caucasian Adipose 3.5 2
14 61 F Caucasian Adipose (abdominoplasty) 3 1

Age and gender information was supplied for all hASC lines used in this study. Characterization of all 14 donor lines, as described in Figure 1,
was used to validate hASC lines. Donor hASC differentiation potential was ranked on a scale from 1 to 5 as represented in Figure 2. Information
on patient ethnicity and the surgical procedure from which the hASC were derived from were included in the chart, where available.

hASC, human adipose-derived stem cells.
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Figure 6.2 Qualitative potency characterization system. Once a freshly isolated donor hASC line has 
been validated, its differentiation potential is qualitatively ranked on a scale from one to five stars. 
Chart shows examples of high-, intermediate-, and low-level differentiators, from top to bottom, and 
their relative osteogenic (left) and adipogenic (right) potency ranking. Scale bar = 500 µm. 

 



 

 115 

 

lines. In a lab setting it is simple enough to select lines that generally express a high level of 

potency towards osteo- and/or adipogenic lineages. In contrast, when considering autologous 

replacement therapies in a clinical setting, one does not have the luxury of selecting for 

potency. It is therefore important to evaluate hASC with both high and low differentiation 

potential for osteogenic, adipogenic and/or other lineages of interest.  

Four to five donor cell lines were chosen as contributing cell populations to each 

superlot. Prior to selecting the specific donor hASC lines, candidate cells were qualitatively 

rated as strong, moderate, or poor differentiators as designated by their characteristic staining 

per flask; therefore, 2 · 104 cells from each hASC donor cell
line were added to create a five-donor cell line superlot for
each of the pre- and postmenopausal superlots (Fig. 3). For
the perimenopausal four-donor superlots, the proportions
were adjusted accordingly with 2.5 · 104 cells per line to a
total of 1 · 105 cells in one 75 cm2 flask.

Validating superlots

The differentiation potential and proliferative activity
of each individual donor and superlot cell line were then
evaluated to validate the representative behavior of the
pooled donor superlots. The proliferative activity was

FIG. 2. Qualitative potency
characterization system.
Once a freshly isolated donor
hASC line has been vali-
dated, its differentiation po-
tential is qualitatively ranked
on a scale from one to five
stars. Chart shows examples
of high-, intermediate-, and
low-level differentiators,
from top to bottom, and their
relative osteogenic (left) and
adipogenic (right) potency
ranking. Scale bar = 500 mm.
Color images available on-
line at www.liebertpub
.com/tec

Table 1. Donor Patient Profile and hASC Characterization Following Isolation

Donor
ID

Age
(years) Gender Ethnicity

Tissue origin
and procedure—

if reported

Initial osteogenic
differentiation

(scale 1–5)

Initial adipogenic
differentiation

(scale 1–5)

Premenopausal
1 36 F Other Adipose 1.5 3.5
2 36 F Caucasian Adipose 3.5 3
3 24 F Caucasian Adipose (liposuction) 1.5 4
4 29 F Native American Adipose 2 2.5
5 34 F Caucasian Adipose 1.5 3

Perimenopausal
6 48 F Caucasian Adipose (liposuction) 1 1.5
7 50 F Caucasian Adipose 2 2
8 55 F Unreported Adipose 2 1
9 49 F Caucasian Adipose 3 2

Postmenopausal
10 60 F Caucasian Adipose (surgical removal) 3 3
11 60 F African American Adipose (panniculectomy) 1 2
12 70 F Unreported Adipose (abdominoplasty) 1.5 3.5
13 81 F Caucasian Adipose 3.5 2
14 61 F Caucasian Adipose (abdominoplasty) 3 1

Age and gender information was supplied for all hASC lines used in this study. Characterization of all 14 donor lines, as described in Figure 1,
was used to validate hASC lines. Donor hASC differentiation potential was ranked on a scale from 1 to 5 as represented in Figure 2. Information
on patient ethnicity and the surgical procedure from which the hASC were derived from were included in the chart, where available.

hASC, human adipose-derived stem cells.

4 BODLE ET AL.

Table 6.1 Age and gender information was supplied for all hASC lines used in this study. Characterization 
of all 14 donor lines, as described in Figure 1, was used to validate hASC lines. Donor hASC differentiation 
potential was ranked on a scale from 1 to 5 as represented in Figure 2. Information on patient ethnicity and 
the surgical procedure from which the hASC were derived from were included in the chart, where available. 
hASC, human adipose-derived stem cells. 
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for osteogenic differentiation or adipogenic differentiation with Alizarin Red S or Oil Red O, 

respectively (Figure 6.2).  

Following this qualitative ranking, a combination of strong, moderate and poor 

evaluated using the alamarBlue! assay (AbD Serotech). The
differentiation potential was measured qualitatively using
Alizarin Red S to stain calcium deposits indicating osteo-
genesis, and Oil Red O to stain lipid droplets, indicating
adipogenesis, following 14 days of differentiation and fix-
ation in a 10% buffered formalin solution. Differentiation
images were captured using a Leica EZ4 D Digital Stereo-
microscope (Leica Microsystems, Inc.). Additionally, col-
orimetric absorbance assays were used to quantitatively
measure osteogenesis and adipogenesis on a Tecan Micro-
plate Reader (Tecan Group Ltd.) using the Magellan" Data
Analysis Software (Tecan Group Ltd.). To measure osteo-
genesis, cell lysates were collected in 0.5 N HCl, and cal-
cium was extracted through mild agitation overnight at 4#C.
To measure adipogenesis, a lipid extraction buffer was used
to extract lipids from accumulated lipid vacuoles in adi-
pogenically differentiated hASC. A Calcium LiquiColor!

Assay (StanBio) was used to analyze osteogenesis through
calcium accretion, and a colorimetric adipogenesis assay
(BioVision) was used to measure lipid accumulation. The
levels of calcium accretion and lipid accumulation of the
individual cell lines were compared with those of the su-
perlots to investigate the behavior of the pooled samples
relative to hASC from each individual donor.

Measuring DNA and protein content

The total DNA and protein content were measured to
analyze the total cell number and physiological changes in
osteogenically differentiated hASC in relation to both age

and culture within a superlot. To measure the DNA content,
osteogenically differentiated hASC were lysed in a papain
digest DNA lysis buffer (5 mM EDTA, 5 mM cysteine HCl,
and 2.5 U papain/mL in phosphate-buffered saline). The
DNA content was measured under fluorescence on a Tecan
Microplate Reader (Tecan Group Ltd.) using 0.2 mg/mL
Hoechst 33258 dye (Molecular Probes!). To measure the
protein content, cells were collected in 0.5 N HCl and the
protein content of hASC lysates was measured using a
colorimetric BCA absorbance assay (Thermo Scientific
Pierce).

Statistical analysis

Statistical analysis was performed using Prism 5 for Mac
OS X, Version 5.0a (GraphPad Software, Inc.). A one-way
analysis of variance with a Newman–Keuls multiple com-
parison post hoc test was used to analyze statistical differ-
ence and to identify statistical significance among sample
conditions. For each individual donor condition, n = 3 rep-
licates. Pre- and postmenopausal groups had n = 5 individual
donors and perimenopausal had n = 4 individual donors.
Statistical significance is indicated as follows: *p < 0.05,
**p < 0.01, and ***p < 0.001.

Results

To ensure that all cell lines were propagating in the
pooled superlot cultures, we analyzed the proliferation
profiles of individual cell lines in addition to the profiles of

Patients undergoing 
abdominoplasty, 
panniculectomy  
or liposuction procedures 
donate their discarded 
adipose tissue.

25,000
cells from
donor 1 

25,000
cells from
donor 2 

25,000
cells from
donor 3

25,000
cells from
donor 4

Freeze superlot for 
banking and 

subsequent expansion.

Trypsinize and seed
for experimentation. 

hASC are isolated from the 
discarded tissue and 
expanded in culture based on 
established protocols.

Superlots are created by  
adding an equal number of 
cells from each donor hASC 
line into culture vessel.

Each pooled donor superlot is 
expanded and validated to  
confirm differentiation
behavior by repeating the 
assay described inFigure 1. 

Each donor hASC line is 
then characterized and 
validated for differentiation
potential (as described in 
Figure1). 

FIG. 3. Schematic de-
scribing isolation procedure
of individual hASC donor
cell lines, their characteriza-
tion, and subsequent genera-
tion of age-matched
superlots. Color images
available online at www
.liebertpub.com/tec
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Figure 6.3 Schematic describing isolation procedure of individual hASC donor cell lines, their 
characterization, and subsequent generation of age-matched superlots. 
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differentiator hASC lines were selected to compose each age-grouped superlot with the goal 

of generating a cell population that would represent the average hASC differentiation 

potential of a particular age group, i.e. pre- peri- and post-menopausal (Table 6.1, Figure 

6.3). 

To create each superlot, each individual donor cell line was expanded to 80% 

confluency in complete growth medium (CGM) with medium changes every three to four 

days. Once each cell line reached 80% confluency, cells were trypsinized, counted and 

combined in equal proportions into a mixed superlot cell population. For one single 75 cm2 

flask, 1 x 105 total hASC were seeded per flask, therefore 2 x 104 cells from each hASC 

donor cell line were added to create a 5-donor cell line superlot for each the pre-, peri-, and 

post-menopausal superlots (Figure 6.3). For 4-donor superlots, the proportions were adjusted 

accordingly with 2.5x 104 cells per line to total 1 x 105 cells in one 75 cm2 flask. 

6.2.5 Validating Superlots 

The differentiation potential and proliferative activity of each individual donor and 

superlot cell line were then evaluated to validate the representative behavior of the pooled-

donor superlots. Proliferative activity was evaluated using the alamarBlue® assay (AbD 

Serotech, UK).  Differentiation potential was measured qualitatively using Alizarin Red S to 

stain calcium deposits indicating osteogenesis, and Oil Red O to stain lipid droplets, 

indicating adipogenesis, following 14 days of differentiation and fixation in a 10% buffered 

formalin solution. Differentiation images were captured using a Leica EZ4 D Digital 

Stereomicroscope (Leica Microsystems Inc., Buffalo Grove, IL). Additionally, colorimetric 

absorbance assays were used to quantitatively measure osteogenesis and adipogenesis on a 
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Tecan Microplate Reader (Tecan Group Ltd, Switzerland) using MagellanTM Data Analysis 

Software (Tecan Group Ltd, Switzerland). To measure osteogenesis, cell lysates were 

collected in 0.5 N HCl and calcium was extracted via mild agitation, overnight at 4oC. To 

measure adipogenesis, lipid extraction buffer was used to extract lipid from accumulated 

lipid vacuoles in adipogenically differentiated hASC. A Calcium LiquiColor ® Assay 

(StanBio, Boerne, TX) was used to analyze osteogenesis via calcium accretion and a 

colorimetric adipogenesis assay (BioVision, Milpitas, CA) was used to measure lipid 

accumulation. The levels of calcium accretion and lipid accumulation of the individual cell 

lines were compared to those of the superlots to investigate the behavior of the pooled 

samples relative to hASC from each individual donor. 

6.2.6 Measuring DNA and Protein Content 

 Total DNA and protein content were measured to analyze total cell number and 

physiological changes in osteogenically differentiated hASC in relation to both age and 

culture within a superlot. To measure DNA content, osteogenically differentiated hASC were 

lysed in a papain digest DNA lysis buffer (5mM EDTA, 5mM cysteine HCl, 2.5 units 

papain/mL in PBS). DNA content was measured under fluorescence on a Tecan Microplate 

Reader (Tecan Group Ltd, Switzerland) using 0.2 µg/mL Hoechst 33258 dye (Molecular 

Probes®). To measure protein content, cells were collected in 0.5 N HCl and the protein 

content of hASC lysates was measured using a colorimetric BCA absorbance assay (Thermo 

Scientific Pierce).  
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6.2.7 Statistical Analysis 

Statistical analysis was performed using Prism 5 for Mac OS X, Version 5.0a 

(GraphPad Software, Inc, La Jolla, CA). A one-way ANOVA with a Newman-Keuls multiple 

comparison post-hoc test was used to analyze statistical difference and to identify statistical 

significance amongst sample conditions. For each individual donor condition n=3 replicates. 

Pre- and post-menopausal groups had n = 5 individual donors and peri-menopausal had n=4 

individual donors. Statistical significance is indicated as follows: * p < 0.05, ** p < 0.01 and 

*** p <0.001. 

6.3 Results  

To ensure all cell lines were propagating in the pooled superlot cultures, we analyzed 

the proliferation profiles of individual cell lines in addition to the profiles of the superlots. 

We analyzed the pre-, peri- and post-menopausal age groups to see if there were any notable 

differences in the proliferation rates as measured by alamarBlue, indicative of metabolic 

activity (Figure 6.4). In general, the proliferation profile of the superlots fell roughly within 

the range of all the individual cells lines for the pre-, peri- and post-menopausal clusters 

(Figure 6.4). There was no noticeable difference in the proliferation rate between the two age 

groups, however there were differences amongst specific donor cell lines in pre-, peri and 

post-menopausal groups, suggesting hASC proliferation is donor-specific as opposed to age-

related.  
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High donor-to-donor variability 

generally existed in both osteogenic and 

adipogenic differentiation levels 

amongst all of the three age groupings 

(Figures 6.5, 6.6). Osteogenic levels for 

individual donors ranged from 0.0179 – 

11.63calcium/DNA for pre-menopausal 

cell lines, from 0.548 – 2.489 

calcium/DNA for peri-menopausal cell 

lines and from 0.548 – 16.030 

calcium/DNA for post-menopausal cell 

lines (Figure 6.5). Adipogenic values 

for individual donor cells lines ranged 

from 0.8 – 5.0 pmol lipids/µg protein 

for pre-menopausal cell lines, 0.7 – 2.9 

pmol lipids/µg protein for peri-

menopausal cell lines and 0.0 – 0.6 

pmol lipids/µg protein for post-

menopausal cell lines (Figure 6.6). 

Individual cell lines did not consistently 

demonstrate multipotency, but rather, 

the superlots. We analyzed the pre-, peri-, and postmeno-
pausal age groups to see if there were any notable differ-
ences in the proliferation rates as measured by alamarBlue,
indicative of metabolic activity (Fig. 4). In general, the
proliferation profile of the superlots fell roughly within the
range of all the individual cells lines for the pre-, peri-, and
postmenopausal clusters (Fig. 4). There was no noticeable
difference in the proliferation rate between the two age
groups; however, there were differences among specific
donor cell lines in pre-, peri-, and postmenopausal groups,
suggesting that hASC proliferation is donor specific as op-
posed to age related.

High donor-to-donor variability generally existed in both
osteogenic and adipogenic differentiation levels among all
the three age groupings (Figs. 5 and 6). Osteogenic levels
for individual donors ranged from 0.0179 to 11.63 calcium/
DNA for premenopausal cell lines, from 0.548 to 2.489
calcium/DNA for perimenopausal cell lines, and from 0.548
to 16.030 calcium/DNA for postmenopausal cell lines (Fig.
5). Adipogenic values for individual donor cell lines ranged
from 0.8 to 5.0 pmol lipids/mg protein for premenopausal
cell lines, from 0.7 to 2.9 pmol lipids/mg protein for peri-
menopausal cell lines, and from 0.0 to 0.6 pmol lipids/mg
protein for postmenopausal cell lines (Fig. 6). Individual cell
lines did not consistently demonstrate multipotency, but
rather, particular lines exhibited a proclivity for differenti-
ating toward a particular lineage.

Calcium accretion (Fig. 5) and lipid accumulation levels
(Fig. 6) of each of the age-grouped superlots fell within the
range of differentiation levels of each individual donor cell
line contributing to the superlot. This result was generally
observed for all age groups in osteogenesis and adipogen-
esis, roughly validating the principle of pooled donor cell
lines exhibiting the average differentiation behavior of the
combined donor cells. In general, the superlots roughly
approximated the combined average adipogenesis levels of
the individual donor lines. This also followed for the os-
teogenesis of the perimenopausal superlot, however, the pre-
and postmenopausal superlot osteogenic levels were the
exception to this trend with the combined donor averages
(4.035 calcium/DNA and 6.11 calcium/DNA, respectively)
predicting a value twice the superlot calcium accretion
levels of the premenopausal superlot and two-thirds that of
the postmenopusal superlot (1.7822 calcium/DNA and 9.605
calcium/DNA, respectively) (Fig. 5a, c).

Although the high level of donor variability was observed
across all age groups, some general differentiation trends
were observed among age groups. Surprisingly, the post-
menopausal group exhibited higher osteogenic calcium ac-
cretion levels as compared with the pre- ( p < 0.001) and
perimenopausal superlots ( p < 0.001) (Fig. 7a, c–e). Con-
versely, the perimenopausal group had approximately half
the adipogenic lipid accumulation levels of the premeno-
pausal superlot ( p < 0.01), and the postmenopausal superlot
had nearly half of the perimenopausal lipid accumulation
levels (Fig. 7b, f–h).

As hASC undergo osteogenic differentiation, continued
proliferation persists as part of the osteogenic phenotype.
Furthermore, as osteogenesis proceeds, hASC begin to de-
posit extracellular matrix proteins. To evaluate this, we
measured the total DNA and protein content following 14
days of osteogenic differentiation. We found that the total

DNA yield decreased with age (Fig. 8a, c), however, the
total protein yield following osteogenic differentiation in-
creased with age (Fig. 8b, d). This trend was observed both
in the combined donor averages and superlots (Fig. 8). The
consistent trends between superlots and average donor data
further validate the use of superlots to represent the average

FIG. 4. Proliferation profiles of pre- (a), peri- (b), and
postmenopausal (c) donor and superlot cell lines for up to 12
days in an expansion medium (CGM). The proliferation
activity is measured by percent reduction of alamarBlue,
indicative of metabolic activity and increased proliferation.
n = 3 replicates, error bars represent SEM. SEM, standard
error of the mean. Color images available online at www
.liebertpub.com/tec
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Figure 6.4 Proliferation profiles of pre- (a), peri- (b), and 
postmenopausal (c) donor and superlot cell lines for up to 
12 days in an expansion medium (CGM). The 
proliferation activity is measured by percent reduction of 
alamarBlue, indicative of metabolic activity and 
increased proliferation. n=3 replicates, error bars 
represent SEM. SEM, standard error of the mean. 
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particular lines exhibited a proclivity for 

differentiating towards a particular lineage. 

Calcium accretion (Figure 6.5) and 

lipid accumulation levels (Figure 6.6) of each 

of the age-grouped superlots fell within the 

range of differentiation levels of each 

individual donor cell line contributing to the 

superlot. This result was generally observed 

for all age groups in osteogenesis and 

adipogenesis, roughly validating the principle 

of pooled donor cell lines exhibiting the 

average differentiation behavior of the 

combined donor cells. In general, the superlots 

roughly approximated the combined average 

adipogenesis levels of the individual donor 

lines. This also followed for the osteogenesis 

of the peri-menopausal superlot, however, the 

pre- and post-menopausal superlot osteogenic 

levels were the exception to this trend with the 

combined donor averages (4.035 calcium/DNA 

and 6.11 calcium/DNA, respectively) 

FIG. 5. Osteogenic differentiation of pre- (a), peri- (b),
and postmenopausal (c) donor lines and superlots following
14 days of culture in ODM. Calcium accretion is normalized
to DNA content for individual donor lines contributing to
each age-matched superlot. Red line indicates the combined
average calcium/DNA value of the contributing donor lines,
which represents the theoretical reference value for the
calcium/DNA superlot value. High donor-to-donor variation
is observed across age groups. n = 3 replicates per donor or
superlot, error bars represent SEM.

FIG. 6. Adipogenic differentiation of pre- (a), peri- (b),
and postmenopausal (c) donor lines and superlots following
14 days of culture in ADM. Lipid accumulation levels
normalized to protein for individual donor lines contributing
to each age-matched superlot. Red line indicates the com-
bined average lipid/protein value of the contributing donor
lines, representing the theoretical value for the lipid/protein
superlot value. High donor-to-donor variation is observed
within age groups. Generally, donor hASC derived from
older patients expressed reduced potential for adipogenic
differentiation, particularly, the postmenopausal group. n = 3
replicates per donor or superlot, error bars represent SEM.
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Figure 6.5 Osteogenic differentiation of pre- 
(a), peri- (b), and postmenopausal (c) donor 
lines and superlots following 14 days of 
culture in ODM. Calcium accretion is 
normalized to DNA content for individual 
donor lines contributing to each age-matched 
superlot. Red line indicates the combined 
average calcium/DNA value of the 
contributing donor lines, which represents the 
theoretical reference value for the 
calcium/DNA superlot value. High donor-to-
donor variation is observed across age 
groups. n = 3 replicates per donor or superlot, 
error bars represent standard error (SEM). 
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predicting a value twice the superlot 

calcium accretion levels of the pre-

menopausal superlot and two-thirds that of 

the post-menopusal superlot ( 1.7822 

calcium/DNA and  9.605 calcium/DNA, 

respectively) (Figure 6.5a,c).  

Though the high level of donor 

variability was observed across all age 

groups, some general differentiation trends 

were observed amongst age groups. 

Surprisingly, the post-menopausal group 

exhibited higher osteogenic calcium 

accretion levels as compared to the pre- (p 

< 0.001) and peri-menopausal superlots 

(p<0.001) (Figure 6.7a,c-e). Conversely, 

the peri-menopausal group had 

approximately half the adipogenic lipid 

accumulation levels of the pre-menopausal 

superlot (p<0.01) and the post-menopausal 

superlot had nearly half of the peri-

FIG. 5. Osteogenic differentiation of pre- (a), peri- (b),
and postmenopausal (c) donor lines and superlots following
14 days of culture in ODM. Calcium accretion is normalized
to DNA content for individual donor lines contributing to
each age-matched superlot. Red line indicates the combined
average calcium/DNA value of the contributing donor lines,
which represents the theoretical reference value for the
calcium/DNA superlot value. High donor-to-donor variation
is observed across age groups. n = 3 replicates per donor or
superlot, error bars represent SEM.

FIG. 6. Adipogenic differentiation of pre- (a), peri- (b),
and postmenopausal (c) donor lines and superlots following
14 days of culture in ADM. Lipid accumulation levels
normalized to protein for individual donor lines contributing
to each age-matched superlot. Red line indicates the com-
bined average lipid/protein value of the contributing donor
lines, representing the theoretical value for the lipid/protein
superlot value. High donor-to-donor variation is observed
within age groups. Generally, donor hASC derived from
older patients expressed reduced potential for adipogenic
differentiation, particularly, the postmenopausal group. n = 3
replicates per donor or superlot, error bars represent SEM.
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Figure 6.6 Adipogenic differentiation of pre- (a), 
peri- (b), and postmenopausal (c) donor lines and 
superlots following 14 days of culture in ADM. 
Lipid accumulation levels normalized to protein for 
individual donor lines contributing to each age-
matched superlot. Red line indicates the com- bined 
average lipid/protein value of the contributing donor 
lines, representing the theoretical value for the 
lipid/protein superlot value. High donor-to-donor 
variation is observed within age groups. Generally, 
donor hASC derived from older patients expressed 
reduced potential for adipogenic differentiation, 
particularly, the postmenopausal group. n = 3 
replicates per donor or superlot, error bars represent 
standard error (SEM). 
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menopausal lipid accumulation levels (Figure 6.7b, f-h). 

As hASC undergo osteogenic differentiation, continued proliferation persists as a part 

of the osteogenic phenotype. Further, as osteogenesis proceeds hASC begin to deposit 

extracellular matrix proteins. To evaluate this, we measured total DNA and protein content 

following 14 days of osteogenic differentiation. We found total DNA yield decreased with 

age (Figure 6.8a,c), however total protein yield following osteogenic differentiation 

increased with age (Figure 6.8b, d). This trend was observed both in the combined donor 

averages and superlots (Figure 6.8). The consistent trends between superlot and average 

Figure 6.7 Summary of pre-, peri-, and postmenopausal superlot potency. Osteogenic differentiation as 
measured quantitatively by Calcium Liquicolor Assay (a) and adipogenic differentiation as measured by 
lipid accumulation assay (b), following 14 days of culture in ODM and ADM, respectively. Alizarin Red 
S staining to visualize superlot osteogenesis through calcium accretion of pre- (c), peri- (d), and 
postmenopausal (e) superlots. Oil Red O staining to visualize superlot adipogenesis through lipid droplet 
staining of pre- (f), peri- (g), and postmenopausal (h) superlots. n=3 replicates per superlot, error bars 
represent SEM. Scale bar=500µm. *p<0.05; ***p<0.001. 

 
behavior of individual donors. They also provide a useful
tool in highlighting age-related differences in the physiology
of hASC undergoing osteogenic differentiation (Fig. 8).

Discussion

The goal of this article was to evaluate and present a
method to more efficiently execute studies using hASC to
facilitate their eventual use in clinical applications. More
specifically, we presented an approach to globally understand
hASC as a cell type and to more effectively evaluate their
potential as an autologous cell source in tissue replacement
therapies. A majority of studies reporting data on hASC use
preselected donor cell lines known to be strong differentiators
and often hASC characterized as poor differentiators are
excluded from experimental cell sources.24,25 More recently,
some investigators have been utilizing commercially avail-
able hASC superlots or have been preparing them in-house;
however, there is a dearth of data characterizing the effects of
propagating these mixed donor cell populations. Clearly,
studying pooled cell populations will significantly increase
throughput, but validating their differentiation potential in a
mixed donor population is critical to drawing results from
more sophisticated hASC superlot studies.

To effectively understand the physiological behavior of
hASC for clinical applications, it is necessary to study the
range of their differentiation capacities. To address this is-
sue, we have used the approach of generating superlots,
containing four to five age-clustered pooled cell populations.
In our superlots, we preselected cell lines that were char-
acterized to include low-, medium-, and high-level differ-
entiators (Fig. 2 and Table 1), to determine whether they

would accurately exhibit a differentiation pattern charac-
teristic of the combined average of the individual cell lines.
When compared with the osteogenic and adipogenic dif-
ferentiation levels of each individual donor, the superlot
differentiation levels generally approximated the average
value of all the individual donors, with the exception of
calcium accretion of the pre- and perimenopausal superlots
(Figs. 5 and 6). For most part, we confirmed our expected
result, suggesting that there is likely a minimal reactivity
between cells from different donors. Moreover, this also
suggests that the proportion of each donor cell population
remains roughly equal following propagation and differen-
tiation. This is further supported by only nominal differ-
ences in the proliferation profiles among hASC donors
across age groups and the fact that the superlot proliferation
profiles fit within the range of donor profiles (Fig. 4).

The caveat to utilizing the superlots can be observed in
the case of the pre- and postmenopausal superlots expres-
sing calcium accretion levels notably below or above the
predicted combined average, respectively. The premeno-
pausal superlot underperformed, while the postmenopausal
overperformed in representing the consensus osteogenic
differentiation level of the group, with the premenopausal
expressing approximately half the expected level of average
calcium accretion (Fig. 5a) and the postmenopausal superlot
expressing an *30% increase compared with the predicted
average (Fig. 5c). We speculate that the large difference
between the expected average combined donor value and the
superlot value of calcium may be skewed due to specific
donor lines accreting little to no calcium over the course of
a 14-day differentiation. This particularly comes into play
when normalizing to the DNA content, which is

FIG. 7. Summary of pre-, peri-, and postmenopausal superlot potency. Osteogenic differentiation as measured quanti-
tatively by Calcium Liquicolor Assay! (a) and adipogenic differentiation as measured by lipid accumulation assay (b),
following 14 days of culture in ODM and ADM, respectively. Alizarin Red S staining to visualize superlot osteogenesis
through calcium accretion of pre- (c), peri- (d), and postmenopausal (e) superlots. Oil Red O staining to visualize superlot
adipogenesis through lipid droplet staining of pre- (f), peri- (g), and postmenopausal (h) superlots. n = 3 replicates per
superlot, error bars represent SEM. Scale bar = 500 mm. *p < 0.05; ***p < 0.001. Color images available online at
www.liebertpub.com/tec
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donor data further validate the use of superlots to represent the average behavior of 

individual donors. They also provide a useful tool in highlighting age-related differences in 

the physiology of hASC undergoing osteogenic differentiation (Figure 6.8).  

proportional to the number of cells in culture. Human
ASC growing in culture, expressing minimal calcium
have the potential to significantly reduce the calcium/
DNA ratio. Moreover, the general cell-lineage specification
paradigm proposes that proliferation and differentiation are
somewhat opposing processes.26 Once a cell population be-
gins to undergo differentiation, its proliferation activity is
impeded. However, it may be possible that the proliferative
activity remains higher through day 14 for donor hASC that
show little to no evidence of osteogenic differentiation,
skewing the calcium/DNA data. These results are corrobo-
rated by the high level of DNA content in premenopausal
donors and the relatively low level of DNA in postmenopausal
donors, following 14 days of differentiation (Fig. 8a, c). In-
terestingly, this issue did not affect donor lines undergoing
adipogenic differentiation, but this may also be due to the
lowered metabolic activity of the adipogenic phenotype and
the media formulation. We have observed that hASC cultured
under the ODM tend to persist in a proliferative capacity
slightly longer than hASC cultured under the ADM. This
could also be related to lineage-specific metabolic and phys-
iologic processes resulting in hASC quiescence/senescence

under induction of lineage commitment.12,14 The skewing of
the osteogenic superlot data may hint that hASC exhibiting
minimal to no evidence of calcium accretion express cell
physiologies preventing them from undergoing osteogenesis
and/or accreting calcium. Therefore, it is critical that investi-
gators utilizing pooled hASC superlots proceed with cau-
tion—acknowledging that the superlot cell populations have a
higher level of heterogeneity compared with single donors,
which can affect the outcome of studies.

Despite the skewed pre- and postmenopausal data, there
is considerable value in employing superlots containing
donor lines with differing potencies. The reasoning for se-
lecting this range of potency levels within our cell lines was
to begin to glean potency information of a typical hASC.
Extending this thinking further, using superlots, may facil-
itate prediction of the differentiation potential for an average
patient’s hASC. Since hASC are so extensively studied for
their promise as an autologous cell source for tissue re-
placement therapies, it is important to acquire practical data
that can be more directly translated into the clinic. That is to
say, every patient will not have hASC with a high level of
multipotency or hASC that exhibit high proclivity toward

FIG. 8. Total DNA and protein content levels in age-clustered groups. Following 14 days of osteogenic differentiation,
total DNA (a, c) and protein (b, d) content were measured for each individual donor cell line and superlots. Top row graphs
represent the average DNA (a) and protein (b) content of individual cell lines (n = 5 donors for pre- and postmenopausal,
n = 4 donors for perimenopausal). Bottom row graphs represent DNA (c) and protein (d) content of each each superlot (n = 3
replicates for each superlot). Error bars represent SEM.
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Figure 6.8 Total DNA and protein content levels in age-clustered groups. Following 14 days of osteogenic 
differentiation, total DNA (a, c) and protein (b, d) content were measured for each individual donor cell line 
and superlots. Top row graphs represent the average DNA (a) and protein (b) content of individual cell lines 
(n = 5 donors for pre- and postmenopausal, n = 4 donors for perimenopausal). Bottom row graphs represent 
DNA (c) and protein (d) content of each superlot (n = 3 replicates for each superlot). Error bars represent 
SEM. 
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6.4 Discussion 

 The goal of this paper was to evaluate and present a method to more efficiently 

execute studies using hASC to facilitate their eventual use in clinical applications. More 

specifically, we presented an approach to globally understand hASC as a cell type, to more 

effectively evaluate their potential as an autologous cell source in tissue replacement 

therapies. A majority of studies reporting data on hASC use pre-selected donor cell lines 

known to be “good differentiators” and often hASC characterized as “poor differentiators” 

are excluded from experimental cell sources (3, 149). More recently, some investigators have 

been utilizing commercially available hASC superlots or have been preparing them in-house; 

however, there is a dearth of data characterizing the effects of propagating these mixed donor 

cell populations. Clearly, studying pooled cell populations will significantly increase 

throughput, but validating their differentiation potential in a mixed donor population is 

critical to drawing results from more sophisticated hASC superlot studies.  

 To effectively understand the physiological behavior of hASC for clinical 

applications, it is necessary to study the range of their differentiation capacities. To address 

this issue, we have used the approach of generating superlots, containing 4 – 5 age-clustered 

pooled cell populations. In our superlots, we pre-selected cell lines that were characterized to 

include low, medium and high level differentiators (Figure 6.2, Table 6.1), to determine 

whether they would accurately exhibit a differentiation pattern characteristic of the combined 

average of the individual cell lines. When compared to the osteogenic and adipogenic 

differentiation levels of each individual donor, the superlot differentiation levels generally 

approximated the average value of all the individual donors, with the exception of calcium 



 

 126 

 

accretion of the pre- and peri-menopausal superlots (Figures 6.5, 6.6). For the most part, we 

confirmed our expected result, suggesting that there is likely minimal reactivity between cells 

from different donors. Moreover, this also suggests that the proportion of each donor cell 

population remains roughly equal following propagation and differentiation. This is further 

supported by only nominal differences in the proliferation profiles amongst hASC donors 

across age groups and the fact that the superlot proliferation profiles fit within the range of 

donor profiles (Figure 6.4).  

The caveat to utilizing the superlots can be observed in the case of the pre- and post-

menopausal superlots expressing calcium accretion levels notably below or above the 

predicted combined average, respectively. The pre-menopausal superlot underperformed, 

while the post-menopausal over performed in representing the consensus osteogenic 

differentiation level of the group, with the pre-menopausal expressing approximately half the 

expected level average calcium accretion (Figure 6.5a) and the post-menopausal superlot 

expressing an approximately 30% increase compared to the predicted average (Figure 6.5c). 

We speculate that the large difference between the expected average combined donor value 

and the superlot value of calcium may be skewed due to specific donor lines accreting little 

to no calcium over the course of a 14-day differentiation. This particularly comes into play 

when normalizing to the DNA content, which is proportional to the number of cells in 

culture. Human ASC growing in culture, expressing minimal calcium have the potential to 

significantly reduce the calcium/DNA ratio. Moreover, the general cell lineage specification 

paradigm proposes that proliferation and differentiation are somewhat opposing processes 

(150). Once a cell population begins to undergo differentiation, its proliferation activity is 
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impeded. However, it may be possible that the proliferative activity remains higher through 

day 14 for donor hASC that show little to no evidence of osteogenic differentiation, skewing 

the calcium/DNA data. These results are corroborated by the high level of DNA content in 

pre-menopausal donors, and a relatively low level of DNA in postmenopausal donors, 

following 14 days of differentiation (Figure 6.8a,c). Interestingly, this issue did not affect 

donor lines undergoing adipogenic differentiation, but this may also be due to the lowered 

metabolic activity of the adipogenic phenotype and the media formulation. We have 

observed that hASC cultured under ODM tend to persist in a proliferative capacity slightly 

longer than hASC cultured under ADM. This could also be related to lineage-specific 

metabolic and physiologic processes resulting in hASC quiescence/senescence under 

induction of lineage commitment (138, 140). The skewing of the osteogenic superlot data 

may hint that hASC exhibiting minimal to no evidence of calcium accretion express cell 

physiologies preventing them from undergoing osteogenesis and/or accreting calcium. 

Therefore, it is critical that investigators utilizing pooled hASC superlots proceed with 

caution —acknowledging that the superlot cell populations have a higher level of 

heterogeneity than that of single donors, which can affect the outcome of studies. 

Despite the skewed pre- and post-menopausal data, there is considerable value in 

employing superlots containing donor lines with differing potencies. The reasoning for 

selecting this range of potency levels within our cell lines was to begin to glean potency 

information of a “typical” hASC. Extending this thinking further, using superlots may 

facilitate prediction of the differentiation potential for an average patient’s hASC. Since 

hASC are so extensively studied for their promise as an autologous cell source for tissue 
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replacement therapies, it is important to acquire practical data that can be more directly 

translated into the clinic. That is to say, every patient will not have hASC with a high level of 

multipotency or hASC that exhibit high proclivity towards the desired cell lineage. Through 

studying hASC superlot differentiation activity, investigators can begin to profile the average 

patient, and subsequently hone research approaches to address limitations of the hASC cell 

source.  

In addition to using a superlot approach to characterize the “typical” patient hASC 

population, we thought it necessary to highlight the extreme differences amongst hASC 

donor cell differentiation potential. This is not only clinically relevant information, but 

suggests that as investigators we should evaluate reported data with a critical eye. In the 

future it may be necessary to develop a classification system to identify predictors of 

differentiation potential. Though some work has been done profiling hASC using cell-surface 

markers (8, 131) and microarray surveys of gene expression (113, 151) and micro-RNA 

profiles (138), this data has not been extensively correlated with hASC potency. In addition, 

it is important to consider the in vivo differentiation capacity of hASC. This study describes a 

method to consider donor specific effects on hASC differentiation, towards the goal of 

clinically employing them in tissue engineering applications, however we only consider their 

in vitro differentiation capacity. The differentiation behavior of hASC derived from donors 

of a specific age, and that of superlots will need to be further investigated to elucidate the 

valid application of this data within the in vivo model systems. 

According to our data, which displays a high degree of donor-to-donor variability, 

regardless of age, we suggest that a method for baseline characterization of hASC be 
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reported along with donor patient data. Stark differences were observed amongst the relative 

differentiation capacities of pre-, peri- and post-menopausal age groups and the trends were 

contrary to what was expected, showing the youngest group expressing the highest proclivity 

for adipogenic differentiation and the oldest group expressing the highest proclivity for 

osteogenesis (Figure 6.7). These findings are consistent with other human and animal ASC 

studies exhibiting a decrease in adipogenesis with age (142, 143). Interestingly, our 

osteogenesis results showing increased calcium accretion in the post-menopausal age group 

is consistent with work in human mesenchymal stem cells (hMSC) derived from osteoporotic 

post-menopausal donors (145). However, the effect of age on hASC differentiation, 

particularly osteogenesis, has been largely debated in the literature (135, 138, 140, 142).  

In addition to variations in hASC potency with age, hASC also exhibit age related 

changes in total DNA and protein content with age, following 14 days of osteogenic 

differentiation (Figure 6.8). Generally, pre-menopausal hASC have the highest DNA content 

following 14 days of osteogenesis, while post-menopausal cells had the highest level of 

protein. This may in part explain the lowered level of osteogenesis as this may indicate 

higher proliferation in hASC derived from younger patients, thus slowing the lineage 

commitment process, while hASC derived from post-menopausal donors slow their 

proliferation as evidenced by a relatively lowered DNA content (Figure 6.8a,c). This is 

further corroborated by the fact that hASC derived from post-menopausal donors exhibit 

relatively higher total protein values than pre- and peri-menopausal cell lines following 14 

days of osteogenesis, which may be indicative of increased extracellular matrix production, a 

hallmark of osteogenesis (Figure 6.8b, d). It is important to note, that when hASC are 
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cultured under expansion media for up to 12 days, the proliferation profile amongst age 

groups does not vary drastically (Figure 6.4), suggesting that these changes are specifically 

related to hASC developing the osteogenic phenotype. 

Our data, suggest that there may be age-related changes in hASC potency, which are 

likely related to physiological changes associated with menopause. It should be noted that 

with the limitations of our study, and our currently catalogued cell-bank, we only grouped 

our age-matched superlots based on the average purported age of menopausal phases, and 

supplied patient information did not include menopausal information. With that general 

information, we do hypothesize that these hASC potency changes may be related to the 

physiological changes in the body such as a lowering of bone density and 

osteoblast/osteoclast activity already known to affect women following menopause (152). 

However, we propose that to generate more informative age-related studies in the future, it 

would be valuable to acquire female patient information on menopausal phase. Having this 

information would allow hASC studies to report more definitive results on the differentiation 

potential of hASC and further the capacity and limitations of their therapeutic applications. 

Though there is a strong relationship between menopausal phase and bone density and 

physiology, the age-matched hASC superlot approach proposes a streamlined tactic to 

predicting the behavior of tissue-engineered constructs of other musculoskeletal tissues such 

as cartilage, tendon and muscle. In the case of other tissues, it may be useful to cluster the 

ages of the donors around critical developmental phases for a given tissue and/or even to 

develop specific donor patient criteria to select for characteristics beneficial to a particular 

lineage. This study is the first step in building this approach. 
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It should be noted that this study focuses on in vitro behavior of superlots, however it 

is unclear whether superlots can predict hASC differentiation when used in studies in which 

hASC are implanted in vivo. Exploring the use of superlots supports the goal of utilizing 

hASC for autologous tissue replacements, although the cells are derived from many patients 

and there is potential for an immune response. Nonetheless, their potential to streamline 

hASC studies and increase throughput is clear and thus their in vivo characterization may be 

a critical next step to validating their efficacy. 

One final caveat to this study, and a majority of hASC studies in the literature that 

should be noted, is that hASC are largely sourced from overweight to severely obese patients. 

The hASC in our cell banks are obtained from discarded tissue derived from abdominoplasty, 

panniculectomy or liposuction tissue. Though all three procedures are technically cosmetic 

surgery, we do not have patient body mass index (BMI) or weight data and thus little 

indication of the patient’s health status. It is likely that hASC derived from healthy patients 

will exhibit a very different differentiation profile from those derived from severely obese 

patients (130, 153). Other sources of variation may include the specific medical procedure 

with which the tissue was obtained, however it is likely that patient physiology may have the 

greatest influence. This may partially explain the high level of donor-to-donor variation 

across age groups.  Understanding the source of the differential hASC potencies is essential 

to applying hASC in clinical procedures. 

 In conclusion, we have described a method for generating age-matched pooled donor 

cell lines to produce hASC superlots containing cells from four to five donors. We have 

demonstrated that the hASC can proliferate and differentiate in these pooled donor cell 
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environments and that they exhibit the combined average osteogenic and adipogenic 

differentiation levels of each donor cell line. Further, we highlight the high degree of donor-

to-donor variation in differentiation capability that occurs amongst donor cell lines and 

suggest superlots may be a way to circumvent this issue when generating experimental data. 

We do, however, suggest that researchers proceed with caution in determining whether their 

particular study is best suited for analyses using individual donor hASC cell lines or hASC 

superlots. Either approach will depend, of course, on the particular scientific question being 

asked.  That being said, we propose that hASC superlots are a powerful tool to study hASC, 

and may provide an efficient way to increase data throughput to facilitate hASC use in 

clinical applications.  

6.5 Acknowledgements 

The authors would like to thank Dr. Liliana Mellor for her technical expertise. They would 

also like to acknowledge their funding sources: NIH/NIBIB grant R03EB008790 (EGL), 

NIH/NCRR10KR51023 (EGL), NC TraCS 10KR51023 (EGL), NSF/CBET1133427 (EGL) 

and the NSF Graduate Research Fellowship Program (JCB). 

6.6 Summary 

Human adipose-derived stem cells (hASC) are now a prevalent source of adult stem 

cells for studies in tissue engineering and regenerative medicine. However, researchers 

utilizing hASC in their investigations often encounter high levels of donor-to-donor 

variability in hASC differentiation potential. Because of this, conducting studies with this 

primary cell type can require extensive resources to generate statistically significant data. We 
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present a method to generate pooled donor cell populations, termed “superlots” containing 

cell populations derived from 4-5 age-clustered donors. The goal of generating these 

superlots was: 1) to increase experimental throughput, 2) to utilize assay resources more 

efficiently, and 3) to begin to establish global hASC differentiation behaviors that may be 

associated with donor age. With our superlot approach, we have validated that pooled donor 

cell populations exhibit proliferative activity representing combined behavior of each 

individual donor cell line. Further, the superlots also exhibit differentiation levels roughly 

approximating the average combined differentiation levels of each individual donor cell line. 

Further, we established that high donor-to-donor variability exists between pre-, peri-, and 

post-menopausal age groupings and that proliferation and differentiation characteristics can 

vary widely, independent of age. Interestingly, we did observe that cell lines derived from 

post-menopausal donors demonstrated a relatively high proclivity for osteogenic 

differentiation and a relatively lowered proclivity for adipogenic differentiation as compared 

to cells derived from pre- and peri-menopausal donors. 

In general, superlots effectively represented the average differentiation behavior of 

each of their contributing cell populations and could provide a powerful tool for increasing 

experimental throughput to more efficiently utilize resources when studying hASC 

differentiation.  
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CHAPTER 7 Conclusions 

7.1 Conclusions 

 In this dissertation we have reviewed current relevant studies summarizing the state 

of adipose stem cell research towards musculoskeletal tissue engineering with a particular 

focus on osteogenesis and bone tissue engineering applications. Further we have summarized 

current, relevant work in the field of primary cilia biology as it pertains to stem cell 

differentiation, chemosensing and mechanotransduction. We presented three separate studies 

elucidating different aspects of hASC differentiation ranging from a fundamental loss of 

function study, to an observational study to a global study of general hASC behavior. We 

have established primary cilia as mediators of chemically induced osteogenic differentiation 

in hASCs as well and specialized mechanosensitive structures in adipogenic and osteogenic 

hASCs. Additionally, we have aimed to highlight differences in hASC multipotency based on 

source donor age, but we have also revealed complicated challenges which underscore 

barriers to using hASCs in clinical applications.  

 From this body of work it is clear that primary cilia are involved in the fundamental 

processes of hASC differentiation, and the cilium may be a novel therapeutic target in 

manipulating hASC differentiation behavior. It is possible that with further research, the 

cilium structure may be a potential biomarker indicative of cell potency and/or 

mechanosensitivity. However, their frequency of expression is difficult to predict in different 

cell populations, which remains a gap in our understanding of this structure. 
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 In validating the proof of principle for using superlots in hASC studies, we 

inadvertently revealed the often difficult to predict age-related behavior of hASC 

differentiation. While superlots are a powerful tool in creasing experiment throughput and 

circumventing the need to interpret data with a high level of variability due to differences in 

donor cell populations, we have discovered the double-edged sword in this type of 

experimental approach. While it is valuable to researchers to pre-select multipotent hASC 

lines to understand fundamental differentiation processes, a large group of hASCs are being 

left behind and there is a dearth of knowledge regarding their lack of multipotency in culture. 

In turn, these donors are then in a way are excluded from the very technologies we hope 

patients will benefit from in the future. It may be important for investigators to take a step 

back and evaluate hASCs from a broader perspective in order to assess their feasibility of use 

across patient populations. 

7.2 Recommendations of Future Work 

 Within the scope of this dissertation, the studies presented utilized hASC models 

under monolayer culture. However it is will known that few cell types grow in monolayer in 

the body and osteogenic and adipogenic cell types are suspended in a 3-dimensional (3D) 

extracellular matrix space. Further, though monolayer culture is a direct easy to use 

experimental model, many studies suggest that cell behavior is drastically different when 

cultured in a 3D environment and these investigators caution others on the absolute relevance 

of monolayer culture studies.  

 When considering efforts towards engineering hASC-derived tissue replacements, it 

is critical to consider the geometry in which one hopes to fill the void of diseased tissue. In 
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the context of all three studies presented here, repeating the studies within a 3D culture 

model would be valuable and relevant research in understanding hASC differentiation 

behavior within a 3D environment. Moreover, observing cilia expression under 3D culture is 

a very understudied area of research and may inform researchers on the relevance of 2D cilia 

work to simulating the in vivo chemical and mechanical environment.  

 Lastly, the industry standard for evaluating hASC multipotency is generally 

performed in standard tissue culture plates, with the exception of chondrogenic validation 

which is typically performed in pellet cell culture. Regardless, some critics have brought up 

the missing link between in vitro and in vivo hASC differentiation behavior. There is a major 

void in our knowledge about how in vitro multipotency truly correlates with successful 

maintenance of a particular hASC-derived tissue phenotype in vivo, so there is a critical need 

to develop improved methods to reliable predict the outcome of in vivo transplantation of 

hASCs. The crux of this work will likely rely on the development of standardized 3D culture 

methods.  

 As tissue engineers it is paramount that we continue to forge ahead with a 

multidisciplinary approach to generating engineering tissue replacements with the eventual 

goal of applying autologous cell-based treatment methods in the clinic. However, while it is 

necessary to pursue fundamental studies on hASC phenotypic development and methods best 

manipulate and harness hASC multipotency, it is also necessary to maintain a broader 

perspective on the common goal of generating personalized medical treatments. As such it is 

important to consider the spectrum of the patient population we wish to serve, and take this 

into account when choosing which lines to study for tissue engineering applications and 
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consider the physiology of those cells which yield negative results in conjunction with the 

multipotent ones we already study. Acquiring detailed patient data in combination and 

publishing this information along with our research findings is critical to accelerating the use 

of hASC technologies within the clinic. 
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