
ABSTRACT 

CHAROENPANICH, ADISRI. Analyses of Human Adipose Derived Stem Cells and Human 
Mesenchymal Stem Cells for Functional Tissue Engineering using Biomimetic Physical 
Stimuli. (Under the direction of Elizabeth G. Loboa.) 

 

Autologous stem-cell-based tissue engineering holds great potential for treating 

trauma and pathologies in a patient specific manner.  Adult stem cells can be derived from 

various source tissues such as bone marrow, epidermal tissue, and adipose tissue.  Initially, 

bone-marrow-derived mesenchymal stem cells (MSC) received the most attention for 

musculoskeletal tissue engineering applications given their direct lineage capability.  More 

recently however, adipose-derived stem cells (ASC) have received increasing interest for 

tissue engineering applications due to their relative ease of harvest, abundance, and multi-

lineage differentiation potential. To better implement the use of stem and progenitor cells for 

cell-based therapy and tissue repair, understanding of how these cells are committed to, or 

differentiate into, a specific cell lineage is needed.   

Previous studies have shown the ability of hMSC and hASC to differentiate into 

bone, fibrous tissue, cartilage, and smooth muscle cells in response to appropriate chemical 

and/or mechanical stimuli.   In this dissertation, the effect of allograft extracellular matrix, 

soluble inductive factors, and a specific mechanical stimulus (10% uniaxial cyclic tensile 

strain) on hASC/hMSC osteo- and chondrogenic differentiation and gene expression were 

examined.   In the first study, hASC were seeded into a decellularized human meniscal 

allograft to determine the effects of inherent soluble cues provided by the extracellular matrix 

(ECM) on hASC viability, proliferation, differentiation and histology of the hASC-seeded 



meniscus. In the second study, hASC osteogenic differentiation and response to combined 

chemical and mechanical stimuli were investigated.   Gene expression profiles of 

proliferating or osteogenically induced hASC in 3D collagen I culture in the presence and 

absence of 10% uniaxial cyclic tensile strain were examined using microarray analysis.   In 

the final study, hMSC isolated from aged, postmenopausal osteoporotic donors were cultured 

in three-dimensional (3D) collagen constructs and analyzed for changes in mRNA expression 

in response to 10% uniaxial cyclic tensile strain in an attempt to identify potential 

mechanisms underlying the use of appropriate mechanical loading for prevention and 

treatment of osteoporosis. 

The results of the first study show promising initial results of the use of hASC 

combined with a decellularized meniscal allograft for improved approaches for meniscal 

allograft transplants.  The following studies of hASC and hMSC in response to tensile strain 

expanded findings from the first study to determine the effects of combined chemical and 

mechanical stimuli for regeneration of other musculoskeletal tissues in addition to 

fibrocartilage, with particular emphasis on bone formation.   Application of cyclic tensile 

strain at different magnitudes is a stimulus for fibrous tissue, fibrocartilage and bone 

formation during normal secondary fracture healing or distraction osteogenesis. Specifically, 

our lab has previously shown that 10% cyclic tensile enhances osteogenesis of both hASC 

and hMSC in vitro. However, the molecular mechanisms underlying this potential are not yet 

known.  The research performed in this thesis identified angiogenesis as a potential 

mechanism in response of hMSC and hASC to 10% cyclic tensile strain. Potential key genes 

identified to play important roles in hASC and hMSC in response to 10% tensile strain 



included PDLIM4, an actin binding protein. PDLIM4 knockdown was also shown to increase 

hMSC osteogenesis via enhanced expression of bone marker genes and alkaline phosphatase 

activity. 
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Preface 

Tissue engineering holds great potential for treating critical sized defects; particularly 

the creation and use of engineered tissue from autologous adult stem cells. Adult stem cells 

can be derived from various sources such as bone marrow, epidermal tissue, and adipose 

tissue 1-3. From these source tissues, bone marrow derived mesenchymal stem cells (MSC) 

have been the most extensively studied given their early identification as having multipotent 

lineage specification capability 4-7. More recently, adipose derived stem cells (ASC) have 

gained increasing interest as they have also been shown to undergo multilineage 

differentiation including, but not limited to, osteoblasts, chondrocytes, adipocytes, myoblasts, 

cardiomyocytes, neural and liver cells 8,9. Moreover, ASC can be more easily harvested with 

less invasive surgery (liposuction) from a relatively abundant tissue source relative to MSC, 

which are usually harvested via iliac crest needle biopsy 10-12. However, it is still challenging 

to mimic tissue in vivo and engineer functional tissue with both material and chemical 

properties consistent with native tissue using progenitor cells such as ASC or MSC in vitro. 

Understanding and elucidating the process of stem cell differentiation and lineage 

specification in response to specific inductive environments provided by both physical and 

chemical stimuli will help us to optimize the use of MSC and ASC for patient specific tissue 

engineering and regenerative medicine applications. 

To better implement the use of stem and progenitor cells for cell-based therapy and 

tissue repair, understanding of how these cells are committed to, or differentiate into, a 

specific cell lineage is needed.  Therefore, the goal of this research was to investigate both 

hASC and hMSC for their potential use in tissue engineering via analyses of 1) the response 
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of hASC to chemical stimuli in the form of  soluble inductive factors within specified culture 

medium or by seeding within a human, decellularized extracellular matrix; and, 2) molecular 

mechanisms underlying their response to 10% uniaxial cyclic tensile strain, a mechanical 

stimulus we have previously shown accelerates and increases osteogenic differentiation of 

these stem cells  

To address these questions, this dissertation is comprised of three studies: the first 

study investigating the ability of hASC to improve the use of human meniscal allograft 

transplantation, then the potential use of hASC with its ability to undergo osteogenesis and 

respond to mechanical loading in 3-dimensional collagen culture, and the ability of hMSC 

from osteoporotic donors in responding to mechanical loading in 3-dimensional collagen 

culture is described in the third study. 
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1 Proliferation of Human Adipose Derived Stem Cells Stem Cells in a Needle-

Punched, Porous, Decellularized Human Allograft-Derived Meniscus and Synthetic 

Aligned PLA scaffold 

1.1 Introduction 

The meniscus plays a crucial role in knee joint function by providing joint stability, 

shock absorption, load transmission, and stress distribution within the knee joint. Meniscal 

tears are the most common of knee injuries with an annual reported incidence of 60-70 per 

100,000 persons 13,14. With limited natural repair of meniscus, arthroscopy repair is the gold 

standard for meniscus tear. However, not all meniscus tear can be repaired, especially tears in 

the avascular inner-third and complex or degenerative tears in older patients with limited 

healing potential. The clinical evidence showing the detrimental effects of partial or total 

removal of the meniscus on the knee joint, as it increases the contact stresses on the articular 

surface of the tibia 15.  Previous biomechanical studies have shown that at least 50% of the 

compressive load of the knee joint is transmitted through the knee joint in extension while up 

to 85% of the knee load is transmitted in 90 degrees of flexion 16.  In the knee with a 

menisectomy, the contact area between the tibia and the femur is reduced by 50 percent17. 

For clinicians, meniscal preservation or replacement has become more important as our 

understanding of the devastating long-term consequences of meniscal removal have become 

better understood. 

Meniscal allograft transplantation is a treatment utilized when the native meniscus 

has been removed or ceases to function due to injury to protect the meniscally deficient knee 

18. However, meniscal allografts have limited healing potential, inability of allograft to 



 

4 
 

integrate with host knee, and degradation over time due to a lack of cellular incorporation 

after implantation 19,20. Previous human retrieval studies and animals studies have noted 

incomplete cellular incorporation, absence of cell proliferation, and a microscopic immune 

response 21-23.  It has been postulated that the lack of cellular incorporation may result from 

the high density of the meniscus.  Without successful ingrowth and cellular re-population, 

menisical allografts lack the capacity to remodel and perform necessary maintenance.  In 

longer term studies, 10 year failure rates for meniscal allografts are as high as 25-50 percent 

24-26. 

Removing donor cellular component and increasing porosity to allow loading of a 

transplanted meniscus with a biologically active substrate (growth factors, platelets or MSC) 

have been studied to better improve the success rate of allograft transplant using an animal 

models 27-31.  To date, little research has focused on the possibility of modifying the human 

meniscus with human stem cells to evaluate the meniscus as a potential scaffold and also the 

biological responses of human stem cells to human meniscal allograft. 

In this study, a human meniscus was decellularized to remove donor cells and 

meniscus porosity was enhanced via chemical factors with 24 hr trypsin digestion, and 48 hr 

Triton x-100/peracetic acid solution which has been shown to fully remove cell debris, 

increase porosities via maintain mechanical properties and GAGs content in ovine menisci 27. 

Needle punching was then implemented to further increase porosity and cell penetration.  

Human adipose derived stem cells (hASC) were utilized to investigate their potential for cell 

seeding, viability, migration, proliferation, and chondrogenic differentiation within the 

allograft derived meniscal scaffold. 
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1.2 Materials and Methods 

1.2.1 Decellularization and Porosity Enhancement of Human Meniscus 

Gamma sterilized, frozen human menisci were provided by the Musculoskeletal 

Transplant Foundation.  Menisci were defrosted at room temperature.  Chemical 

decellularization was performed to remove donor cells 27.  In brief, whole meniscus was 

placed in deionized water at 37oC for 48 hours, followed by 24 hours enzymatic digestion in 

0.05%  trypsin EDTA, 24 hours trypsin neutralization in complete growth media (CGM) (α-

MEM supplemented with 10% FBS, 2 mM L-glutamine, 1% Pen/Strep) followed by 48 

hours in 2% Triton X-100/ 1.5% peracetic acid solution 27. The allograft was then subjected 

to multiple washes in deionized water.  To further enhance porosity, a 28G microneedle was 

used to manually punch 360 µm pores through the meniscus in a superior to inferior pattern 

(Figure 1).  

 

Figure 1-1.  Microneedle punching. Decellularized meniscal allografts were vertically 

penetrated with 28G microneedle.  
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1.2.2 Cell seeding and cell culture 

Human ASC were seeded throughout the meniscus by centrifugal seeding at 2,000 

rpm, 5 times at 1 minute intervals with gentle resuspension of unattached cells after each 

cycle to increase cell-meniscus contact 3. Cell seeded menisci were cultured for up to 4 

weeks in complete growth medium (CGM) at 37°C humidified 5% CO2 atmosphere. The 

medium was changed every three days.  

1.2.3 Nuclei staining  

After four weeks, the cell-seeded menisci were dissected and fixed in 10% formalin 

for 24 hours, followed by two washes in phosphate buffered saline (PBS), ethanol 

dehydration and paraffin embedding.  Menisci were sectioned into 10-µm thick slices with a 

rotary microtome and sections were stained with 4,6-diamidino-2-phenylindole (DAPI) 

staining to identify residual nuclei debris. 

1.2.4 Cell survival and histology 

Live cells were stained with Calcein AM for visualization (Molecular Probes, 

Eugene, OR).  For histological analyses, tissue specimens were fixed with 10% formalin, for 

24 hours, followed by two washes in phosphate buffered saline (PBS), ethanol dehydration 

and paraffin embedding.  Menisci were sectioned into 10-µm thick slices with a rotary 

microtome and sections were stained with standard fast green/safranin O staining. 
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1.2.5 Scanning Electron Microscopy 

Tissue specimens were fixed with 2.5% glutaraldehyde, followed by serial ethanol 

dehydration.  They were then critical point dried in liquid CO2 and gold-platinum sputter 

coated for scanning electron microscopy (SEM) analyses.  

1.3 Results 

1.3.1 Decellularized of Human Meniscus 

The general shape and architecture of meniscus was maintained after needle-punching 

and decellularizing process (Figure 2). Successfully remove of donor nucleic acid can be 

observed with a relative absence of nuclear staining with DAPI in the decellularized 

meniscus relative to the intact meniscus (Figure 3). 

 

  

Figure 1-2. Gross inspection of human meniscus before decellularization (a) and after 

decellularization (b). Overall shapes were maintained for decellularized compare to intact 

meniscus 

a                                      b 
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Figure 1-3. Cellular and nuclear content (blue dots) as indicated via DAPI staining of intact 

meniscus (a) and decellularized meniscus (b).   

 
Scanning electron microscopy revealed that chemical decellularization removed the 

donor cell membrane, loosened but did not unpack the collagen bundle, and generated gaps 

and micropores within the collagen network (Figure 4).  

 

 

 

 

 

 

 

Donor cell membrane 

a     b    c 

Figure 1-4. Scanning electron micrograph of control, intact meniscus at 500x magnification 

(a), decellularized meniscus at 500x (b) and decellularized meniscus at 2500x (c).   
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1.3.2 Proliferation of hASC on Decellularized Meniscus 

Live staining showed that hASC remained viable for both decellularized and  needle-

punched decellularized  menisci (Figure 5). SEM revealed elongated hASC aligned parallel 

to the native collagen fibers of the decellularized meniscus (Figure 6).  

 

 

 

 

Figure 1-5. Live staining of hASC seeded decellularized meniscus (a) and needle punch 

decellularized meniscus (b) with phase contrast (c, d). Live cells stained in bright green. 
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Figure 1-6. hASC proliferation and alignment in hASC-seeded meniscus. hASC were well 

organized and aligned parallel to the collagen fiber extracellular matrix of decellularized 

menical allograft: scanning electron micrograph at 200x (a), and at 2000x (b). 

 

1.3.3 Histology 

Histological analyses of the re-seeded meniscal allograft showed that cells were able 

to proliferate and migrate through the outer periphery region where vascular channels were 

present (Figure 7a). However, decellularization alone did not allow for cells to migrate 

further than the surface of the inner (non-vascularized) regions (Figure 7b). With needle 

punching, cells were able to migrate through the pores from the surface into the central 

regions of the meniscal tissue (Fig 7c,d).  

 

a                       b     
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Figure 1-7. Cross section histology of hASC seeded on decellularized meniscus outer region 

(a), inner region (b) and hASC seed on needle punched decellularized meniscus outer region 

(c) and inner region (d) Collagen (Blue), Nuclei (Black). 
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1.4 Discussion 

 Meniscus allograft transplant has shown favorable results in various situations at 

short- and medium-term follow-up, and even, in some cases, at long-term (>10 years) follow-

up. With the first meniscal allograft transplantation 28 years ago in 1984, currently long-term 

studies in meniscal allograft transplant are in the length of 10 years. The survive rate for 10 

years follow-up in cryopreserved and fresh-frozen meniscal allograft transplants is in 

between 70%-80% with defined failure as tearing, sub/total destruction requiring 

repair/partial meniscectomy or removal of the allograft 25,32-34.  However, a magnetic 

resonance imaging study on the width and thickness of fresh frozen meniscal transplants 

showed that shrinkage in the width (89%) and increase in thickness (115%) can be observed 

within the first year of transplant 35.   

Immunohistocomistry analyses of fresh, cryopreserved and frozen human menisci 

showed the presence of HLA, and ABH antigen that could complicate the meniscus allograft 

transplant 23,36. In this study we have successfully remove donor cells while maintain the 

overall structure of meniscal allograft. Reseeding the decellularized allograft with hASC 

showed promising result as cells are viable, proliferate and organized parallel to the structure 

of collagen fiber extracellular matrix within the meniscus. The ability of hASC to align 

parallel to the native collagen fibers in the meniscal allograft is promising for collagen 

production by hASC to overcome the degeneration of the meniscal allograft after long term 

implantation. It has been shown that alignment of a cell-produced collagen matrix is 

determined by cell orientation 37,38.  



 

13 
 

Successful tissue engineering utilizing hASC would allow meniscal allograft 

transplantation to be transformed by improving and extending the life of the transplant.  

Using a patient’s abundant hASC on a prepared meniscal allograft would be a clinically 

applicable process that would yield a significantly improved meniscal transplant leading to a 

large clinical advancement in the treatment of patients with meniscal deficiency. 
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2 Microarray Analysis of hASC in 3D Collagen Culture: Osteogenesis Inhibits BMP 

and Wnt Signaling Pathways and Cyclic Tensile Strain Causes Upregulation of 

Proinflammatory Cytokine Regulators and Angiogenic Factors 

To better implement the use of stem and progenitor cells for cell-based therapy and 

tissue engineering, understanding how these cells are committed to or differentiate into a 

specific cell lineage is needed. While hASC have shown great promise for bone tissue 

engineering as discussed in Chapter 2, molecular mechanisms underlying their potential are 

as yet unknown. 

In this chapter, osteogenecity of hASC was investigated at the gene expression level 

of over 47,000 transcripts by cDNA microarray analysis. A three-dimensional collagen type I 

matrix was used as the culture system to mimic the bone ECM, osteogenic differentiation of 

hASC was induced with osteogenic media containing the soluble osteogenic inductive 

factors; β-glycerol phosphate, ascorbic acid, and dexamethasone, and 10% uniaxial cyclic 

tensile strain was applied as the mechanical loading. The significantly modulated genes were 

analyzed and compared to the available canonical pathways along with the function and 

network analysis to filter for the key factors or signals. 

The work in this chapter has been published at Tissue Engineering Part A, 2011 

Nov;17(21-22):2615-27, with co-authors, Michelle E. Wall, Charles J. Tucker, Danica MK 

Andrews, David Lalush, and Elizabeth G. Loboa. 
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2.1 Introduction  

Autologous stem-cell-based bone tissue engineering holds great potential for treating 

bone trauma and pathologies in a patient specific manner.  Adult stem cells can be derived 

from various source tissues such as bone marrow, epidermal tissue, and adipose tissue 1,44.  

Initially, bone-marrow-derived mesenchymal stem cells (MSC) received the most attention 

for bone tissue engineering applications given their known osteogenic capability.  More 

recently however, adipose-derived stem cells (ASC) have received increasing interest for 

tissue engineering applications due to their relative ease of harvest, abundance, and 

multilineage differentiation potential 9,44,45.   

When cultured in monolayer in the presence of osteogenic media containing ascorbic 

acid, β-glycerolphosphate, and dexamethasone, ASC have been shown to undergo osteogenic 

differentiation, deposit calcium phosphate, and express osteoblast-associated gene markers, 

osteocalcin, alkaline phosphatase, and osteopontin in vitro 9, 46.  In order to better mimic the in 

vivo environment, researchers have also utilized three-dimensional (3D) culture conditions.  

Culture of human ASC (hASC) in 3D collagen gels has been found to promote osteogenic 

differentiation of hASC by elevating bone marker mRNA expression 47.  As with 3D culture, 

the mechanical environment also plays an important role in stem cell growth, differentiation, 

and function. 

At the tissue level, predominant mechanical stimuli in bone include fluid shear stress 

and tensile strain48.  In a mechanobiological investigation of mandibular distraction 

osteogenesis, Loboa et. al. found that in vivo bone formation during distraction osteogenesis 

was stimulated with application of tensile stains at magnitudes of 10% -12.5%.  Cyclic 
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tensile strains of these magnitudes have also been found to promote cell proliferation and 

upregulation of bone marker genes in MSC, osteoblasts, and periosteal cells 49-51.  Previous 

studies in our lab with hMSC and hASC have shown that 10% uniaxial cyclic tensile strain 

enhances osteogenesis of these stem cells by increasing bone markers and calcium mineral 

deposition52-54.  However, it is still an ongoing challenge to mimic natural bone and engineer 

functional, weight-bearing bone tissue from progenitor cells such as ASC.  Understanding 

and elucidating the process of bone formation, along with the molecular biology of 

osteoprogenitor cells and the osteoinductive environment provided by both physical and 

chemical stimuli, will help us to optimize use of ASC for functional bone tissue engineering. 

 In this study, we analyzed differences in gene expression profiles and calcium 

accretion of hASC in three-dimensional (3D) collagen culture during exposure to varying 

chemical and mechanical stimuli. Human ASC were cultured in 3D type I collagen gels and 

maintained in either growth or osteogenic differentiation medium (varied chemical stimulus) 

in either the presence or absence of 10% cyclic tensile strain (varied mechanical stimulus), a 

strain magnitude we have previously shown accelerates and increases osteogenic 

differentiation and calcium accretion of hASC52.  Gene expression profiles were determined 

and analyzed using advanced microarray analysis, including an evaluation of the canonical 

pathways affected, to investigate the mechanisms underlying the ability of hASC to undergo 

osteogenic differentiation and their response to cyclic tensile strain while undergoing 

osteogenesis.   
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2.2 Materials and Methods 

2.2.1 Cell isolation, culture, and characterization   

 Excess human adipose tissue from abdominoplasty procedures was obtained from 

three female donors (45-year-old African American, 31-year-old Caucasian, and 35-year-old 

Caucasian) in accordance with an approved IRB protocol at UNC-Chapel Hill (IRB 

04:1622).  Human ASC were isolated from the tissue using a method based on density and 

differential adhesion, as previously described 9, 55.  In brief, adipose tissue was digested with 

0.075% collagenase typeI (Worthington Biochemical Corp., Lakewood, NJ) for 30 min.  A 

dense cell fraction was separated from the adipocytes by centrifugation  and resuspended in 

160 mM ammonium choloride to lyse the blood cells.  Cells were then pelleted by 

centrifugation for 10 min, and resuspended in growth medium (minimum essential medium 

eagle, alpha-modified supplemented with 10% fetal bovine serum (lot selected; Atlanta 

Biologicals, Lawrenceville,GA), 2 mM L-glutamine, 100 units/mL penicillin, and 100 µg/mL 

streptomycin).  Cells were seeded in T-75 flasks and non-adherent cells were washed out 

after 24 hours.  Human ASC were then characterized via immunohistochemical analysis of 

surface markers that have been found to be present (CD73, CD105, and CD166) and absent 

(CD34 and CD45) in mesenchymal stem cells and by their ability to differentiate down 

osteogenic and adipogenic pathways as previously described 55.  All cell culture chemicals 

and supplies were purchased from Mediatech, Inc. (Herndon, VA) and GIBCO BRL (Grand 

Island, NY) unless otherwise noted.   
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2.2.2 Fabrication of collagen gels 

Human ASC were seeded into collagen gels consisting of 70% type I collagen (BD 

Biosciences, San Jose, CA) (pH adjusted to 7.0), 20% 5x MEM and 10% FBS at 60,000 

cells/ 200 µl gel solution.  The cell-seeded gel solutions were loaded into Tissue Train® 

collagen I-coated six-well culture plates (Flexcell International, Hillsborough, NC) to create 

linear three-dimensional collagen constructs and were allowed to polymerize for 2 hours 

prior to application of growth media (α-MEM supplemented with 10% FBS (lot selected; 

Atlanta Biologicals, Lawrenceville, GA), 2 mM L-glutamine, 100 units/mL penicillin, and 

100 µg/mL streptomycin).   

2.2.3 Osteogenic differentiation and application of 10% cyclic tensile strain  

Beginning 24 hours after cell seeding, the constructs were cultured for an additional 

two weeks in either growth or osteogenic medium in the presence or absence of 10% uniaxial 

cyclic tensile strain.  Osteogenic medium consisted of growth medium supplemented with 50 

µM ascorbic acid, 0.1 µM dexamethasone, and 10 mM β-glycerolphosphate 55-57. Cell-seeded 

constructs were subjected to 14 days of 10% uniaxial cyclic tensile strain at 1 Hz for 4 

hours/day using a computer-driven strain device (FX-4000T; Flexcell International).  The 

cell-seeded collagen constructs are fully polymerized around non-woven anchors at each end, 

resulting in a 10% uniaxial global tensile strain to the 3D construct58. Constructs were 

collected on days 1, 7, and 14 for further analyses.  

 Cell mediated calcium accretion was evaluated on day 14 and normalized to cellular 

DNA content as previously described59.  Briefly, freshly collected constructs on day 14 were 

rinsed twice with PBS, and cut in half for either calcium or DNA quantification.  Constructs 
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for calcium analyses were dissolved in 0.5 N HCl overnight at 4°C and supernatant analyzed 

with a colorimetric Calcium LiquiColor® assay (Stanbio Laboratory Boerne, TX).  Cellular 

DNA was extracted from constructs for DNA analyses with DNeasy blood and tissue kit 

(Qiagen, Valencia, CA) and evaluated using a Nanodrop (Thermo-Fisher Scientific, 

Wilmington, DE).  Data were subjected to a one way ANOVA. n = 2-3.donors, each with 

single or duplicate samples per condition. 

2.2.4 RNA isolation and real-time RT-PCR analysis   

Constructs were washed twice in PBS, placed in lysis buffer containing β-

Mercaptoethanol, and frozen at -80 °C until RNA could be isolated. A high cell-seeding 

density of 60,000 cells/construct was implemented to ensure adequate yield of total RNA. As 

expected, this resulted in higher contraction of the constructs over time and in some instances 

construct breakage prior to day 1460. Therefore, only 1 donor had day 14 samples under the 

strain alone condition (i.e., cultured in complete growth medium, not osteogenic 

differentiation medium, in the presence of 10% cyclic tensile strain) due to contraction-

associated breakage of the constructs by this time; therefore, these samples were only used 

for RT-PCR validation analysis and not for microarray analysis. 

To isolate total RNA, constructs were thawed on ice, ground with a mini-pestle, and 

homogenized using a QIAshedder (Qiagen, Valencia, CA).  Total RNA was then purified 

using Eppendorf Perfect RNA mini-columns (Hamburg, Germany) according to the 

manufacturer’s recommended protocol for eukaryotic cells.  Total RNA was quantitated 

using a microplate based RiboGreen® method (Molecular Probes, Eugene, OR).  A single 
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pool of cDNA was reverse transcribed from 3-100 ng of each RNA sample using 

SuperScript™ III (Invitrogen, Carlsbad CA) with oligo dT primers.  

  Real-time RT-PCR was performed using an ABI Prism® 7000 Sequence Detection 

System (Applied Biosystems, Foster City, CA).  TaqMan based PCR Assays-on-DemandTM 

(Applied Biosystems) were used for gene expression analysis of corin, PDZ and LIM domain 

4 (PDLIM4), vascular endothelial growth factor A (VEGF A) and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), the endogenous control.  Expression levels were 

determined using the DDCT method 61, and presented as fold change.  Corin expression in 

hASC was compared to mRNA level in normal human adult bone tissue (BioChain, Hayward 

CA), which was set to 1.0; n = 2 donors, each with duplicate or triplicate samples per 

condition.   PDLIM4 and VEGF A fold change expression was compared between osteogenic 

media (set equal to 1), and osteogenic media plus strain; n = 2-3 donors each with single or 

duplicate samples per condition.  Data were subjected to a two-tailed student’s t-test to 

determine significant difference (p<0.05) from control (growth media).  Data are presented as 

mean ± standard error. 

2.2.5 Biotin labeling, streptavidin antibody staining, scanning and detection   

Gene expression analysis was conducted using Affymetrix Human Genome U133 2.0 

Genechip® arrays (Affymetrix, Santa Clara, CA).  Total RNA was amplified using the 

Affymetrix 2-Cycle cDNA Synthesis protocol.  Starting with 20 ng of total RNA, cRNA was 

produced according to the manufacturer’s protocol.  For each array, 15 µg of amplified 

cRNAs were fragmented and hybridized to the array for 16 hours in a rotating hybridization 
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oven using the Affymetrix Eukaryotic Target Hybridization Controls and protocol.  Slides 

were stained and washed as indicated in the Antibody Amplification Stain for Eukaryotic 

Targets protocol using the Affymetrix Fluidics Station FS450.  Arrays were then scanned 

with an Affymetrix Scanner 3000.  Data were obtained using the Genechip® Operating 

Software (Version 1.2.0.037); n = 3 donors. 

2.2.6 Microarray data analysis   

Data preprocessing, normalization, and error modeling was performed with the 

Rosetta Resolver system (version 7.2.) (Rosetta Biosoftware, Kirkland, WA).  Principal 

component analysis (PCA) was performed on all samples and all probes to characterize the 

variability present in the data.  Intensity profiles were combined by weight-averaging into 

Intensity Experiments.  When required, Intensity Experiments were built into ratios 

representing treated/control (osteogenic induction media compared to complete growth 

media, or osteogenic induction media plus 10% uniaxial cyclic tensile strain compared to 

osteogenic induction media), as described by Stoughton and Dai (2005) 62.  An error-

weighted ANOVA with Bonferroni test was used to reduce the number of false positives with 

p<0.01.  

Whole genome expression data were visualized in the context of  molecular function, 

canonical pathways and biological network using Ingenuity Pathway Analysis (IPA) system 

(version 8.0) (Ingenuity Systems, Mountain View, CA; www.ingenuity.com).  Data sets 

containing gene identifiers and corresponding expression values were uploaded into the 

application.  Each gene identifier was mapped to its corresponding gene.  In the case of genes 

with multiple identifiers, the highest expression value was selected.  The function and 

http://www.ingenuity.com/
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pathway analysis of IPA was generated based on all currently available published data to 

identify potential regulatory pathways and molecules.  
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2.3 Results 

2.3.1 Osteogenesis of hASC after 14 days in 3D collagen culture in response to 

osteogenic media and 10% uniaxial cyclic tensile strain  

 hASC from three donors used in this study had been pre-selected for positive 

mesenchymal stem cell markers, and capability for adipogenic and osteogenic differentiation 

in 2D culture55.  All three selected cell lines were also verified to deposit mineral over an 

area spanning at least 50% of the tissue culture well, determined via Alizarin red staining 

(Figure 1 a, b).  

To evaluate osteogenesis of hASC in 3D collagen culture, accreted calcium and DNA 

content was quantified.  Relative to hASC cultured in complete growth media, calcium 

content was significantly (p < 0.01) increased by osteogenic media induction and further 

elevated by 10% uniaxial cyclic tensile strain (Figure 1 c).   



 

24 
 

 

 

 

Figure 2-1. Osteogenic differentiation of hASC. Alizarin red staining for calcium accretion 

in 2D culture after 14 days (a) in growth media or (b) osteogenic media. (c) Cell-mediated 

calcium accretion in 3D collagen I culture after 14 days of hASC culture in growth media, 

osteogenic media, or osteogenic media plus 10% cyclic tensile strain (f=1 Hz, 4 hours/day). 
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2.3.2 Validation of microarray data  

To characterize variability present in the microarray data, principal component 

analysis (PCA) was performed.  PCA results showed discrimination between three 

treatments: 1) hASC cultured in growth media; 2) hASC cultured in osteogenic media; and, 

3) hASC cultured in osteogenic media in the presence of 10 % uniaxial cyclic tensile strain 

(Figure 2).  As expected, variability was also found between human donors within each 

treatment.  Osteogenic media alone and osteogenic media plus cyclic tensile strain exhibited 

gene expression profiles closer to each other than hASC cultured in growth media, since both 

of those populations were undergoing osteogenic differentiation (Figure 2).  

Genes differentially expressed by hASC in response to 3D collagen culture in 

osteogenic media or osteogenic media plus 10% uniaxial cyclic tensile strain were identified 

by error-weighted analysis of variance (ANOVA).  1288 gene identifiers were detected as 

osteogenic sensing and 184 gene identifiers were detected as cyclic tensile strain sensing.  Of 

the previously reported top 20 upregulated genes during osteogenesis of hASC for 14 days in 

2D culture 57, we found 43 relevant gene identifiers for 15 genes which were also upregulated 

during osteogenesis of hASC in 3D collagen I gel culture (Table 1).  Four of our top five 

upregulated genes: alcohol dehydrogenase 1B (ADH1B), glycoprotein M6B (GPM6B), 

monoamine oxidase A (MAOA), and FK506 binding protein 5 (FKBP5) were also found by 

Liu et al. as top upregulated genes during osteogenic differentiation of hASC in 2D culture 

57.  Our fifth top upregulated gene, corin, was not identified by Liu et al. during osteogenesis 

of hASC in 2D culture 57.  Interestingly, corin has also been found to be a top upregulated 

gene in hMSC during osteogenic differentiation in 2D culture 57.  Given this divergence in 
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results for corin by previous investigators during osteogenic differentiation of hMSC versus 

hASC when analyzing cell response in 2D culture63, and our current microarray finding that 

corin was highly upregulated by hASC in 3D culture, we confirmed corin expression using 

real time RT-PCR with analysis at a greater number of time points, as described later in the 

real-time RT-PCR analysis section.   

 

 

 

Figure 2-2.  Principal Component Analysis (PCA).  PCA results indicated a distinct 

separation between growth media and osteogenic media, and further between growth media 

and osteogenic media plus 10% cyclic tensile strain. (b) Rotated (45 degrees) plot for 3D 

view. 

 



 

27 
 

2.3.3 Genes regulated during osteogenic differentiation of hASC in 3D collagen 

culture for 14 days 

Of the 1,288 gene identifiers that were significantly and differentially expressed by 

all three donors’ hASC in response to osteogenic differentiation medium, 1218 identifiers 

were mapped to 847 genes (Supplementary Table 1 and 2).  864 identifiers were eligible for 

network analysis with IPA; 832 identifiers were eligible for function and pathway analyses.   

 

Figure 2-3. Downregulation of TGF-β Signaling, Wnt/β-Catenin Signaling, and BMP 

Signaling by hASC in 3D collagen culture in response to osteogenic induction media.  Red 

indicates upregulated molecule (also indicated by ↑), green indicates downregulated 

molecule (also indicated by ↓).  
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Ninety five canonical pathways were mapped as a significant pathway associated 

with osteogenesis of hASC in 3D collagen culture (p<0.05 calculated by Fisher’s exact right 

tailed test, determining the probability that the association between the genes in the dataset 

and the canonical pathway is explained by chance alone) (Supplementary Table 3).  TGF-β 

signaling, Wnt/β-catenin signaling, and BMP-signaling also appeared to play a role in hASC 

osteogenesis (Figure 3).  Overall, these pathways were downregulated with activation of 

known inhibitors in Wnt/β-catenin signaling: SRY (sex determining region Y)-box 13 

(SOX13); BMP-signaling: dickkopf homolog 1 (DKK1); and noggin (NOGGIN) (Figure 3 

and Supplementary Table 3).  Many pathways related to the triggering of cell cycle, growth, 

differentiation, and migration, such as axonal guidance signaling, platelet derived growth 

factor signaling (PDGF signaling), insulin growth factor-1 signaling (IGF-1 signaling), 

integrin linked kinase signaling (ILK signaling), actin cytoskeleton signaling, and sonic 

hedgehog signaling were also affected (Figure 4).   
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Figure 2-4. Canonical pathways affected in hASC by osteogenic induction media.  Pathways 

were categorized based on all published canonical pathway data available at the time of 

analysis by IPA (Ingenuity® Systems) into (a) Organismal growth and development, (b) 

Growth factor signaling, (c) Cellular growth, proliferation, and development, and (d) Cell 

cycle regulation. Left y-axis = -log(p value) from Fisher's exact test right-tailed, at threshold 

= p value <0.05 (-log(p value) > 1.301). Right y-axis = ratio representing the number of 

differentially expressed genes divided by total number of genes that make up that pathway. 

Line is connected as a function of the IPA program, does not indicate statistical correlation of 

the data. 
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Table 2-1.  Key findings from comparative analysis of this study’s findings to the publicly 

available database.  
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2.3.4 Genes regulated by hASC in 3D collagen culture in response to 10% uniaxial 

cyclic tensile strain  

 To identify the effect of 10% uniaxial cyclic tensile strain on hASC undergoing 

osteogenic differentiation, the gene expression profile of hASC cultured in osteogenic media 

plus 10% uniaxial cyclic tensile strain were compared to the gene expression profile of hASC 

cultured in osteogenic media alone (0% strain).  184 transcripts were modulated by 10% 

uniaxial cyclic tensile strain (Supplementary Tables 4 and 5).  Of the 184 transcripts, 176 

transcripts were mapped to 147 genes with IPA.  146 identifiers were eligible for network 

analysis and 135 identifiers were eligible for function and pathway analyses.      

 Cardiovascular system development and function was the top function when 

categorizing the genes modulated by 10% uniaxial cyclic tensile strain (24 genes, p<10-7-10-

3) with upregulation of 16 genes including fibroblast growth factor 2 (FGF2), IL1RN 

(interleukin 1 receptor antagonist), matrix metalloproteinase 2 (MMP2), vascular endothelial 

growth factor A (VEGF A), and transforming growth factor beta receptor 1 (TGFBR1) 

(Table1). 

The major canonical pathways affected by 10% cyclic tensile strain are shown in 

Supplementary Table 6 (p <0.05) indicating activation of: growth factor related genes FGF2, 

VEGF A, and TGFBR 1; extracellular matrix related genes MMP2, chondroitin sulfate 

synthase 1 (CHSY1), heparan sulfate (glucosamine) 3-O-sulfotransferase 3A1 (HS3ST3A1), 

heparan sulfate (glucosamine) 3-O-sulfotransferase 3B1 (HS3ST3B1); and stress response 

pathways Endoplasmic Reticulum (ER) stress and Xenobiotic metabolism.  The top network 

identified, development and function of connective tissue, skeletal, and muscular system, was 
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scored at 41 (scores of 2 or higher have at least a 99% confidence of not being generated by 

random chance alone) with 22 focused molecules and 36 total molecules in the network 

(Figure 5 and Supplementary Table 7).  Three focused molecules, IL1RN (interleukin 1 

receptor antagonist), JUND (jun D proto-oncogene), and SOCS3 (suppressor of cytokine 

signaling 3) were located in the center of the network and linked with 5 or more other 

molecules.   

 

 

Figure 2-5. The highest ranked network in response to 10% uniaxial cyclic tensile strain 

centered with IL1RN, SOCS3, and JUND.  Red indicates upregulated molecules, green 
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indicates downregulated molecules.  Color intensity indicates the level of expression. (see 

Supplementary Table 7 for full names and expression profile data). 

2.3.5 Real-time RT-PCR analysis to validate results for corin, the typeII serine 

protease upregulated during osteogenesis of hASC, PDLIM4, an actin binding 

protein, and VEGF A, an angiogenic factor, upregulated in response to 10% 

uniaxial cyclic tensile strain in 3D culture. 

From the microarray data, corin expression was found to be upregulated 100-fold 

during osteogenesis of hASC for 14 days in both 3D culture environments: osteogenic media 

and osteogenic media plus strain (Supplementary Tables 1 and 2).  However, the differential 

expression of corin by strain could not be identified as 100-fold was the maximum sensitivity 

of the microarray probes.  Therefore, differential corin expression in response to osteogenic 

media or osteogenic media plus 10% cyclic tensile strain was analyzed in hASC-seeded 

collagen gels on days 1, 7, and 14 by real-time RT-PCR.  On day 1, corin expression of 

hASC in osteogenic media increased 2.6 fold over hASC in growth media, showing the quick 

upregulation of corin expression by hASC in osteogenic media (Figure 6a).  By days 7 and 

14, corin expression had increased by 139-fold and 270-fold, respectively.  The addition of 

10% uniaxial cyclic tensile strain did not significantly alter corin expression, except on day 7 

of culture in growth media (Figure 6 a).  Interestingly, after 14 days of culture in the 3D type 

I collagen gel without osteogenic induction media, corin was upregulated to approximately 

its expressed level in bone tissue (Figure 6 a). 
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Two genes upregulated in response to 10% cyclic tensile strain during osteogenesis of 

hASC were also validated with RT-PCR: 1) PDZ and LIM domain 4 (PDLIM4), one of the 

top five upregulated genes which has been shown to have polymorphisms found to associate 

with bone mineral density regulation 64,65; and, 2) VEGF A, a known angiogenic factor.  Real 

time RT-PCR results confirmed that expression of both genes was significantly increased by 

hASC in response to 10% uniaxial cyclic tensile strain (Figure 6 b). 

 

 

Figure 2-6.  Real-time RT-PCR results (a) Upregulation of corin during hASC osteogenesis.  

Corin expression in hASC was compared to its expression in bone tissue (expression set to 

1).  (b) Upregulation of PDLIM4 and VEGF A by hASC in response to 10% uniaxial cyclic 

tensile strain.  Gene expression in osteogenic media set to 1, GAPDH normalization. 
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2.4 Discussion 

 Differentiation of mesenchymal progenitor cells into the osteoblastic lineage has been 

studied extensively in transgenic animal models66,67,67.  While animal models provide an in 

vivo system to identify the pivotal role of specific factors, there are possibilities of 

interspecies differences.  In vitro studies on human cell lines are thus required to fully 

develop our knowledge for clinical application.  Research on osteoblastic differentiation of 

human mesenchymal stem cells from multiple source tissues has been performed 68,69, but 

they have lacked incorporation of a three-dimensional, mechanically-loaded culture system 

that provides bone ECM-mimetic 3D culture and mechanical loading, and the global analysis 

to obtain insight into associated regulatory mechanisms of osteogenesis. 

In the present study, collagen type I was used to mimic the organic ECM of bone and 

10% uniaxial cyclic tensile strain was applied as an appropriate mechanical load to promote 

greater osteogenic differentiation and calcium accretion of hASC 70,52,71,54.  Calcium 

accretion data indicated that hASC differentiated down an osteogenic pathway by accreting 

calcium in 3D collagen culture when in the presence of soluble osteogenic inductive factors.  

10% uniaxial cyclic tensile strain further increased calcium accretion of hASC (Figure 1c), as 

we have previously shown in 2D culture52.  Global analysis of over 47,000 gene identifiers 

from microarray data revealed the canonical pathways involved with osteogenic 

differentiation of hASC in 3D culture and their response to 10% cyclic tensile strain. 

As expected, many genes that were modulated in response to soluble osteogenic 

inductive factors were associated with cellular functions that are important for the process of 

progenitor cell differentiation into specific cell lineages, as this process requires the exit of 
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cells from cell cycle or self-renewal toward cell maturation with associated changes in cell 

growth, cell development, and cell morphology.  Many canonical pathways affected by 

osteogenic media were also reported as signaling required for bone formation.  After 14 days, 

common bone marker genes alkaline phosphatase (ALP), runt-related transcription factor-2 

(RUNX2), and osteocalcin/ bone gamma-carboxyglutamate (gla) protein (BGLAP) were not 

significantly upregulated relative to culture in 3D type I collagen gels without soluble 

osteogenic inductive factors.  The time point and culture system chosen likely caused this 

result, as we have found that endogenous ALP activity highly increases in hASC without 

chemical or mechanical stimuli after culture in linear 3D type I collagen gels for 10 days 

(Supplementary Figure 1).  Further, it has been previously shown that  when soluble 

osteogenic inductive factors are included in the culture media, three-dimensional collagen 

culture of hASC causes increased mRNA expression of bone markers RUNX2, ALP, 

osteonectin, osteopontin, Collagen I, and JNK2/MAPK9 (mitogen-activated protein kinase 9) 

compared to hASC cultured in 2D monolayer on tissue culture plastic47. 

Factors influencing embryonic osteogenesis72: platelet derived growth factor (PDGF), 

insulin-like growth factors (IGFs), and transforming growth factors-β (TGF-β) were also 

involved with osteogenesis of hASC, either directly or through their signaling cascades.  

PDGFs are known to play a role in bone regeneration by acting as a chemotactic agent, thus 

increasing the pool of osteogenic cells at an injury site 73.  A previous study on hMSC 

expression profiles has shown that PDGF signaling is essential for hMSC growth and tri-

lineage differentiation (adipogenic, chondrogenic, and osteogenic lineages) 74.  Our data 

indicate that PDGF signaling might play a role in osteogenic differentiation of hASC via the 
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direct induced modulation of platelet derived growth factor D (PDGF-D) and platelet-derived 

growth factor receptor, alpha polypeptide (PDGFRA).  PDGF-D is a newly found member of 

the PDGF family 75.  A recent study on PDGF-D function in transgenic mice showed that 

PDGF-D induces macrophage recruitment and blood vessel maturation during angiogenesis 

75. 

Our data on IGF-1 mRNA expression indicated that neither the secreted factor (IGF-

1) nor its receptor (IGF1R) was directly affected during osteogenic differentiation of hASC.  

However, IGF-1 signaling was affected with the activation of insulin receptor substrate 1 and 

2 (IRS1 and IRS2) and its downstream cascades including PI3K.  Secreted IGF-1 from 

osteoblasts has been reported to act as a chemotactic factor with its function potentially 

inhibited by phosphatidyl inositol 3 kinase (PI3K) inhibitor 76.  Both IRS-1 and IRS-2 are 

expressed in bone.  IRS-1 is important for maintaining bone turnover (bone formation and 

bone resorption).  IRS-1 expression is also required for skeletal growth and fracture healing 

77,78, 79.  IRS-2 is not required for bone healing but plays a critical role in the coupling of bone 

resorption to bone formation 80,81.  These findings suggest that IGF-1 signaling, even without 

the modulation of mRNA expression of IGF-1 itself, may play a critical role for osteogenic 

differentiation of hASC. 

TGF-β signaling and Wnt/ß-catenin signaling pathways, known to stimulate 

proliferation and early osteoblast differentiation, have been reported to inhibit osteoblast 

maturation with continuing activation 82,83.  Our results also indicate downregulation of these 

pathways at day 14 in hASC, suggesting that hASC might also require the downregulation of 

these two pathways for terminal osteogenic differentiation.     
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Interestingly, another pathway found to be downregulated was the antigen 

presentation pathway with the suppressed expression of major histocompatibility complex –

A,-B,-C,-G (HLA-A,-B,-C,-G), and calnexin (CANX).  Donor-specific HLA antibodies have 

been associated with graft dysfunction and failure 84.  A study on immunological properties 

of hASC and hMSC has shown low immunogenecity and suggested the potential application 

of these cell types for allogenic transplantation 85.  Our data suggest that osteogenic induction 

also suppresses the immune characteristics of hASC further, indicating their potential use for 

allograft bone tissue engineering. 

Of the canonical pathways involved with hASC osteogenesis, molecular mechanisms 

of cancer were ranked first.  These mechanisms were comprised of: downregulation of 

membrane receptors (WNT, BMP, and TGF-β); upregulation of cytoplasmic signals such as 

PI3K and IRS1; repression of apoptosis and cell cycle arrest through the activation of 

forkhead box O1 (Fox01), cyclin D3 (CCND3); and, the deactivation of cyclin-dependent 

kinase inhibitor 1A (p21, Cip1), and cyclin-dependent kinase inhibitor 2B (p15, inhibits 

CDK4).  Senescence suppression of hMSC by addition of FGF-2 has been found to be 

regulated by a similar mechanism by which TGF-β and cyclin-dependent kinase inhibitor 

(p53, p21, and p16) are downregulated, resulting in the upregulation of cyclin D 86.  

However, self-renewal of stem cells and immortality of cancer are intricately associated.  

Many signals such as Notch, Hedgehog, and Wnt have been found to regulate both self-

renewal of stem cells and also to control the development of cancer 87.  Further analyses are 

required to distinguish the two processes.   
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In addition to the pathway analysis, of interest was the gene corin, which was found 

to be upregulated by 100-fold but was not matched with any canonical pathways.   Corin is a 

serine protease normally associated with the heart, where it has been found to help maintain 

blood pressure levels88.  Corin has also been found to be expressed in developing bone near 

hypertrophic chondrocytes and in perichondrocytes 89.  This latter report suggested that corin 

may be associated with chondrogenesis.  Recently, corin was found to be relatively highly 

upregulated compared to other genes during osteogenic differentiation of hMSC, but not 

during osteogenic differentiation of hASC in 2D culture at days 3 and 14 57.  Corin has not 

previously been studied in the context of its potential role in osteogenesis or chondrogenesis.  

In the present study, we have shown that corin may be involved with osteogenesis of hASC 

in 3D culture in response to soluble osteogenic inductive factors but not by 10% uniaxial 

cyclic tensile strain.  Taken together with its presence in vivo, more studies on the role of 

corin in both chondrogenesis and osteogenesis might lead to a better understanding of its role 

in endochondral and potentially intramembranous bone formation.   

Other genes found to be highly expressed during osteogenic differentiation of hASC 

in 3D collagen culture were glycoprotein M6B (GPM6B), monoamine oxidase A (MAOA), 

FK506 binding protein 5 (FKBP5), and  zinc finger and BTB domain containing 16 

(ZBTB16), which have also been found to be upregulated during osteogenic differentiation 

of hASC and hMSC after 14 days in 2D culture 57.  Likewise, alcohol dehydrogenases may 

be involved in retinoic acid synthesis 90, which has been found to induce osteogenic 

differentiation in mouse ASC 91.   
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Finally, mechanical load, a critical factor in bone formation and resorption, was also 

found to significantly affect hASC during osteogenic differentiation.  Application of 10% 

uniaxial cyclic tensile strain to hASC induced upregulation of chondroitin sulfate 

biosynthesis and endoplasmic reticulum stress pathways.  Depletion of heparan/ chondroitin 

sulfate in MSC has been reported to result in altered BMP and Wnt activity 92.  Further, 

XBP1 and ATF4 from the ER stress pathway have been found to express and regulate the 

onset of osteoblast differentiation 93-95.  This suggests that chondroitin sulfate biosynthesis 

and the ER stress pathway may play key roles in hASC response to 10% cyclic tensile strain.   

Since many affected genes have not been fully studied, such as the mechanosensing 

genes of hASC in this study, our analysis had to be based on known function and canonical 

pathways which could conceivably bias the focus to some of the extensively studied genes.  

The network analysis was generated to identify key regulatory genes.  The network analysis 

of genes differentially expressed by 10% uniaxial cyclic tensile strain showed that interleukin 

1 receptor antagonist (IL1RN), and suppressor of cytokine signaling 3 (SOCS3) centered in 

the first rank network.  Interestingly, both of these genes are inhibitors of inflammatory 

signaling.  IL1RN is a competitive inhibitor of interleukin-1 (IL-1), and has been shown to 

reduce osteoclast formation, bone loss, and bone resorption in estrogen deficient 

(ovariectomized) mice 96-98.  SOCS3 negatively regulates IL-6, and mRNA expression of 

SOCS3 is stabilized by tumor necrosis factor α (TNF-α) 97,99,100.  IL-6 and TNF-α are known 

to initiate the bone healing process by promoting extracellular matrix synthesis, stimulating 

angiogenesis, and promoting osteoclastogenesis and osteoclast function 101,102.  Although we 

found the expression of IL-1 and IL-6 inhibitors, there was no differential expression of the 
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IL-1 and IL-6 genes.  A previous study on the role of proinflammatory cytokines during bone 

fracture healing showed that the expression of IL-1 and IL-6 is temporal, with peaks at 24 

hours and 7 days 102.  As we also found one of the top classified biofunctions was 

cardiovascular development with the upregulation of many genes that promoted angiogenesis 

such as fibroblast growth factor 2 (FGF2), matrix metalloproteinase 2 (MMP2), and vascular 

endothelial growth factor A (VEGF A), this suggests that 10% uniaxial cyclic tensile strain 

may induce angiogenesis in hASC, possibly through the activation of IL-1 and IL-6, thus 

requiring IL1RN and SOCS3 to negatively control the temporal expression of IL-1 and IL-6.   

     In summary, our data suggest that after 14 days of osteogenic differentiation in 3D 

collagen I gels in the absence of cyclic tensile strain, hASC downregulated TGF-β signaling, 

Wnt/β-Catenin signaling, and BMP-signaling through some of their inhibitor molecules.  

Further, osteogenic differentiation of hASC in 3D collagen culture elevated the expression of 

some genes, e.g. corin, in a distinctly different response from a previous analysis of hASC 

osteogenic differentiation in 2D culture 57.  Pathway analysis with non-overlapping results by 

the addition of 10% cyclic tensile strain relative to the effects of osteogenic differentiation 

media alone suggested that increased calcium accretion by hASC in response to mechanical 

loading is associated with a different set of genes than those affected by soluble osteogenic 

inductive factors.  Of particular interest was the upregulation of PDZ and LIM domain 4 

(PDLIM4), one of the top five upregulated genes which has been shown to have 

polymorphisms found to associate with bone mineral density regulation 64,65.  The addition of 

10% uniaxial cyclic tensile strain also resulted in hASC upregulation of two crucial factors in 
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bone regeneration: 1) proinflammatory cytokine regulators IL1RN and SOCS3; and, 2) 

angiogenic inductors FGF2, MMP2, and VEGF A. 

In conclusion, this is the first study to investigate the effects of both 3D collagen 

culture and 10% uniaxial cyclic tensile strain on hASC osteogenic differentiation.  A 

complete microarray analysis investigating both the separate effect of soluble osteogenic 

inductive factors, and the combined effects of chemical and mechanical stimulation was 

performed on hASC undergoing osteogenic differentiation.  We have identified specific 

genes and pathways associated with mechanical response and osteogenic potential of hASC, 

thus providing significant information toward improved understanding of our use of hASC 

for functional bone tissue engineering applications.   
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2.5 Supplementary Data 

Supplementary Table 2-1: Genes upregulated by hASC in 3D collagen culture in response 

to osteogenic induction media. 

Symbol Entrez Gene Name Fold 
Change p-value 

 ADH1B  alcohol dehydrogenase 1B (class I), beta polypeptide 100 1.32E-09 

 CORIN  corin, serine peptidase 100 3.46E-10 

 GPM6B  glycoprotein M6B 100 6.07E-12 

 MAOA  monoamine oxidase A 100 6.07E-12 

 FKBP5  FK506 binding protein 5 81.612 6.07E-12 

 ZBTB16  zinc finger and BTB domain containing 16 70.665 6.07E-12 

 GALNTL2  UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase-like 2 52.185 6.07E-12 

 FAM107A  family with sequence similarity 107, member A 48.251 6.07E-12 

 PRELP  proline/arginine-rich end leucine-rich repeat protein 46.755 4.09E-06 

 RERG  RAS-like, estrogen-regulated, growth inhibitor 41.131 6.07E-12 

 RTN1  reticulon 1 40.335 5.30E-04 

 NEBL  nebulette 40.084 4.39E-09 

 ZNF385B  zinc finger protein 385B 36.828 6.07E-12 

 CD36  CD36 molecule (thrombospondin receptor) 36.21 5.35E-03 

 LMO3  LIM domain only 3 (rhombotin-like 2) 34.837 6.07E-12 

 STMN2  stathmin-like 2 33.972 6.07E-12 

 PPL  periplakin 31.538 6.07E-12 

 CNR1  cannabinoid receptor 1 (brain) 29.986 9.80E-04 

 GLUL  glutamate-ammonia ligase (glutamine synthetase) 26.818 6.07E-12 

 EFNB2  ephrin-B2 26.296 9.58E-06 

 PDK4  pyruvate dehydrogenase kinase, isozyme 4 26.223 6.07E-12 

 INHBB  inhibin, beta B 24.706 1.21E-11 
 PTK2B  PTK2B protein tyrosine kinase 2 beta 24.227 6.07E-12 

 AOX1  aldehyde oxidase 1 23.088 6.07E-12 

 GABBR2  gamma-aminobutyric acid (GABA) B receptor, 2 22.935 6.00E-05 

 SORBS1  sorbin and SH3 domain containing 1 21.679 6.07E-12 

 CFD  complement factor D (adipsin) 21.341 6.07E-12 

 GPX3  glutathione peroxidase 3 (plasma) 19.242 6.07E-12 

 PPP1R14A  protein phosphatase 1, regulatory (inhibitor) subunit 14A 19.201 8.30E-04 

 NPR1  natriuretic peptide receptor A/guanylate cyclase A (atrionatriuretic peptide receptor A) 17.775 4.02E-06 

 SCARA5  scavenger receptor class A, member 5 (putative) 17.051 7.45E-08 

 STC1  stanniocalcin 1 16.305 6.07E-12 

 MCTP1  multiple C2 domains, transmembrane 1 15.027 6.07E-12 

 MT1M  metallothionein 1M 14.57 4.13E-03 

 CCDC68  coiled-coil domain containing 68 14.453 6.85E-08 

 CIDEC  cell death-inducing DFFA-like effector c 13.933 6.07E-12 

 C10ORF10  chromosome 10 open reading frame 10 13.078 6.07E-12 

 CEBPA  CCAAT/enhancer binding protein (C/EBP), alpha 12.856 1.94E-03 
 CHRDL1  chordin-like 1 12.676 6.90E-08 
 TMTC1  transmembrane and tetratricopeptide repeat containing 1 12.028 6.07E-12 
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Supplementary Table 2-1: continued 
  

 NOG  noggin 11.83 5.50E-08 

 FOXO1  forkhead box O1 11.81 6.07E-12 

 PRUNE2  prune homolog 2 (Drosophila) 10.774 6.07E-12 

 GHR  growth hormone receptor 10.486 6.07E-12 

 FGD4  FYVE, RhoGEF and PH domain containing 4 10.344 6.07E-12 

 SORT1  sortilin 1 10.338 6.07E-12 

 EDNRB  endothelin receptor type B 10.271 4.79E-08 

 PRKAR2B  protein kinase, cAMP-dependent, regulatory, type II, beta 9.813 2.06E-10 

 SLC7A2  solute carrier family 7 (cationic amino acid transporter, y+ system), member 2 9.599 1.70E-04 

 METTL7A  methyltransferase like 7A 9.52 6.07E-12 

 MAMDC2  MAM domain containing 2 9.493 9.71E-11 

 C13ORF15  chromosome 13 open reading frame 15 9.441 6.07E-12 

 NRCAM  neuronal cell adhesion molecule 9.404 8.30E-04 

 APCDD1  adenomatosis polyposis coli down-regulated 1 9.287 2.10E-04 

 NEDD9  neural precursor cell expressed, developmentally down-regulated 9 9.135 5.54E-07 

 MYO16  myosin XVI 9.133 3.00E-05 

 TIMP4  TIMP metallopeptidase inhibitor 4 9.086 4.80E-04 

 CCDC69  coiled-coil domain containing 69 8.89 6.07E-12 

 GGT5  gamma-glutamyltransferase 5 8.86 5.89E-10 

 LEPR  leptin receptor 8.063 6.07E-12 

 MGP  matrix Gla protein 7.716 5.00E-05 

 MOBKL2B  MOB1, Mps One Binder kinase activator-like 2B (yeast) 7.693 6.07E-12 

 AFAP1L1  actin filament associated protein 1-like 1 7.666 6.07E-12 

 GPD1L  glycerol-3-phosphate dehydrogenase 1-like 7.402 6.07E-12 

 NAV2   neuron navigator 2 7.13 6.07E-12 

 FMO2  flavin containing monooxygenase 2 (non-functional) 7.1 6.07E-12 

 SOX13  SRY (sex determining region Y)-box 13 7.085 2.63E-03 

 VIT  vitrin 7.017 5.58E-07 

 ADH1C  alcohol dehydrogenase 1C (class I), gamma polypeptide 6.987 8.89E-03 

 PELO  pelota homolog (Drosophila) 6.958 4.25E-11 

 TJP2  tight junction protein 2 (zona occludens 2) 6.843 6.07E-12 

 MMP7  matrix metallopeptidase 7 (matrilysin, uterine) 6.74 2.56E-03 

 NETO2  neuropilin (NRP) and tolloid (TLL)-like 2 6.719 2.00E-05 

 HSPA2  heat shock 70kDa protein 2 6.626 1.03E-10 

 PER1  period homolog 1 (Drosophila) 6.347 2.63E-09 

 FAM65B  family with sequence similarity 65, member B 6.315 5.85E-06 

 SYNE2  spectrin repeat containing, nuclear envelope 2 6.032 6.07E-12 

 B3GNT5  UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 5 5.864 5.91E-06 

 S1PR3  sphingosine-1-phosphate receptor 3 5.813 6.41E-07 

 USP53  ubiquitin specific peptidase 53 5.812 1.00E-05 

 ABCC3  ATP-binding cassette, sub-family C (CFTR/MRP), member 3 5.808 6.07E-12 
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Supplementary Table 2-1: continued  
 

 DUSP10  dual specificity phosphatase 10 5.768 3.53E-06 

 CD1D  CD1d molecule 5.765 6.30E-04 

 ADAMTS5  ADAM metallopeptidase with thrombospondin type 1 motif, 5 5.706 6.07E-12 

 PTGS1  prostaglandin-endoperoxide synthase 1 (prostaglandin G/H synthase and cyclooxygenase) 5.56 1.52E-10 

 MYPN  myopalladin 5.531 2.24E-06 

 RAMP1  receptor (G protein-coupled) activity modifying protein 1 5.472 2.00E-05 

 TSC22D3  TSC22 domain family, member 3 5.4 6.07E-12 

 ANGPT1  angiopoietin 1 5.266 4.55E-09 

 TMEFF2  transmembrane protein with EGF-like and two follistatin-like domains 2 5.2 2.57E-06 

 RNF144B  ring finger protein 144B 5.164 1.00E-05 

 RRM2  ribonucleotide reductase M2 5.133 6.07E-12 

 SLC40A1  solute carrier family 40 (iron-regulated transporter), member 1 5.074 8.00E-05 

 OPN3  opsin 3 4.992 6.07E-12 

 MITF  microphthalmia-associated transcription factor 4.956 6.07E-12 

 NEGR1  neuronal growth regulator 1 4.952 2.43E-11 

 SPRY1  sprouty homolog 1, antagonist of FGF signaling (Drosophila) 4.911 1.50E-04 

 KIAA0146  KIAA0146 4.86 5.28E-06 

 SEPP1  selenoprotein P, plasma, 1 4.851 1.00E-05 

 OLFML2A  olfactomedin-like 2A 4.787 7.30E-04 

 ARHGAP6  Rho GTPase activating protein 6 4.698 2.00E-05 

 MRVI1  murine retrovirus integration site 1 homolog 4.695 1.80E-04 

 SYTL4  synaptotagmin-like 4 4.683 2.90E-03 

 MMD  monocyte to macrophage differentiation-associated 4.587 6.07E-12 

 LAMA2  laminin, alpha 2 4.583 6.07E-12 

 C1ORF21  chromosome 1 open reading frame 21 4.568 5.15E-08 

 AURKA  aurora kinase A 4.511 2.40E-04 

 PPARG  peroxisome proliferator-activated receptor gamma 4.488 3.19E-09 

 ITGA10  integrin, alpha 10 4.476 2.52E-07 

 CCBE1  collagen and calcium binding EGF domains 1 4.47 1.21E-11 

 REPS2  RALBP1 associated Eps domain containing 2 4.458 1.21E-11 

 MCAM  melanoma cell adhesion molecule 4.439 9.10E-04 

 MTSS1  metastasis suppressor 1 4.397 1.31E-07 

 LMOD1  leiomodin 1 (smooth muscle) 4.392 1.27E-10 

 MLPH  melanophilin 4.367 6.07E-12 

 HIPK2  homeodomain interacting protein kinase 2 4.35 1.00E-05 

 PDE7B  phosphodiesterase 7B 4.299 1.21E-11 

 CDC2  cell division cycle 2, G1 to S and G2 to M 4.292 1.82E-11 

 MT1F  metallothionein 1F 4.292 4.24E-06 

 ADRA2C  adrenergic, alpha-2C-, receptor 4.284 5.09E-03 

 SETMAR  SET domain and mariner transposase fusion gene 4.28 1.40E-10 

 ACSL1  acyl-CoA synthetase long-chain family member 1 4.276 6.07E-12 
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Supplementary Table 2-1: continued  
 

 BIRC5  baculoviral IAP repeat-containing 5 4.267 6.60E-04 

 CUGBP2  CUG triplet repeat, RNA binding protein 2 4.25 5.80E-04 

 OSR2  odd-skipped related 2 (Drosophila) 4.23 1.07E-07 

 CAMK2N1  calcium/calmodulin-dependent protein kinase II inhibitor 1 4.154 6.20E-09 

 TGFBR3  transforming growth factor, beta receptor III 4.152 6.07E-12 

 ABAT  4-aminobutyrate aminotransferase 4.114 1.00E-05 

 NR2F1  nuclear receptor subfamily 2, group F, member 1 4.093 6.07E-12 

 TBC1D8  TBC1 domain family, member 8 (with GRAM domain) 4.029 6.07E-12 

 KCNT2  potassium channel, subfamily T, member 2 4.016 2.21E-03 

 CFH  complement factor H 4.008 6.07E-12 

 ITPR1  inositol 1,4,5-triphosphate receptor, type 1 3.959 6.07E-12 

 DKK1  dickkopf homolog 1 (Xenopus laevis) 3.932 6.07E-12 

 CEBPD  CCAAT/enhancer binding protein (C/EBP), delta 3.904 1.09E-07 

 ENDOD1  endonuclease domain containing 1 3.859 2.43E-11 

 ADM  adrenomedullin 3.837 2.67E-08 

 ZNF367  zinc finger protein 367 3.824 5.00E-05 

 ZFP36  zinc finger protein 36, C3H type, homolog (mouse) 3.819 6.07E-12 

 SLC27A3  solute carrier family 27 (fatty acid transporter), member 3 3.807 1.21E-11 

 LASS6  LAG1 homolog, ceramide synthase 6 3.773 6.07E-12 

 ACACB  acetyl-Coenzyme A carboxylase beta 3.755 1.72E-06 

 TFPI  tissue factor pathway inhibitor (lipoprotein-associated coagulation inhibitor) 3.742 5.00E-05 

 RASSF4  Ras association (RalGDS/AF-6) domain family member 4 3.709 1.57E-03 

 CRYAB  crystallin, alpha B 3.697 6.07E-12 

 OSBPL5  oxysterol binding protein-like 5 3.694 3.71E-08 

 MT1E  metallothionein 1E 3.676 3.84E-06 

 AHCY  adenosylhomocysteinase 3.65 6.07E-12 

 SLC44A1  solute carrier family 44, member 1 3.637 6.07E-12 

 ADAMTS1  ADAM metallopeptidase with thrombospondin type 1 motif, 1 3.632 6.07E-12 

 MT1H  metallothionein 1H 3.618 3.98E-09 

 CD302  CD302 molecule 3.612 6.07E-12 

 ITGA9  integrin, alpha 9 3.594 2.80E-04 

 ANGPTL4  angiopoietin-like 4 3.587 6.73E-03 

 ADARB1  adenosine deaminase, RNA-specific, B1 (RED1 homolog rat) 3.546 2.67E-10 

 C5ORF30  chromosome 5 open reading frame 30 3.502 4.81E-03 

 PIK3R1  phosphoinositide-3-kinase, regulatory subunit 1 (alpha) 3.499 3.89E-07 

 ABCA6  ATP-binding cassette, sub-family A (ABC1), member 6 3.475 1.00E-05 

 SESTD1  SEC14 and spectrin domains 1 3.461 1.44E-07 

 TOP2A  topoisomerase (DNA) II alpha 170kDa 3.449 8.34E-03 

 SVEP1  sushi, von Willebrand factor type A, EGF and pentraxin domain containing 1 3.434 4.88E-08 

 PDGFD  platelet derived growth factor D 3.418 6.07E-12 

 RGS5  regulator of G-protein signaling 5 3.403 6.08E-03 
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Supplementary Table 2-1: continued  
 

 PCDH9  protocadherin 9 3.375 6.22E-07 

 MT1X  metallothionein 1X 3.365 9.17E-10 

 SMPDL3A  sphingomyelin phosphodiesterase, acid-like 3A 3.335 2.73E-10 

 KLF6  Kruppel-like factor 6 3.33 6.07E-12 

 GSN  gelsolin (amyloidosis, Finnish type) 3.315 6.07E-12 

 ATP2B4  ATPase, Ca++ transporting, plasma membrane 4 3.311 5.98E-06 

 CNKSR3  CNKSR family member 3 3.279 6.07E-12 

 NFIA  nuclear factor I/A 3.232 3.16E-10 

 PHF17  PHD finger protein 17 3.229 6.07E-12 

 DIAPH2  diaphanous homolog 2 (Drosophila) 3.228 6.07E-12 

 ALCAM  activated leukocyte cell adhesion molecule 3.224 6.07E-12 

 AMPH  amphiphysin 3.204 3.54E-08 

 PRC1  protein regulator of cytokinesis 1 3.194 3.19E-03 

 IFI44L  interferon-induced protein 44-like 3.151 2.00E-03 

 WNT5B  wingless-type MMTV integration site family, member 5B 3.151 8.08E-09 

 APOE  apolipoprotein E 3.15 4.60E-04 

 FAM167A  family with sequence similarity 167, member A 3.148 3.30E-04 

 EFHD1  EF-hand domain family, member D1 3.133 4.58E-08 

 HIP1R  huntingtin interacting protein 1 related 3.131 1.89E-03 

 COL7A1  collagen, type VII, alpha 1 3.104 1.33E-06 

 ELL2  elongation factor, RNA polymerase II, 2 3.086 6.07E-12 

 TFPI2  tissue factor pathway inhibitor 2 3.081 2.51E-03 

 STK17B  serine/threonine kinase 17b 3.08 6.07E-12 

 DYNC1I1  dynein, cytoplasmic 1, intermediate chain 1 3.06 7.00E-04 

 ANKRD28  ankyrin repeat domain 28 3.045 6.07E-12 

 PRR16  proline rich 16 3.035 6.07E-12 

 TRIM35  tripartite motif-containing 35 3.003 2.25E-10 

 PDLIM1  PDZ and LIM domain 1 2.999 3.00E-05 

 PTGER4  prostaglandin E receptor 4 (subtype EP4) 2.989 6.07E-12 

 FANCI  Fanconi anemia, complementation group I 2.983 6.34E-06 

 PHF15  PHD finger protein 15 2.982 3.35E-09 

 MT2A  metallothionein 2A 2.981 6.07E-12 

 TBC1D1  TBC1 (tre-2/USP6, BUB2, cdc16) domain family, member 1 2.95 7.22E-03 

 NEXN  nexilin (F actin binding protein) 2.936 3.71E-07 

 IRS2  insulin receptor substrate 2 2.935 3.42E-03 

 CPPED1  calcineurin-like phosphoesterase domain containing 1 2.918 5.53E-06 

 TCEAL1  transcription elongation factor A (SII)-like 1 2.916 6.07E-12 

 ALDH3A2  aldehyde dehydrogenase 3 family, member A2 2.916 6.07E-12 

 PRKD1  protein kinase D1 2.891 6.07E-12 

 TXNIP  thioredoxin interacting protein 2.885 3.20E-04 

 AR  androgen receptor 2.883 8.00E-04 

 NUSAP1  nucleolar and spindle associated protein 1 2.877 3.00E-05 

 ATOH8  atonal homolog 8 (Drosophila) 2.859 8.10E-04 
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 PLSCR1  phospholipid scramblase 1 2.853 3.78E-09 

 PROS1  protein S (alpha) 2.848 6.07E-12 

 GK5  glycerol kinase 5 (putative) 2.842 1.46E-10 

 C9ORF5  chromosome 9 open reading frame 5 2.829 1.57E-03 

 ING2  inhibitor of growth family, member 2 2.822 6.07E-12 

 PTPLA  protein tyrosine phosphatase-like (proline instead of catalytic arginine), member A 2.816 3.00E-05 

 AKAP12  A kinase (PRKA) anchor protein 12 2.795 3.00E-05 

 WNK4  WNK lysine deficient protein kinase 4 2.794 4.26E-06 

 DUSP1  dual specificity phosphatase 1 2.778 2.34E-07 

 KIAA0101  KIAA0101 2.774 9.00E-05 

 PTCH1  patched homolog 1 (Drosophila) 2.771 1.65E-06 

 AIM1 (includes 
EG:202) 

 absent in melanoma 1 2.762 1.59E-03 

 CACHD1  cache domain containing 1 2.75 7.00E-05 

 MT1G  metallothionein 1G 2.744 1.17E-07 

 PTGER2  prostaglandin E receptor 2 (subtype EP2), 53kDa 2.732 6.61E-07 

 CITED2  Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2 2.717 6.07E-12 

 HSPB2  heat shock 27kDa protein 2 2.671 1.60E-04 

 APOOL  apolipoprotein O-like 2.66 6.07E-12 

 SERPING1  serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 2.654 5.04E-09 

 IRAK3  interleukin-1 receptor-associated kinase 3 2.652 1.70E-03 

 BTG1  B-cell translocation gene 1, anti-proliferative 2.612 3.93E-03 

 ZDHHC2  zinc finger, DHHC-type containing 2 2.603 6.07E-12 

 ANG  angiogenin, ribonuclease, RNase A family, 5 2.593 2.40E-04 

 ZFP36L2  zinc finger protein 36, C3H type-like 2 2.577 9.00E-05 

 SLC17A5  solute carrier family 17 (anion/sugar transporter), member 5 2.569 6.70E-04 

 ERRFI1  ERBB receptor feedback inhibitor 1 2.546 3.30E-07 

 METTL9   methyltransferase like 9 2.545 6.07E-12 

 ZNF395  zinc finger protein 395 2.545 2.22E-07 

 FAT4  FAT tumor suppressor homolog 4 (Drosophila) 2.543 6.25E-06 

 CDC42EP4  CDC42 effector protein (Rho GTPase binding) 4 2.527 6.07E-12 

 SH3D19  SH3 domain containing 19 2.52 6.07E-12 

 TCEAL4  transcription elongation factor A (SII)-like 4 2.501 1.67E-06 

 IL1R1  interleukin 1 receptor, type I 2.499 6.07E-12 

 RCAN3  RCAN family member 3 2.498 6.07E-12 

 RNF182  ring finger protein 182 2.496 1.29E-03 

 FNBP1L  formin binding protein 1-like 2.493 2.85E-10 

 MGST1  microsomal glutathione S-transferase 1 2.49 6.07E-12 

 EBF1  early B-cell factor 1 2.477 6.07E-12 

 MGLL  monoglyceride lipase 2.468 6.07E-12 

 PPP1CB  protein phosphatase 1, catalytic subunit, beta isoform 2.46 1.46E-03 
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 ZHX3  zinc fingers and homeoboxes 3 2.424 1.03E-10 

 HIGD1A  HIG1 hypoxia inducible domain family, member 1A 2.416 1.30E-04 

 SLC35D1  solute carrier family 35 (UDP-glucuronic acid/UDP-N-acetylgalactosamine dual 
transporter), member D1 

2.407 1.10E-06 

 NID1  nidogen 1 2.395 3.00E-05 

 TACC1  transforming, acidic coiled-coil containing protein 1 2.394 3.35E-03 

 CYB5A  cytochrome b5 type A (microsomal) 2.39 3.00E-05 

 CBLB  Cas-Br-M (murine) ecotropic retroviral transforming sequence b 2.379 1.79E-03 

 NAAA  N-acylethanolamine acid amidase 2.378 2.81E-08 

 GPRC5B  G protein-coupled receptor, family C, group 5, member B 2.369 1.16E-03 

 REV3L  REV3-like, catalytic subunit of DNA polymerase zeta (yeast) 2.36 6.07E-12 

 EIF4EBP2  eukaryotic translation initiation factor 4E binding protein 2 2.328 1.12E-03 

 CYTH3  cytohesin 3 2.313 8.74E-10 

 IFITM1  interferon induced transmembrane protein 1 (9-27) 2.3 2.80E-04 

 FAIM  Fas apoptotic inhibitory molecule 2.298 1.00E-05 

 TAGLN  transgelin 2.289 2.78E-03 

 SHCBP1  SHC SH2-domain binding protein 1 2.273 6.11E-03 

 RAP2A  RAP2A, member of RAS oncogene family 2.269 3.00E-05 

 MELK  maternal embryonic leucine zipper kinase 2.259 1.00E-05 

 KIAA1715  KIAA1715 2.257 1.00E-04 

 ANTXR2  anthrax toxin receptor 2 2.245 6.20E-04 

 B3GALTL  beta 1,3-galactosyltransferase-like 2.245 6.00E-05 

 CALCOCO2  calcium binding and coiled-coil domain 2 2.225 3.00E-05 

 CRLF1  cytokine receptor-like factor 1 2.211 6.07E-12 

 C21ORF63  chromosome 21 open reading frame 63 2.21 5.35E-07 

 LPAR1  lysophosphatidic acid receptor 1 2.206 2.43E-11 

 CAV1  caveolin 1, caveolae protein, 22kDa 2.186 6.07E-12 

 TBC1D4  TBC1 domain family, member 4 2.185 5.31E-03 

 SFRS11  splicing factor, arginine/serine-rich 11 2.181 2.80E-04 

 C2CD2  C2 calcium-dependent domain containing 2 2.178 2.00E-05 

 FAM13A  family with sequence similarity 13, member A 2.176 2.82E-03 

 ZCCHC6  zinc finger, CCHC domain containing 6 2.164 6.07E-12 

 STOM  stomatin 2.158 3.64E-11 

 MAD2L1  MAD2 mitotic arrest deficient-like 1 (yeast) 2.153 1.59E-03 

 GAS6  growth arrest-specific 6 2.15 1.00E-04 

 PARD3B  par-3 partitioning defective 3 homolog B (C. elegans) 2.145 5.94E-03 

 KANK1  KN motif and ankyrin repeat domains 1 2.141 3.80E-09 

 HMGN3  high mobility group nucleosomal binding domain 3 2.126 7.89E-11 

 KLF9  Kruppel-like factor 9 2.125 6.50E-10 

 CCNA2  cyclin A2 2.118 1.60E-04 

 CCND3  cyclin D3 2.112 1.21E-11 

 PON2  paraoxonase 2 2.11 5.75E-06 

 ACER3  alkaline ceramidase 3 2.102 4.26E-09 
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 LDLRAD3  low density lipoprotein receptor class A domain containing 3 2.099 6.43E-09 

 JAG1  jagged 1 (Alagille syndrome) 2.094 3.10E-04 

 DNAJB4  DnaJ (Hsp40) homolog, subfamily B, member 4 2.088 6.07E-12 

 PGM2  phosphoglucomutase 2 2.086 2.43E-11 

 FBLN5  fibulin 5 2.083 6.44E-08 

 FOXO3  forkhead box O3 2.082 7.05E-07 

 STMN1  stathmin 1 2.073 9.00E-05 

 ANPEP  alanyl (membrane) aminopeptidase 2.056 5.27E-07 

 ZC3H12C  zinc finger CCCH-type containing 12C 2.049 2.46E-07 

 KIAA1370  KIAA1370 2.039 5.00E-05 

 GNAI1  guanine nucleotide binding protein (G protein), alpha inhibiting activity polypeptide 1 2.037 8.89E-03 

 PPAP2A  phosphatidic acid phosphatase type 2A 2.035 4.00E-05 

 C5ORF23  chromosome 5 open reading frame 23 2.026 1.50E-04 

 AK3L1  adenylate kinase 3-like 1 2.025 2.42E-03 

 PLCL1  phospholipase C-like 1 2.025 2.24E-03 

 TRAK2  trafficking protein, kinesin binding 2 2.022 2.00E-05 

 RAB31  RAB31, member RAS oncogene family 2.007 6.07E-12 

 ALDH6A1  aldehyde dehydrogenase 6 family, member A1 2 6.07E-12 

 PLXNA2  plexin A2 1.999 2.20E-04 

 CAMK2D  calcium/calmodulin-dependent protein kinase II delta 1.997 9.40E-04 

 MYC  v-myc myelocytomatosis viral oncogene homolog (avian) 1.994 3.04E-11 

 MAP3K5   mitogen-activated protein kinase kinase kinase 5 1.993 7.10E-04 

 FEM1B  fem-1 homolog b (C. elegans) 1.989 1.50E-04 

 COX11  COX11 homolog, cytochrome c oxidase assembly protein (yeast) 1.988 6.07E-12 

 EPB41L5  erythrocyte membrane protein band 4.1 like 5 1.975 6.80E-10 

 CDC42SE2  CDC42 small effector 2 1.966 1.32E-07 

 PVRL3  poliovirus receptor-related 3 1.883 3.34E-03 

 FKBP1A  FK506 binding protein 1A, 12kDa 1.878 1.99E-03 

 APBB2  amyloid beta (A4) precursor protein-binding, family B, member 2 1.875 3.00E-05 

 HMGB1   high-mobility group box 1 1.872 8.70E-04 

 ITSN1  intersectin 1 (SH3 domain protein) 1.867 6.84E-06 

 GPD2  glycerol-3-phosphate dehydrogenase 2 (mitochondrial) 1.858 5.60E-04 

 BCL6  B-cell CLL/lymphoma 6 1.856 2.10E-07 

 SSBP2  single-stranded DNA binding protein 2 1.855 3.00E-05 

 AP1S2  adaptor-related protein complex 1, sigma 2 subunit 1.854 1.20E-03 

 OFD1  oral-facial-digital syndrome 1 1.853 1.00E-05 

 LHFP  lipoma HMGIC fusion partner 1.85 9.23E-10 

 CTDSPL  CTD (carboxy-terminal domain, RNA polymerase II, polypeptide A) small phosphatase-like 1.844 3.00E-05 

 FOXN2  forkhead box N2 1.838 5.72E-09 

 NAPG  N-ethylmaleimide-sensitive factor attachment protein, gamma 1.837 1.65E-03 
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 RASAL2  RAS protein activator like 2 1.837 6.07E-12 

 BCL2L2  BCL2-like 2 1.831 3.53E-03 

 MTHFD1  methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1, methenyltetrahydrofolate 
cyclohydrolase, formyltetrahydrofolate synthetase 

1.829 9.32E-03 

 HN1  hematological and neurological expressed 1 1.829 1.34E-10 

 FBXO32  F-box protein 32 1.828 7.30E-04 

 TMEM123  transmembrane protein 123 1.822 6.07E-12 

 DSEL  dermatan sulfate epimerase-like 1.82 5.16E-06 

 SESN1  sestrin 1 1.807 2.72E-06 

 RECK  reversion-inducing-cysteine-rich protein with kazal motifs 1.805 6.07E-12 

 STK3  serine/threonine kinase 3 (STE20 homolog, yeast) 1.8 6.39E-07 

 GAS1  growth arrest-specific 1 1.797 1.62E-03 

 AMOTL2  angiomotin like 2 1.796 8.00E-05 

 GLRX  glutaredoxin (thioltransferase) 1.78 1.34E-03 

 SBF2  SET binding factor 2 1.777 2.20E-04 

 GGH  gamma-glutamyl hydrolase (conjugase, folylpolygammaglutamyl hydrolase) 1.769 6.07E-12 

 MAP4K3  mitogen-activated protein kinase kinase kinase kinase 3 1.764 1.04E-03 

 COTL1  coactosin-like 1 (Dictyostelium) 1.762 4.39E-03 

 GRK5  G protein-coupled receptor kinase 5 1.758 7.58E-03 

 EPS8  epidermal growth factor receptor pathway substrate 8 1.758 9.80E-04 

 PLIN2  perilipin 2 1.757 6.07E-12 

 CAV2  caveolin 2 1.751 6.07E-12 

 RABGAP1  RAB GTPase activating protein 1 1.745 7.00E-05 

 EIF2AK4  eukaryotic translation initiation factor 2 alpha kinase 4 1.74 2.55E-06 

 ARL6IP5  ADP-ribosylation-like factor 6 interacting protein 5 1.725 6.07E-12 

 KCTD9  potassium channel tetramerisation domain containing 9 1.72 5.77E-10 

 ADI1  acireductone dioxygenase 1 1.716 1.58E-06 

 C1GALT1C1  C1GALT1-specific chaperone 1 1.715 2.00E-05 

 SCUBE3  signal peptide, CUB domain, EGF-like 3 1.714 6.50E-10 

 SLC25A12  solute carrier family 25 (mitochondrial carrier, Aralar), member 12 1.712 4.97E-06 

 PTPRM  protein tyrosine phosphatase, receptor type, M 1.711 8.20E-06 

 CFL2  cofilin 2 (muscle) 1.71 6.07E-12 

 PCYOX1  prenylcysteine oxidase 1 1.709 7.00E-05 

 FOXN3  forkhead box N3 1.707 5.10E-06 

 ARHGAP10  Rho GTPase activating protein 10 1.706 4.04E-03 

 USP33  ubiquitin specific peptidase 33 1.705 5.75E-03 

 TNPO1  transportin 1 1.705 6.21E-06 

 SMAD9  SMAD family member 9 1.702 1.53E-03 

 TPM3  tropomyosin 3 1.689 6.07E-12 

 TWIST1  twist homolog 1 (Drosophila) 1.667 1.90E-04 

 HS3ST3B1  heparan sulfate (glucosamine) 3-O-sulfotransferase 3B1 1.666 1.20E-04 
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 C3ORF64  chromosome 3 open reading frame 64 1.658 2.35E-08 

 DERA  2-deoxyribose-5-phosphate aldolase homolog (C. elegans) 1.657 1.09E-10 

 OSBPL1A  oxysterol binding protein-like 1A 1.655 2.77E-03 

 PERP  PERP, TP53 apoptosis effector 1.654 8.02E-08 

 SRGN  serglycin 1.652 3.25E-03 

 VCL  vinculin 1.646 1.20E-04 

 DNMBP  dynamin binding protein 1.625 1.82E-03 

 GALNT11  UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 11 
(GalNAc-T11) 

1.613 2.00E-05 

 STAT6  signal transducer and activator of transcription 6, interleukin-4 induced 1.611 1.35E-06 

 ARHGAP18  Rho GTPase activating protein 18 1.601 8.67E-03 

 FEZ2  fasciculation and elongation protein zeta 2 (zygin II) 1.6 6.07E-12 

 PPM1B  protein phosphatase 1B (formerly 2C), magnesium-dependent, beta isoform 1.593 9.00E-05 

 RAB9A  RAB9A, member RAS oncogene family 1.575 6.79E-03 

 RFTN1  raftlin, lipid raft linker 1 1.573 1.08E-07 

 PALLD  palladin, cytoskeletal associated protein 1.572 1.21E-11 

 NAP1L1  nucleosome assembly protein 1-like 1 1.568 7.00E-05 

 PDCD7  programmed cell death 7 1.562 2.66E-03 

 C10ORF46  chromosome 10 open reading frame 46 1.561 2.01E-03 

 SUCLG2  succinate-CoA ligase, GDP-forming, beta subunit 1.561 5.53E-03 

 PROSC  proline synthetase co-transcribed homolog (bacterial) 1.557 4.54E-03 

 DDAH1  dimethylarginine dimethylaminohydrolase 1 1.553 2.86E-06 

 ELP3  elongation protein 3 homolog (S. cerevisiae) 1.542 1.12E-03 

 RPUSD4  RNA pseudouridylate synthase domain containing 4 1.541 3.59E-03 

 TANK  TRAF family member-associated NFKB activator 1.537 7.73E-06 

 DBI  diazepam binding inhibitor (GABA receptor modulator, acyl-Coenzyme A binding protein) 1.529 2.63E-03 

 NECAP2  NECAP endocytosis associated 2 1.526 1.06E-03 

 PHYH  phytanoyl-CoA 2-hydroxylase 1.523 1.11E-03 

 SKAP2  src kinase associated phosphoprotein 2 1.518 9.67E-03 

 IRS1  insulin receptor substrate 1 1.516 1.91E-03 

 TRAM2   translocation associated membrane protein 2 1.508 4.26E-08 

 RHOQ  ras homolog gene family, member Q 1.504 8.86E-06 

 CHPT1  choline phosphotransferase 1 1.504 1.56E-07 

 DSP  desmoplakin 1.503 3.45E-09 

 ARHGEF6  Rac/Cdc42 guanine nucleotide exchange factor (GEF) 6 1.499 9.60E-03 

 GBE1  glucan (1,4-alpha-), branching enzyme 1 1.498 6.07E-12 

 BVES  blood vessel epicardial substance 1.498 1.29E-03 

 SSBP3  single stranded DNA binding protein 3 1.491 1.05E-03 

 PDGFRA  platelet-derived growth factor receptor, alpha polypeptide 1.491 1.82E-10 

 EMP1  epithelial membrane protein 1 1.489 7.08E-07 

 FAM116A  family with sequence similarity 116, member A 1.485 5.00E-05 
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 HLA-E  major histocompatibility complex, class I, E 1.476 8.34E-03 

 NOM1  nucleolar protein with MIF4G domain 1 1.468 7.13E-03 

 ROCK1  Rho-associated, coiled-coil containing protein kinase 1 1.462 8.40E-09 

 REEP3  receptor accessory protein 3 1.456 2.00E-05 

 HMGN4   high mobility group nucleosomal binding domain 4 1.454 1.60E-04 

 TWSG1  twisted gastrulation homolog 1 (Drosophila) 1.451 3.30E-04 

 PTPN11  protein tyrosine phosphatase, non-receptor type 11 1.447 1.45E-09 

 TOB2  transducer of ERBB2, 2 1.447 2.00E-05 

 BECN1  beclin 1, autophagy related 1.444 4.18E-08 

 NDFIP1  Nedd4 family interacting protein 1 1.442 9.90E-04 

 MLX  MAX-like protein X 1.437 1.30E-04 

 SFRS1  splicing factor, arginine/serine-rich 1 1.432 2.70E-04 

 MRPL9  mitochondrial ribosomal protein L9 1.419 2.00E-05 

 SH3GLB1  SH3-domain GRB2-like endophilin B1 1.411 3.13E-03 

 GMFB  glia maturation factor, beta 1.408 1.00E-05 

 PDLIM5  PDZ and LIM domain 5 1.401 5.94E-03 

 DNAJA2  DnaJ (Hsp40) homolog, subfamily A, member 2 1.399 1.20E-04 

 NGFRAP1  nerve growth factor receptor (TNFRSF16) associated protein 1 1.398 9.45E-03 

 PPA1  pyrophosphatase (inorganic) 1 1.396 1.50E-04 

 KIAA1033  KIAA1033 1.396 4.49E-07 

 CALM1  calmodulin 1 (phosphorylase kinase, delta) 1.39 1.00E-04 

 MYL6  myosin, light chain 6, alkali, smooth muscle and non-muscle 1.372 2.90E-04 

 WIPF1  WAS/WASL interacting protein family, member 1 1.357 2.10E-04 

 ADAM9  ADAM metallopeptidase domain 9 (meltrin gamma) 1.351 1.52E-10 

 ECHDC1  enoyl Coenzyme A hydratase domain containing 1 1.35 4.00E-05 

 CD59  CD59 molecule, complement regulatory protein 1.322 2.20E-04 

 OLA1  Obg-like ATPase 1 1.314 1.35E-03 

 MYL12A  myosin, light chain 12A, regulatory, non-sarcomeric 1.307 9.09E-03 

 RDX  radixin 1.302 7.60E-03 

 YWHAB  tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, beta 
polypeptide 

1.292 7.00E-05 

 RRAS2  related RAS viral (r-ras) oncogene homolog 2 1.287 1.06E-03 

 EIF3A  eukaryotic translation initiation factor 3, subunit A 1.269 6.00E-05 

 SNAP23  synaptosomal-associated protein, 23kDa 1.241 3.25E-07 

 UBE2Q2  ubiquitin-conjugating enzyme E2Q family member 2 1.239 6.07E-12 

 TTRAP  TRAF and TNF receptor associated protein 1.234 3.75E-03 

 SCP2  sterol carrier protein 2 1.227 7.94E-03 

 HADHB  hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thiolase/enoyl-
Coenzyme A hydratase (trifunctional protein), beta subunit 

1.216 1.47E-03 

 DAZAP2   DAZ associated protein 2 1.208 8.41E-07 

 CCT6A  chaperonin containing TCP1, subunit 6A (zeta 1) 1.203 5.70E-04 
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response to osteogenic induction media. 

Symbol Entrez Gene Name Fold Change p-value 

 FNDC1  fibronectin type III domain containing 1 -57.405  6.07E-12 

 COL14A1  collagen, type XIV, alpha 1 -52.928  6.07E-12 

 SFRP4  secreted frizzled-related protein 4 -31.807  8.00E-05 

 COL15A1  collagen, type XV, alpha 1 -29.291  4.50E-06 

 SCRG1  stimulator of chondrogenesis 1 -28.895  4.86E-11 

 INHBE  inhibin, beta E -27.834  9.06E-03 

 TNFAIP6  tumor necrosis factor, alpha-induced protein 6 -27.08  6.07E-12 

 PLAU  plasminogen activator, urokinase -24.821  6.07E-12 

 MEST  mesoderm specific transcript homolog (mouse) -22.113  8.00E-05 

 LRRC15  leucine rich repeat containing 15 -19.394  8.56E-03 

 MMP16  matrix metallopeptidase 16 (membrane-inserted) -18.919  6.07E-12 

 CH25H  cholesterol 25-hydroxylase -18.008  6.07E-12 

 ADAM12  ADAM metallopeptidase domain 12 -15.776  6.07E-12 

 GAP43  growth associated protein 43 -15.636  1.00E-05 

 WNT2  wingless-type MMTV integration site family member 2 -14.427  6.07E-12 

 SDC1  syndecan 1 -13.113  6.07E-12 

 CNIH3  cornichon homolog 3 (Drosophila) -12.979  7.48E-09 

 ARL4C  ADP-ribosylation factor-like 4C -12.688  6.07E-12 

 GALNT12  UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 12 
(GalNAc-T12) -12.547  6.07E-12 

 IBSP  integrin-binding sialoprotein -12.051  1.00E-05 

 BDKRB2  bradykinin receptor B2 -12.006  9.74E-06 

 KRT19  keratin 19 -11.628  6.07E-12 

 PSD3  pleckstrin and Sec7 domain containing 3 -11.282  7.32E-07 

 CRABP2  cellular retinoic acid binding protein 2 -10.907  3.98E-08 

 TGFB3  transforming growth factor, beta 3 -10.803  6.61E-03 

 ANXA10  annexin A10 -10.516  1.03E-10 

 DCHS1  dachsous 1 (Drosophila) -10.412  1.70E-06 

 CFI  complement factor I -10.219  6.27E-08 

 GDF15  growth differentiation factor 15 -9.962  2.00E-05 

 LRIG1  leucine-rich repeats and immunoglobulin-like domains 1 -9.705  6.07E-12 

 COL8A2  collagen, type VIII, alpha 2 -9.598  6.07E-12 

 DNM1  dynamin 1 -9.462  1.52E-03 

 EGR2  early growth response 2 -9.435  2.00E-04 

 DPYSL3  dihydropyrimidinase-like 3 -9.316  6.07E-12 

 HAPLN1  hyaluronan and proteoglycan link protein 1 -8.952  6.19E-08 

 ATF5  activating transcription factor 5 -8.742  6.07E-12 

 HMCN1   hemicentin 1 -8.693  6.07E-12 

 WARS  tryptophanyl-tRNA synthetase -8.563  6.07E-12 

 GATA6  GATA binding protein 6 -8.468  6.07E-12 

 CLU  clusterin -8.353  1.21E-10 

 PTHLH  parathyroid hormone-like hormone -8.147  5.08E-03 
 ADAMTS12  ADAM metallopeptidase with thrombospondin type 1 motif, 12 -7.97  6.07E-12 
 NTM  neurotrimin -7.888  1.94E-06 
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 MDK  midkine (neurite growth-promoting factor 2) -7.818  1.07E-03 

 SGCD  sarcoglycan, delta (35kDa dystrophin-associated glycoprotein) -7.786  6.07E-12 

 LGR4  leucine-rich repeat-containing G protein-coupled receptor 4 -7.645  1.11E-06 

 C9ORF150  chromosome 9 open reading frame 150 -7.592  6.07E-12 

 GPR68  G protein-coupled receptor 68 -7.464  1.82E-11 

 PLXDC1  plexin domain containing 1 -7.356  5.50E-04 

 PRICKLE1  prickle homolog 1 (Drosophila) -7.279  6.07E-12 

 MXRA5  matrix-remodelling associated 5 -7.157  6.07E-12 

 CHST15  carbohydrate (N-acetylgalactosamine 4-sulfate 6-O) sulfotransferase 15 -7.029  6.07E-12 

 STARD10  StAR-related lipid transfer (START) domain containing 10 -6.996  3.70E-04 

 SLC12A8  solute carrier family 12 (potassium/chloride transporters), member 8 -6.865  2.27E-07 

 FGF2  fibroblast growth factor 2 (basic) -6.738  6.07E-12 

 LXN  latexin -6.674  6.00E-05 

 RARRES2  retinoic acid receptor responder (tazarotene induced) 2 -6.632  2.00E-05 

 COL10A1  collagen, type X, alpha 1 -6.602  5.54E-03 

 TRIB3  tribbles homolog 3 (Drosophila) -6.587  6.07E-12 

 PRAGMIN  homolog of rat pragma of Rnd2 -6.476  6.07E-12 

 E2F7  E2F transcription factor 7 -6.446  6.07E-12 

 CPZ  carboxypeptidase Z -6.342  9.52E-03 

 KRT18  keratin 18 -6.257  9.00E-05 

 SYNJ2  synaptojanin 2 -6.036  1.80E-04 

 ST6GAL2  ST6 beta-galactosamide alpha-2,6-sialyltranferase 2 -5.936  6.07E-12 

 RGS3  regulator of G-protein signaling 3 -5.883  6.07E-12 

 LPXN  leupaxin -5.863  3.00E-05 

 ZNF365  zinc finger protein 365 -5.771  6.07E-12 

 FHOD3   formin homology 2 domain containing 3 -5.676  9.72E-06 

 IL13RA2  interleukin 13 receptor, alpha 2 -5.673  9.00E-05 

 COLEC12  collectin sub-family member 12 -5.594  6.07E-12 

 C2  complement component 2 -5.515  2.00E-05 

 ARG2  arginase, type II -5.29  1.95E-03 

 PER3  period homolog 3 (Drosophila) -5.274  3.21E-07 

 VCAN  versican -5.251  6.07E-12 

 INHBA  inhibin, beta A -5.199  8.60E-04 

 BHLHE40  basic helix-loop-helix family, member e40 -5.187  3.72E-03 

 PTGFRN  prostaglandin F2 receptor negative regulator -5.117  3.64E-11 

 BHLHE41  basic helix-loop-helix family, member e41 -5.061  3.07E-08 

 HEG1  HEG homolog 1 (zebrafish) -4.903  6.07E-12 

 FLRT2  fibronectin leucine rich transmembrane protein 2 -4.894  4.61E-08 

 CCRL1  chemokine (C-C motif) receptor-like 1 -4.891  2.15E-06 

 IER3  immediate early response 3 -4.881  6.07E-12 

 KSR1  kinase suppressor of ras 1 -4.837  5.88E-09 

 MSC  musculin (activated B-cell factor-1) -4.782  3.45E-09 

 CDKN2B  cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) -4.719  6.07E-12 

 DNAJC12  DnaJ (Hsp40) homolog, subfamily C, member 12 -4.688  4.96E-08 
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 PDLIM3  PDZ and LIM domain 3 -4.63  1.05E-06 

 NR1H3  nuclear receptor subfamily 1, group H, member 3 -4.592  6.07E-12 

 RHOJ  ras homolog gene family, member J -4.515  5.00E-05 

 AKR1B10  aldo-keto reductase family 1, member B10 (aldose reductase) -4.501  1.46E-08 

 CXCL12  chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1) -4.434  4.84E-09 

 LRRC17  leucine rich repeat containing 17 -4.315  2.90E-04 

 RDH10  retinol dehydrogenase 10 (all-trans) -4.165  6.07E-12 

 FBN1  fibrillin 1 -4.148  6.07E-12 

 STMN3  stathmin-like 3 -4.13  1.90E-04 

 SH2D4A  SH2 domain containing 4A -4.076  3.78E-09 

 MN1  meningioma (disrupted in balanced translocation) 1 -4.071  6.07E-12 

 HSP90B1  heat shock protein 90kDa beta (Grp94), member 1 -4.069  3.20E-04 

 COL1A1  collagen, type I, alpha 1 -4.068  6.93E-08 

 ODZ4   odz, odd Oz/ten-m homolog 4 (Drosophila) -4.019  4.10E-04 

 AEBP1  AE binding protein 1 -3.967  5.84E-06 

 AFF3  AF4/FMR2 family, member 3 -3.966  2.10E-03 

 POSTN  periostin, osteoblast specific factor -3.944  3.91E-06 

 FAM176A  family with sequence similarity 176, member A -3.911  7.50E-04 

 PTPRB  protein tyrosine phosphatase, receptor type, B -3.865  8.98E-10 

 LOXL4  lysyl oxidase-like 4 -3.861  2.00E-05 

 LOXL2  lysyl oxidase-like 2 -3.838  6.07E-12 

 SLC7A11  solute carrier family 7, (cationic amino acid transporter, y+ system) member 11 -3.825  6.07E-12 

 FAM129A  family with sequence similarity 129, member A -3.804  2.79E-10 

 NTN4  netrin 4 -3.788  6.07E-12 

 STAC  SH3 and cysteine rich domain -3.751  3.77E-03 

 COL13A1  collagen, type XIII, alpha 1 -3.727  1.35E-03 

 PTGIS  prostaglandin I2 (prostacyclin) synthase -3.718  6.07E-12 

 UNC5B  unc-5 homolog B (C. elegans) -3.7  6.07E-12 

 ALPK2  alpha-kinase 2 -3.638  6.07E-12 

 KIAA0746  KIAA0746 protein -3.633  1.10E-04 

 HLA-B  major histocompatibility complex, class I, B -3.61  6.07E-12 

 ITGA11  integrin, alpha 11 -3.576  6.07E-12 

 PTPRE  protein tyrosine phosphatase, receptor type, E -3.527  2.00E-05 

 DYRK3  dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 3 -3.501  4.57E-07 

 CCDC80  coiled-coil domain containing 80 -3.497  3.00E-05 

 TIAM1  T-cell lymphoma invasion and metastasis 1 -3.483  8.45E-07 

 GEM  GTP binding protein overexpressed in skeletal muscle -3.449  2.40E-04 

 PSAT1  phosphoserine aminotransferase 1 -3.448  4.20E-04 

 SERPINH1  serpin peptidase inhibitor, clade H (heat shock protein 47), member 1, (collagen binding 
protein 1) -3.425  2.28E-07 

 MICAL2  microtubule associated monoxygenase, calponin and LIM domain containing 2 -3.364  6.07E-12 
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 OLFML2B  olfactomedin-like 2B -3.363  3.68E-06 

 SLC7A5  solute carrier family 7 (cationic amino acid transporter, y+ system), member 5 -3.357  7.04E-06 

 GAS7  growth arrest-specific 7 -3.354  7.40E-04 

 DOK5  docking protein 5 -3.343  6.07E-12 

 C13ORF31  chromosome 13 open reading frame 31 -3.302  4.60E-04 

 SGCG  sarcoglycan, gamma (35kDa dystrophin-associated glycoprotein) -3.296  9.02E-03 

 LDB2  LIM domain binding 2 -3.279  2.54E-06 

 DHRS3  dehydrogenase/reductase (SDR family) member 3 -3.278  4.56E-03 

 COL12A1  collagen, type XII, alpha 1 -3.265  1.48E-09 

 ABHD2  abhydrolase domain containing 2 -3.241  5.12E-08 

 PAPPA  pregnancy-associated plasma protein A, pappalysin 1 -3.205  9.40E-04 

 GPC6  glypican 6 -3.187  6.07E-12 

 PXK  PX domain containing serine/threonine kinase -3.174  1.82E-11 

 MEGF6  multiple EGF-like-domains 6 -3.17  1.03E-09 

 SHMT2  serine hydroxymethyltransferase 2 (mitochondrial) -3.158  5.00E-05 

 PLTP  phospholipid transfer protein -3.146  4.58E-07 

 SYNE1  spectrin repeat containing, nuclear envelope 1 -3.138  6.07E-12 

 SLIT3  slit homolog 3 (Drosophila) -3.133  2.20E-04 

 ECM1  extracellular matrix protein 1 -3.119  3.78E-03 

 SORCS2  sortilin-related VPS10 domain containing receptor 2 -3.096  6.07E-12 

 MOXD1  monooxygenase, DBH-like 1 -3.091  6.07E-12 

 DNAJB9  DnaJ (Hsp40) homolog, subfamily B, member 9 -3.069  2.20E-07 

 HLA-G  major histocompatibility complex, class I, G -3.047  1.44E-03 

 XAF1  XIAP associated factor 1 -3.034  6.07E-12 

 PER2  period homolog 2 (Drosophila) -3.027  9.71E-11 

 OSBPL8  oxysterol binding protein-like 8 -2.967  4.50E-04 

 ASNS  asparagine synthetase -2.963  6.07E-12 

 SLIT2  slit homolog 2 (Drosophila) -2.939  6.07E-12 

 RFX2  regulatory factor X, 2 (influences HLA class II expression) -2.938  2.95E-03 

 PPP1R13L  protein phosphatase 1, regulatory (inhibitor) subunit 13 like -2.908  9.71E-11 

 FZD7  frizzled homolog 7 (Drosophila) -2.898  4.60E-04 

 FLNB  filamin B, beta -2.881  2.00E-05 

 COL5A1  collagen, type V, alpha 1 -2.875  6.07E-12 

 ATXN1  ataxin 1 -2.865  1.32E-06 

 VDR  vitamin D (1,25- dihydroxyvitamin D3) receptor -2.86  6.07E-12 

 EVL  Enah/Vasp-like -2.857  4.06E-03 

 SREBF1  sterol regulatory element binding transcription factor 1 -2.852  5.88E-03 

 PITX2  paired-like homeodomain 2 -2.843  1.20E-04 

 IRF1  interferon regulatory factor 1 -2.832  3.89E-07 

 EPHA2  EPH receptor A2 -2.83  2.83E-03 

 LEPRE1  leucine proline-enriched proteoglycan (leprecan) 1 -2.827  6.07E-12 

 MXD1  MAX dimerization protein 1 -2.798  2.31E-10 
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 ENOX1  ecto-NOX disulfide-thiol exchanger 1 -2.79  2.19E-03 

 POLR3D  polymerase (RNA) III (DNA directed) polypeptide D, 44kDa -2.785  4.18E-03 

 PHGDH  phosphoglycerate dehydrogenase -2.776  1.33E-06 

 BACH2   BTB and CNC homology 1, basic leucine zipper transcription factor 2 -2.757  3.00E-05 

 RUNX1  runt-related transcription factor 1 -2.75  6.07E-12 

 ABTB2  ankyrin repeat and BTB (POZ) domain containing 2 -2.743  4.34E-07 

 LONP1  lon peptidase 1, mitochondrial -2.701  6.07E-12 

 ODZ3  odz, odd Oz/ten-m homolog 3 (Drosophila) -2.698  8.08E-06 

 NHS  Nance-Horan syndrome (congenital cataracts and dental anomalies) -2.69  2.26E-06 

 GJA1  gap junction protein, alpha 1, 43kDa -2.684  6.07E-12 

 GLIS2  GLIS family zinc finger 2 -2.68  1.00E-05 

 CEBPG  CCAAT/enhancer binding protein (C/EBP), gamma -2.67  1.38E-06 

 C2ORF88  chromosome 2 open reading frame 88 -2.668  8.14E-07 

 CYP1B1  cytochrome P450, family 1, subfamily B, polypeptide 1 -2.649  6.07E-12 

 C11ORF41  chromosome 11 open reading frame 41 -2.622  6.16E-03 

 VEGFA  vascular endothelial growth factor A -2.621  1.69E-08 

 SSH1  slingshot homolog 1 (Drosophila) -2.567  9.30E-04 

 NET1  neuroepithelial cell transforming 1 -2.562  3.10E-10 

 UGCG  UDP-glucose ceramide glucosyltransferase -2.542  5.43E-03 

 SSX2IP  synovial sarcoma, X breakpoint 2 interacting protein -2.538  6.07E-12 

 PPP1R3C  protein phosphatase 1, regulatory (inhibitor) subunit 3C -2.526  5.14E-06 

 MYO1B  myosin IB -2.523  2.19E-10 

 SNX9   sorting nexin 9 -2.509  6.60E-04 

 SLC4A4  solute carrier family 4, sodium bicarbonate cotransporter, member 4 -2.507  9.00E-05 

 HLA-C  major histocompatibility complex, class I, C -2.499  3.35E-06 

 ARHGEF2  Rho/Rac guanine nucleotide exchange factor (GEF) 2 -2.496  6.07E-12 

 KIAA1462  KIAA1462 -2.484  6.99E-03 

 SLC1A4  solute carrier family 1 (glutamate/neutral amino acid transporter), member 4 -2.481  6.07E-12 

 ACACA  acetyl-Coenzyme A carboxylase alpha -2.478  9.20E-04 

 CD55  CD55 molecule, decay accelerating factor for complement (Cromer blood group) -2.444  3.04E-11 

 HSPA5  heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) -2.438  3.09E-03 

 MARS  methionyl-tRNA synthetase -2.437  2.18E-08 

 GOT1  glutamic-oxaloacetic transaminase 1, soluble (aspartate aminotransferase 1) -2.433  8.10E-08 

 CXXC5  CXXC finger 5 -2.429  1.82E-11 

 SLC3A2  solute carrier family 3 (activators of dibasic and neutral amino acid transport), member 2 -2.426  6.07E-12 

 HECW2  HECT, C2 and WW domain containing E3 ubiquitin protein ligase 2 -2.422  4.93E-08 

 PMEPA1  prostate transmembrane protein, androgen induced 1 -2.393  8.91E-07 
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 APOLD1  apolipoprotein L domain containing 1 -2.361  7.56E-03 

 MOCOS  molybdenum cofactor sulfurase -2.358  5.46E-11 

 HSPA13  heat shock protein 70kDa family, member 13 -2.353  6.07E-12 

 DAB2  disabled homolog 2, mitogen-responsive phosphoprotein (Drosophila) -2.347  6.07E-12 

 DRAM1  DNA-damage regulated autophagy modulator 1 -2.337  6.68E-03 

 DDAH2  dimethylarginine dimethylaminohydrolase 2 -2.328  2.33E-06 

 ZNF521  zinc finger protein 521 -2.325  7.33E-03 

 BGN  biglycan -2.31  6.07E-12 

 KLHL5  kelch-like 5 (Drosophila) -2.309  6.07E-12 

 ACVR2A  activin A receptor, type IIA -2.307  3.05E-03 

 TRPS1  trichorhinophalangeal syndrome I -2.306  1.18E-03 

 GCLM  glutamate-cysteine ligase, modifier subunit -2.293  6.07E-12 

 FAM46A  family with sequence similarity 46, member A -2.29  4.25E-10 

 LOC387763  hypothetical protein LOC387763 -2.279  9.29E-03 

 KIAA1199  KIAA1199 -2.274  5.11E-06 

 PCK2  phosphoenolpyruvate carboxykinase 2 (mitochondrial) -2.273  2.02E-06 

 PGM3  phosphoglucomutase 3 -2.272  6.07E-12 

 IL1RAP  interleukin 1 receptor accessory protein -2.264  3.00E-05 

 TCEA1  transcription elongation factor A (SII), 1 -2.264  6.07E-12 

 NUAK1  NUAK family, SNF1-like kinase, 1 -2.262  6.75E-07 

 ANGPTL2  angiopoietin-like 2 -2.256  4.40E-06 

 NR1D2  nuclear receptor subfamily 1, group D, member 2 -2.233  8.95E-03 

 EXOSC6  exosome component 6 -2.203  6.07E-12 

 MAP1A  microtubule-associated protein 1A -2.201  3.94E-06 

 ATF4  activating transcription factor 4 (tax-responsive enhancer element B67) -2.193  2.16E-06 

 RWDD2A  RWD domain containing 2A -2.191  3.70E-04 

 LRP1  low density lipoprotein-related protein 1 (alpha-2-macroglobulin receptor) -2.19  3.00E-05 

 SCD  stearoyl-CoA desaturase (delta-9-desaturase) -2.186  4.45E-08 

 NEK7  NIMA (never in mitosis gene a)-related kinase 7 -2.166  6.07E-12 

 C11ORF75  chromosome 11 open reading frame 75 -2.16  1.12E-06 

 FOXP1  forkhead box P1 -2.154  1.90E-04 

 CREB3L1  cAMP responsive element binding protein 3-like 1 -2.134  4.23E-08 

 MFAP2  microfibrillar-associated protein 2 -2.117  6.07E-12 

 CDH2  cadherin 2, type 1, N-cadherin (neuronal) -2.112  2.00E-05 

 HIVEP1  human immunodeficiency virus type I enhancer binding protein 1 -2.098  1.09E-06 

 P4HA2  prolyl 4-hydroxylase, alpha polypeptide II -2.098  6.07E-12 

 CDKN1A  cyclin-dependent kinase inhibitor 1A (p21, Cip1) -2.091  1.79E-03 

 CLCN5  chloride channel 5 -2.089  1.90E-04 

 TMEFF1  transmembrane protein with EGF-like and two follistatin-like domains 1 -2.077  5.70E-04 
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 ETV5  ets variant 5 -2.074  1.23E-03 

 SERPINE2  serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 2 -2.074  8.03E-07 

 C4ORF18  chromosome 4 open reading frame 18 -2.074  4.00E-05 

 NAV1  neuron navigator 1 -2.073  2.00E-05 

 SSPN  sarcospan (Kras oncogene-associated gene) -2.068  6.19E-06 

 SLC9A1  solute carrier family 9 (sodium/hydrogen exchanger), member 1 -2.063  4.16E-03 

 SLC22A23  solute carrier family 22, member 23 -2.057  9.46E-07 

 MANBA  mannosidase, beta A, lysosomal -2.049  1.56E-08 

 BACE2  beta-site APP-cleaving enzyme 2 -2.044  2.56E-06 

 MICALL1  MICAL-like 1 -2.036  1.68E-07 

 RBCK1  RanBP-type and C3HC4-type zinc finger containing 1 -2.035  3.00E-05 

 KIAA0247  KIAA0247 -2.029  6.00E-05 

 FGFR1  fibroblast growth factor receptor 1 -2.011  7.89E-11 

 USP40  ubiquitin specific peptidase 40 -2.005  2.38E-03 

 HDGFRP3  hepatoma-derived growth factor, related protein 3 -2  4.76E-03 

 TGFBR1  transforming growth factor, beta receptor 1 -1.986  6.07E-12 

 SIAH2  seven in absentia homolog 2 (Drosophila) -1.986  1.08E-07 

 HSPA9  heat shock 70kDa protein 9 (mortalin) -1.983  2.97E-10 

 PDGFC  platelet derived growth factor C -1.977  6.07E-12 

 P4HA1  prolyl 4-hydroxylase, alpha polypeptide I -1.967  1.96E-06 

 BNC2  basonuclin 2 -1.957  6.70E-03 

 ABCA1  ATP-binding cassette, sub-family A (ABC1), member 1 -1.957  5.19E-06 

 SH3PXD2A  SH3 and PX domains 2A -1.95  3.00E-05 

 SLC16A1  solute carrier family 16, member 1 (monocarboxylic acid transporter 1) -1.949  4.20E-04 

 SLFN5  schlafen family member 5 -1.948  3.30E-04 

 PGAP1  post-GPI attachment to proteins 1 -1.947  1.35E-03 

 SGPL1  sphingosine-1-phosphate lyase 1 -1.943  1.50E-04 

 THBS2  thrombospondin 2 -1.938  6.07E-12 

 SARS  seryl-tRNA synthetase -1.935  1.55E-08 

 NFIB  nuclear factor I/B -1.935  2.17E-07 

 SCHIP1  schwannomin interacting protein 1 -1.926  8.57E-06 

 EIF5  eukaryotic translation initiation factor 5 -1.918  1.29E-09 

 FAM102A  family with sequence similarity 102, member A -1.902  2.36E-03 

 KCTD15  potassium channel tetramerisation domain containing 15 -1.901  2.00E-04 

 COL3A1  collagen, type III, alpha 1 -1.893  6.07E-12 

 RND3  Rho family GTPase 3 -1.884  1.09E-06 

 SC5DL  sterol-C5-desaturase (ERG3 delta-5-desaturase homolog, S. cerevisiae)-like -1.878  8.10E-04 

 TP53BP1  tumor protein p53 binding protein 1 -1.875  2.67E-07 

 SLC7A1  solute carrier family 7 (cationic amino acid transporter, y+ system), member 1 -1.873  2.00E-05 

 DEDD2  death effector domain containing 2 -1.87  3.11E-08 
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 FHL2  four and a half LIM domains 2 -1.864  6.07E-12 

 TUBE1  tubulin, epsilon 1 -1.858  1.00E-05 

 CD58  CD58 molecule -1.848  6.07E-12 

 HLA-A  major histocompatibility complex, class I, A -1.842  1.40E-04 

 UHRF1BP1  UHRF1 binding protein 1 -1.834  5.86E-03 

 PPIB  peptidylprolyl isomerase B (cyclophilin B) -1.833  1.52E-03 

 FRMD6  FERM domain containing 6 -1.824  6.07E-12 

 COL5A2  collagen, type V, alpha 2 -1.823  1.27E-09 

 JMY  junction mediating and regulatory protein, p53 cofactor -1.809  6.07E-12 

 GLG1  golgi apparatus protein 1 -1.79  1.24E-03 

 SEL1L  sel-1 suppressor of lin-12-like (C. elegans) -1.786  1.89E-06 

 CARS  cysteinyl-tRNA synthetase -1.783  5.30E-04 

 IARS  isoleucyl-tRNA synthetase -1.776  6.07E-12 

 RALA  v-ral simian leukemia viral oncogene homolog A (ras related) -1.774  2.09E-03 

 RICS  Rho GTPase-activating protein -1.772  9.60E-04 

 PPIC  peptidylprolyl isomerase C (cyclophilin C) -1.771  3.88E-06 

 XBP1  X-box binding protein 1 -1.769  6.07E-12 

 MARCKS   myristoylated alanine-rich protein kinase C substrate -1.769  2.00E-05 

 SMAD1  SMAD family member 1 -1.766  3.00E-05 

 SC4MOL  sterol-C4-methyl oxidase-like -1.764  5.92E-03 

 FBXL7  F-box and leucine-rich repeat protein 7 -1.74  1.09E-03 

 SPARC  secreted protein, acidic, cysteine-rich (osteonectin) -1.731  2.59E-08 

 UBL3  ubiquitin-like 3 -1.726  6.07E-12 

 ARMCX2  armadillo repeat containing, X-linked 2 -1.72  2.39E-03 

 HERPUD1  homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain 
member 1 -1.714  3.04E-11 

 ODC1  ornithine decarboxylase 1 -1.713  1.11E-03 

 HEXA  hexosaminidase A (alpha polypeptide) -1.711  7.30E-04 

 COL16A1  collagen, type XVI, alpha 1 -1.709  2.73E-09 

 WDR45  WD repeat domain 45 -1.708  1.50E-04 

 RAB24  RAB24, member RAS oncogene family -1.702  3.99E-03 

 NR3C1  nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor) -1.699  6.07E-12 

 OSBPL10  oxysterol binding protein-like 10 -1.698  1.88E-10 

 SEC23B  Sec23 homolog B (S. cerevisiae) -1.696  2.12E-03 

 ID2  inhibitor of DNA binding 2, dominant negative helix-loop-helix protein -1.695  2.13E-03 

 C6ORF48  chromosome 6 open reading frame 48 -1.688  1.18E-03 

 CRY1  cryptochrome 1 (photolyase-like) -1.681  4.05E-08 

 YARS  tyrosyl-tRNA synthetase -1.674  1.97E-06 

 ABL1  c-abl oncogene 1, receptor tyrosine kinase -1.672  1.40E-10 

 RNF4  ring finger protein 4 -1.663  1.33E-06 

 TARS  threonyl-tRNA synthetase -1.659  1.28E-08 

 ASXL2  additional sex combs like 2 (Drosophila) -1.656  5.13E-03 
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 LZTFL1  leucine zipper transcription factor-like 1 -1.656  6.20E-04 

 MMP2  matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type IV collagenase) -1.65  6.07E-12 

 AFAP1  actin filament associated protein 1 -1.646  4.20E-04 

 DFNA5  deafness, autosomal dominant 5 -1.643  6.07E-12 

 UGGT2  UDP-glucose glycoprotein glucosyltransferase 2 -1.639  1.64E-06 

 TGFBI  transforming growth factor, beta-induced, 68kDa -1.634  1.47E-03 

 PPP3CA  protein phosphatase 3 (formerly 2B), catalytic subunit, alpha isoform -1.632  7.50E-04 

 BCAT1  branched chain aminotransferase 1, cytosolic -1.622  1.36E-07 

 UCHL1  ubiquitin carboxyl-terminal esterase L1 (ubiquitin thiolesterase) -1.622  3.11E-03 

 SH3KBP1  SH3-domain kinase binding protein 1 -1.621  3.40E-10 

 TNFAIP8  tumor necrosis factor, alpha-induced protein 8 -1.62  3.31E-07 

 IFT80  intraflagellar transport 80 homolog (Chlamydomonas) -1.618  1.70E-04 

 SNX25  sorting nexin 25 -1.618  1.00E-05 

 CHSY1  chondroitin sulfate synthase 1 -1.615  2.00E-04 

 MTHFD1L  methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1-like -1.614  6.07E-12 

 TPST1  tyrosylprotein sulfotransferase 1 -1.612  2.60E-04 

 JUB  jub, ajuba homolog (Xenopus laevis) -1.6  5.80E-04 

 PRKACB  protein kinase, cAMP-dependent, catalytic, beta -1.596  8.44E-10 

 ZNF706  zinc finger protein 706 -1.587  2.10E-04 

 HS3ST3A1  heparan sulfate (glucosamine) 3-O-sulfotransferase 3A1 -1.586  2.60E-04 

 MTHFD2  methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 2, methenyltetrahydrofolate 
cyclohydrolase -1.586  1.15E-10 

 RBBP8  retinoblastoma binding protein 8 -1.585  7.15E-07 

 SETX  senataxin -1.585  1.82E-03 

 UBE2J1  ubiquitin-conjugating enzyme E2, J1 (UBC6 homolog, yeast) -1.578  1.56E-09 

 SIRPA  signal-regulatory protein alpha -1.569  7.40E-06 

 GARS  glycyl-tRNA synthetase -1.567  3.80E-03 

 AAK1  AP2 associated kinase 1 -1.564  6.43E-10 

 JUN  jun oncogene -1.56  6.90E-04 

 VKORC1  vitamin K epoxide reductase complex, subunit 1 -1.558  2.60E-04 

 FKBP11  FK506 binding protein 11, 19 kDa -1.553  5.80E-04 

 BMPR2  bone morphogenetic protein receptor, type II (serine/threonine kinase) -1.55  2.65E-09 

 SRXN1  sulfiredoxin 1 homolog (S. cerevisiae) -1.537  3.63E-03 

 PJA1  praja ring finger 1 -1.536  4.37E-07 

 SNX30  sorting nexin family member 30 -1.533  2.66E-03 

 PTPN13  protein tyrosine phosphatase, non-receptor type 13 (APO-1/CD95 (Fas)-associated 
phosphatase) -1.523  1.14E-06 

 BTG3  BTG family, member 3 -1.514  1.47E-06 

 TMEM41B  transmembrane protein 41B -1.511  1.00E-05 

 TMEM39A  transmembrane protein 39A -1.506  5.00E-05 
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 EPRS  glutamyl-prolyl-tRNA synthetase -1.504  2.00E-05 

 TPM1  tropomyosin 1 (alpha) -1.494  8.10E-04 

 CHD2  chromodomain helicase DNA binding protein 2 -1.492  1.24E-06 

 LIMS1  LIM and senescent cell antigen-like domains 1 -1.492  1.00E-05 
 OGT  O-linked N-acetylglucosamine (GlcNAc) transferase (UDP-N-

acetylglucosamine:polypeptide-N-acetylglucosaminyl transferase) 
-1.474  5.80E-04 

 PHTF2  putative homeodomain transcription factor 2 -1.472  8.10E-04 

 ROBO1  roundabout, axon guidance receptor, homolog 1 (Drosophila) -1.471  2.67E-10 

 STAT1  signal transducer and activator of transcription 1, 91kDa -1.467  1.00E-05 

 CEP170  centrosomal protein 170kDa -1.46  3.57E-03 

 BET1  blocked early in transport 1 homolog (S. cerevisiae) -1.458  4.20E-04 

 RPS6KC1  ribosomal protein S6 kinase, 52kDa, polypeptide 1 -1.458  5.60E-03 

 PIGT  phosphatidylinositol glycan anchor biosynthesis, class T -1.456  3.10E-04 

 SEC63  SEC63 homolog (S. cerevisiae) -1.455  4.05E-07 

 ZMIZ1  zinc finger, MIZ-type containing 1 -1.439  4.79E-07 

 WWTR1  WW domain containing transcription regulator 1 -1.436  1.07E-03 

 FOXD1  forkhead box D1 -1.432  6.90E-03 

 B4GALT5  UDP-Gal:betaGlcNAc beta 1,4- galactosyltransferase, polypeptide 5 -1.423  2.47E-03 

 NANP  N-acetylneuraminic acid phosphatase -1.423  8.97E-03 

 MBTPS1  membrane-bound transcription factor peptidase, site 1 -1.411  1.00E-05 

 NDFIP2  Nedd4 family interacting protein 2 -1.41  4.96E-06 

 JUND  jun D proto-oncogene -1.398  4.87E-03 

 C12ORF23  chromosome 12 open reading frame 23 -1.397  6.07E-12 
 AIMP2  aminoacyl tRNA synthetase complex-interacting multifunctional protein 2 -1.392  3.00E-04 

 PPP4R2  protein phosphatase 4, regulatory subunit 2 -1.389  2.20E-04 

 RYBP  RING1 and YY1 binding protein -1.387  7.28E-09 

 GOLT1B  golgi transport 1 homolog B (S. cerevisiae) -1.356  8.81E-06 

 RAP2B  RAP2B, member of RAS oncogene family -1.348  4.78E-06 

 ACSL3  acyl-CoA synthetase long-chain family member 3 -1.345  3.40E-04 

 SLC30A7  solute carrier family 30 (zinc transporter), member 7 -1.341  4.50E-04 

 ERLEC1  endoplasmic reticulum lectin 1 -1.338  3.43E-03 

 CANX  calnexin -1.315  3.00E-05 

 PTP4A2  protein tyrosine phosphatase type IVA, member 2 -1.29  7.00E-06 

 PTEN  phosphatase and tensin homolog -1.284  7.59E-03 

 NARS  asparaginyl-tRNA synthetase -1.281  2.92E-03 

 NNMT  nicotinamide N-methyltransferase -1.254  2.55E-03 

 GORASP2  golgi reassembly stacking protein 2, 55kDa -1.245  1.32E-06 
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Supplementary Table 2-3: All significantly modulated canonical pathways during 

osteogenic differentiation of hASC in 3D collagen culture at day 14. 95 canonical pathways 

were arranged by the highest statistical significance (-log (p-value)). Ratio is calculated by 

number of mapped molecules/ total molecules in pathway. All mapped molecules are shown 

as abbreviated name.  

Ingenuity Canonical 

Pathways 

-log     

(p-value) 

Ratio Upregulated Molecules Downregulated Molecules 

Molecular Mechanisms 

of Cancer 

4.92E00 9.41E-02 FOXO1, PRKAR2B, AURKA, HIPK2, 

PIK3R1, PRKD1, PTCH1, RAP2A, CCND3, 

GNAI1, CAMK2D, MYC  

MAP3K5 (includes EG:4217), SMAD9, 

IRS1, RHOQ, ARHGEF6, PTPN11, RRAS2

   

RAP2B, BMPR2, JUN, PRKACB, ABL1, 

SMAD1, RALA, RND3, TGFBR1, 

CDKN1A, LRP1, ARHGEF2, FZD7, 

RHOJ, CDKN2B, TGFB3 

Aminoacyl-tRNA 

Biosynthesis 

4.82E00 1.2E-01  NARS, EPRS, GARS, TARS, YARS, 

IARS, CARS, SARS, MARS, WARS 

Axonal Guidance 

Signaling 

4.18E00 8.66E-02 EFNB2, PRKAR2B, PIK3R1, PDGFD, 

WNT5B, PRKD1, PTCH1, GNAI1, 

PLXNA2, ITSN1, CFL2,  ARHGEF6, 

ROCK1, PTPN11, MYL6, WIPF1, ADAM9, 

MRCL3, RRAS2 

ROBO1, PRKACB, PPP3CA, ABL1, 

PDGFC, VEGFA, GLIS2, EPHA2, FZD7, 

SLIT2, SLIT3, UNC5B, CXCL12, RGS3, 

ADAM12, WNT2 

Caveolar-mediated 

Endocytosis Signaling 

3.91E00 1.45E-01 ITGA10, ITGA9, CAV1, ITSN1 ABL1, HLA-A, CD55, HLA-C, FLNB, 

DYRK3, ITGA11, HLA-B 

TGF-β Signaling 3.56E00 1.45E-01 INHBB, SMAD9, RRAS2 

 

BMPR2, JUN, SMAD1, TGFBR1, 

ACVR2A, PITX2, VDR, INHBA, TGFB3 

Circadian Rhythm 

Signaling 

3.33E00 2E-01 PER1 CRY1, ATF4, PER2, BHLHB3, BHLHB2, 

PER3 

LPS/IL-1 Mediated 

Inhibition of RXR 

Function 

3.33E00 9.3E-02 MAOA, FMO2, ABCC3, ACSL1, SLC27A3, 

APOE, ALDH3A2, IL1R1, MGST1, 

ALDH6A1, HS3ST3B1, ACSL3 JUN, 

HS3ST3A1 

ABCA1, SREBF1, PLTP, GALNAC4S-

6ST 

Factors Promoting 

Cardiogenesis in 

Vertebrates 

3.3E00 1.35E-01 NOG, TGFBR3, DKK1, PRKD1, SMAD9 BMPR2, SMAD1, TGFBR1, LRP1, 

ACVR2A, FZD7, TGFB3 

Colorectal Cancer 

Metastasis Signaling 

3.27E00 9.24E-02 PRKAR2B, MMP7, BIRC5, PIK3R1, 

WNT5B, PTGER4, PTGER2, MYC, RHOQ, 

RRAS2  

STAT1, JUN, PRKACB, MMP2, RND3, 

TGFBR1, LRP1, VEGFA, FZD7, RHOJ, 

TGFB3, WNT2, MMP16 

Ephrin Receptor 

Signaling 

3.25E00 9.69E-02 EFNB2, SORBS1, ANGPT1, PDGFD, 

GNAI1, ITSN1, CFL2, ROCK1, PTPN11, 

WIPF1, RRAS2 

PTPN13, ABL1, PDGFC, ATF4, VEGFA, 

EPHA2, CXCL12, RGS3 

Human Embryonic Stem 

Cell Pluripotency 

3.24E00 1.01E-01 NOG, S1PR3, PIK3R,  PDGFD, WNT5B, 

PDGFRA  

BMPR2, SMAD1, PDGFC, TGFBR1, 

FGFR1, FZD7, FGF2, TGFB3 
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Supplementary Table 2-3: continued 

Integrin Signaling 3.17E00 1E-01 ITGA10, ITGA9, PIK3R1, PPP1CB, 

RAP2A, CAV1, VCL, RHOQ, ROCK1, 

WIPF1, MRCL3, RRAS2  

PTEN, LIMS1, ABL1, RAP2B, RALA, 

RND3, ITGA11, RHOJ 

Virus Entry via 

Endocytic Pathways 

3.15E00 1.25E-01 PIK3R1, PRKD1, CAV1, ITSN1, RRAS2 ABL1, HLA-A, CD55, HLA-C, FLNB, 

HLA-B, DNM1 

Complement System 3.15E00 1.94E-01 CFD, CFH, SERPING1, CD59 CD55, C2, CFI 

Insulin Receptor 

Signaling 

3.08E00 1.07E-01 PPP1R14A, FOXO1, PRKAR2B, PIK3R1, 

IRS2, PPP1CB, FOXO3, IRS1, RHOQ, 

PTPN11, RRAS2 

PTEN, PRKACB, PPP1R3C, HLA-B 

Propanoate Metabolism 3.02E00 7.69E-02 ACSL1, ABAT, ACACB, ALDH3A2, 

ALDH6A1, SUCLG2, HADHB 

 

ACSL3, ACACA 

Role of Macrophages, 

Fibroblasts and 

Endothelial Cells in 

Rheumatoid Arthritis 

3.01E00 7.92E-02 CEBPA, DKK1, CEBPD, PIK3R1, PDGFD, 

WNT5B, PRKD1, IRAK3, IL1R1, PLCL1, 

CAMK2D, MYC, ROCK1, CALM1, RRAS2

  

JUN, PPP3CA, PDGFC, LRP1, ATF4, 

VEGFA, CEBPG, FZD7, CXCL12, FGF2, 

WNT2, SFRP4 

Endoplasmic Reticulum 

Stress Pathway 

3E00 2.78E-01 MAP3K5 (includes EG:4217) MBTPS1, XBP1, ATF4, HSPA5 

Protein Kinase A 

Signaling 

2.93E00 8.23E-02 PTK2B, PPP1R14A, PRKAR2B, PDE7B, 

ITPR1, PRKD1, AKAP12, PTCH1, PPP1CB, 

GNAI1, PLCL1, CAMK2D, ROCK1, 

CALM1, MYL6, MYL12A, YWHAB, 

TTRAP  

PRKACB, PPP3CA, TGFBR1, ATF4, 

PPP1R3C, FLNB, HLA-B, TGFB3 

LXR/RXR Activation 2.86E00 1.16E-01 CD36, APOE, IL1R1 ABCA1, SCD, ACACA, SREBF1, PLTP, 

ARG2 

Fatty Acid Biosynthesis 2.86E00 7.84E-02 ACACB ACSL3, ACACA 

Prolactin Signaling 2.81E00 1.33E-01 PIK3R1, PRKD1, MYC, IRS1, PTPN11, 

RRAS2   

STAT1, JUN, NR3C1,  IRF1 

PDGF Signaling 2.81E00 1.32E-01 PIK3R1, PDGFD, CAV1, MYC, PDGFRA, 

RRAS2 

STAT1, JUN, ABL1, PDGFC 

Corticotropin Releasing 

Hormone Signaling 

2.7E00 9.56E-02 CNR1, NPR1, PRKAR2B, ITPR1, PRKD1, 

PTCH1, GNAI1, CALM1  

JUND, JUN, PRKACB, ATF4, VEGFA 

Glioma Signaling 2.68E00 1.07E-01 PIK3R1, PDGFD, PRKD1, CAMK2D, 

PDGFRA, CALM1, RRAS2 

PTEN, ABL1, PDGFC, DKN1A, 

CDKN2B 

 

Ovarian Cancer Signaling 2.66E00 1.04E-01 PRKAR2B, MMP7, PTGS1, PIK3R1, 

WNT5B, RRAS2   

PTEN, PRKACB, MMP2, ABL1, VEGFA, 

GJA1, FZD7, WNT2 

Antigen Presentation 

Pathway 

2.64E00 1.54E-01 HLA-E CANX, HLA-A, HLA-C, HLA-G, HLA-B 

RAR Activation 2.62E00 9.39E-02 ZBTB16 (inhibitor), PRKAR2B, NR2F1, 

PIK3R1, PRKD1, DUSP1, CITED2, 

MAP3K5 (includes EG:4217), SMAD9 

PTEN, JUN, PRKACB, SMAD1, VEGFA, 

RDH10, TGFB3, CRABP2 

Role of Osteoblasts, 

Osteoclasts and 

Chondrocytes in 

Rheumatoid Arthritis 

2.6E00 8.77E-02 PIK3R1, PRKD1, MYC, IRS1, PTPN11, 

RRAS2  

STAT1, JUN, NR3C1, IRF1 
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PAK Signaling 2.54E00 1.07E-01 PTK2B, PIK3R1, PDGFD, CFL2, 

ARHGAP10, ARHGEF6, PDGFRA, MYL6, 

MYL12, RRAS2   

PDGFC 

Thrombopoietin 

Signaling 

2.53E00 1.36E-01 PIK3R1, IRS2, PRKD1, MYC, PTPN11, 

RRAS2,  

STAT1, JUN 

IGF-1 Signaling 2.5E00 1.1E-01 FOXO1, PRKAR2B, PIK3R1, IRS2, 

FOXO3, IRS1, PTPN11, YWHAB, RRAS2 

JUN, PRKACB 

Hepatic Fibrosis / 

Hepatic Stellate Cell 

Activation 

2.5E00 1.04E-01 EDNRB, LEPR, IL1R1, PDGFRA, MYL6 STAT1, MMP2, COL3A1, TGFBR1, 

FGFR1, VEGFA, COL1A1, FGF2, TGFB3 

Aryl Hydrocarbon 

Receptor Signaling 

2.44E00 9.09E-02 NR2F1, NFIA, ALDH3A2, HSPB2, MGST1, 

CCNA2, CCND3, ALDH6A1, MYC 

JUN, NFIB, CDKN1A, CYP1B1, TGFB3 

PXR/RXR Activation 2.4E00 9.89E-02 FOXO1, PRKAR2B, ABCC3, ALDH3A2, 

FOXO3,  

PRKACB, NR3C1, SCD, PCK2 

ILK Signaling 2.4E00 9.09E-02 PIK3R1,  IRS2, MYC, CFL2, IRS1, 

RHOQ, DSP, ARHGEF6, MYL6  

PTEN, JUN, RND3, ATF4, VEGFA, 

FLNB, RHOJ, KRT18 

Synaptic Long Term 

Potentiation 

2.38E00 1.06E-01 PPP1R14A, PRKAR2B, ITPR1, PRKD1, 

PPP1CB, CAMK2D, CALM3, RRAS2 

PRKACB, PPP3CA, ATF4, PPP1R3C 

p38 MAPK Signaling 2.35E00 1.13E-01 DUSP10, DUSP1, HSPB2, IRAK3, IL1R1, 

MYC, MAP3K5 (includes EG:4217) 

STAT1, TGFBR1, ATF4, DDIT3, TGFB3 

Cardiac Hypertrophy 

Signaling 

2.32E00 8.2E-02 PRKAR2B, ADRA2C, PIK3R1, GNAI1, 

PLCL1, MAP3K5 (includes EG:4217), IRS1, 

RHOQ, ROCK1, CALM3, MYL6, MRCL3, 

RRAS2 

JUN, PRKACB, PPP3CA, RND3, 

TGFBR1, RHOJ, TGFB3 

PPAR Signaling 2.25E00 1.02E-01 PPARG, NR2F1, PDGFD, CITED2, IL1R1, 

PDGFRA, RRAS2 

JUN, PDGFC 

Leukocyte Extravasation 

Signaling 

2.23E00 8.76E-02 PTK2B, TIMP4, MMP7, ARHGAP6, 

PIK3R1, RKD1, GNAI1, VCL, ROCK1, 

PTPN11, MYL6, WIPF1, RDX 

MMP2, ABL1, MMP16, CXCL12 

PPARα/RXRα Activation 2.21E00 8.2E-02 CD36, GHR, PRKAR2B, TGFBR3, IL1R1, 

PLCL1, GPD2, IRS1, RRAS2 

JUN, PRKACB, ABCA1, TGFBR1, 

ACVR2A, TGFB3 

Glycine, Serine and 

Threonine Metabolism 

2.19E00 6E-02 MAOA, PLCL1 GARS, TARS, SARS, PHGDH, SHMT2, 

PSAT1 

NRF2-mediated 

Oxidative Stress 

Response 

2.16E00 8.74E-02 FKBP5, AOX1, PIK3R1, PRKD1, MGST1, 

DNAJB4, MAP3K5 (includes EG:4217), 

DNAJA2, RRAS2 

JUND, JUN, HERPUD1, PPIB, ATF4, 

GCLM, DNAJB9 

Pyruvate Metabolism 2.15E00 6.04E-02 ACSL1, ACACB, ALDH3A2, HADHB ACSL3, RWDD2A, PCK2, ACACA, 

AKR1B10 

BMP signaling pathway 2.11E00 1.12E-01 NOG (inhibitor), PRKAR2B, SMAD9, 

RRAS2 

BMPR2, JUN, PRKACB, SMAD1, PITX2 

Glutamate Metabolism 2.09E00 7.69E-02 GLUL, ABAT, SUCLG2 EPRS, GCLM, GOT1 

Sphingosine-1-phosphate 

Signaling 

2.08E00 9.82E-02 PTK2B, S1PR3, PIK3R1, PDGFD, GNAI1, 

PLCL1, RHOQ, PDGFRA   

RND3, PDGFC, RHOJ 
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Nitric Oxide Signaling in 

the Cardiovascular 

System 

2.07E00 9.28E-02 PRKAR2B, ITPR1, PIK3R1, CAV1, 

CALM3 

PRKACB, SLC7A1, VEGFA, BDKRB2 

ERK/MAPK Signaling 2.02E00 8.33E-02 PTK2B, PPP1R14A, PRKAR2B, PPARG, 

PIK3R1, DUSP1, HSPB2, PPP1CB, MYC, 

YWHAB, RRAS2 

STAT1, PRKACB, ATF4, PPP1R3C, 

KSR1 

Actin Cytoskeleton 

Signaling 

2E00 7.66E-02 PIK3R1, PDGFD, GSN, DIAPH2, PPP1CB, 

CFL2, VCL, ARHGEF6, ROCK1, MYL6, 

MRCL3, RDX, RRAS2, PDGFC 

SLC9A1, SSH1, TIAM1, FGF2 

PTEN Signaling 2E00 9.71E-02 FOXO1, GHR, PIK3R1, CNKSR3, FOXO3, 

PDGFRA, RRAS2 

PTEN, BMPR2, CDKN1A 

Wnt/β-catenin Signaling 1.98E00 8.93E-02 SOX13 (inhibitor), MMP7, TGFBR3, DKK1 

(Inhibitor), WNT5B, MYC 

TGFBR1, CDH2, LRP1, ACVR2A, GJA1, 

FZD7, TGFB3, WNT2, SFRP4(inhibitor) 
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Supplementary Table 2-4: Genes upregulated by hASC in 3D collagen culture in response 

to 10% uniaxial cyclic tensile strain. 

Symbol Entrez Gene Name Fold 
Change 

p-value 

 PMEPA1  prostate transmembrane protein, androgen induced 1 6.908 1.20E-03 

 NPTX1  neuronal pentraxin I 5.259 2.00E-05 

 PDLIM4  PDZ and LIM domain 4 4.061 3.30E-06 

 IL1RN  interleukin 1 receptor antagonist 3.883 2.80E-03 

 KCNG1  potassium voltage-gated channel, subfamily G, member 1 3.382 7.80E-04 

 SPHK1  sphingosine kinase 1 2.998 9.00E-05 

 TP53RK   TP53 regulating kinase 2.937 3.83E-03 

 FGF2  fibroblast growth factor 2 (basic) 2.724 6.61E-03 

 SOCS3  suppressor of cytokine signaling 3 2.629 1.08E-03 

 MAP3K4  mitogen-activated protein kinase kinase kinase 4 2.589 6.68E-11 

 HS3ST3A1  heparan sulfate (glucosamine) 3-O-sulfotransferase 3A1 2.559 6.07E-12 

 C2ORF88  chromosome 2 open reading frame 88 2.463 6.81E-07 

 PTGES  prostaglandin E synthase 2.31 9.08E-03 

 HOMER1  homer homolog 1 (Drosophila) 2.293 8.13E-03 

 GEM  GTP binding protein overexpressed in skeletal muscle 2.288 7.62E-03 

 SYNJ2  synaptojanin 2 2.259 9.00E-05 

 ATP2B1  ATPase, Ca++ transporting, plasma membrane 1 2.248 2.00E-05 

 ID3  inhibitor of DNA binding 3, dominant negative helix-loop-helix protein 2.223 1.00E-08 

 MICALL1  MICAL-like 1 2.112 6.07E-12 

 CRY1  cryptochrome 1 (photolyase-like) 2.07 6.07E-12 

 ADAM12  ADAM metallopeptidase domain 12 2.023 1.40E-04 

 HSPA1A  heat shock 70kDa protein 1A 2.003 2.71E-06 

 GFPT2  glutamine-fructose-6-phosphate transaminase 2 1.962 2.68E-03 

 VEGFA  vascular endothelial growth factor A 1.894 3.60E-03 

 STK38L   serine/threonine kinase 38 like 1.881 3.00E-05 

 SFRS7  splicing factor, arginine/serine-rich 7, 35kDa 1.875 1.00E-05 

 GJA1  gap junction protein, alpha 1, 43kDa 1.846 9.74E-07 

 ADA  adenosine deaminase 1.826 2.93E-03 

 BMP2K   BMP2 inducible kinase 1.797 2.03E-07 

 NUP98  nucleoporin 98kDa 1.783 5.86E-06 

 C12ORF44  chromosome 12 open reading frame 44 1.776 4.00E-05 

 C16ORF61  chromosome 16 open reading frame 61 1.772 2.20E-03 

 TM9SF1  transmembrane 9 superfamily member 1 1.747 1.05E-03 

 CKS2  CDC28 protein kinase regulatory subunit 2 1.74 8.51E-03 

 INSIG1  insulin induced gene 1 1.737 3.22E-03 

 HS3ST3B1  heparan sulfate (glucosamine) 3-O-sulfotransferase 3B1 1.733 4.70E-08 

 CHSY1  chondroitin sulfate synthase 1 1.677 2.00E-05 

 NNMT  nicotinamide N-methyltransferase 1.675 2.74E-08 
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 TGFBR1  transforming growth factor, beta receptor 1 1.651 2.19E-10 

 TTC4  tetratricopeptide repeat domain 4 1.65 1.20E-04 

 SC4MOL  sterol-C4-methyl oxidase-like 1.648 4.00E-05 

 ZNF295  zinc finger protein 295 1.64 8.70E-04 

 HMGCR  3-hydroxy-3-methylglutaryl-Coenzyme A reductase 1.634 6.00E-05 

 PTRH2  peptidyl-tRNA hydrolase 2 1.598 6.43E-10 

 SIRPA  signal-regulatory protein alpha 1.587 1.70E-04 

 SAMD4A  sterile alpha motif domain containing 4A 1.585 3.10E-03 

 CXORF26  chromosome X open reading frame 26 1.538 1.22E-03 

 LMCD1  LIM and cysteine-rich domains 1 1.533 4.00E-05 

 C5ORF13  chromosome 5 open reading frame 13 1.533 2.30E-04 

 FGFR1OP2  FGFR1 oncogene partner 2 1.53 7.00E-05 

 TPST1  tyrosylprotein sulfotransferase 1 1.528 7.58E-03 

 MAT2A  methionine adenosyltransferase II, alpha 1.509 8.07E-06 

 NOL11  nucleolar protein 11 1.506 2.00E-05 

 SPATA5L1   spermatogenesis associated 5-like 1 1.504 7.00E-04 

 GBP1   guanylate binding protein 1, interferon-inducible, 67kDa 1.489 7.00E-05 

 CD58  CD58 molecule 1.475 1.80E-04 

 TUBB6  tubulin, beta 6 1.462 4.00E-05 

 MANF  mesencephalic astrocyte-derived neurotrophic factor 1.455 3.30E-04 

 EIF3J  eukaryotic translation initiation factor 3, subunit J 1.452 7.90E-04 

 EIF2S1  eukaryotic translation initiation factor 2, subunit 1 alpha, 35kDa 1.415 1.73E-07 

 XBP1  X-box binding protein 1 1.4 5.10E-04 

 JUND  jun D proto-oncogene 1.391 5.90E-04 

 RALA  v-ral simian leukemia viral oncogene homolog A (ras related) 1.382 7.27E-06 

 ACSL3  acyl-CoA synthetase long-chain family member 3 1.379 8.47E-03 

 CIRH1A  cirrhosis, autosomal recessive 1A (cirhin) 1.379 6.82E-06 

 NOP58  NOP58 ribonucleoprotein homolog (yeast) 1.371 1.32E-03 

 DNAJB9  DnaJ (Hsp40) homolog, subfamily B, member 9 1.359 7.08E-03 

 MMP2  matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type IV collagenase) 1.359 7.10E-08 

 RYBP  RING1 and YY1 binding protein 1.323 5.00E-05 

 SLC25A32  solute carrier family 25, member 32 1.318 1.40E-04 

 ENAH  enabled homolog (Drosophila) 1.286 5.70E-03 

 TUBA1A  tubulin, alpha 1a 1.284 4.00E-04 
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Supplementary Table 2-5: Genes downregulated by hASC in 3D collagen culture in 

response to 10% uniaxial cyclic tensile strain. 

Symbol Entrez Gene Name Fold 
Change 

p-value 

 NAP1L1  nucleosome assembly protein 1-like 1 -1.208 2.30E-04 

 LPAR1  lysophosphatidic acid receptor 1 -1.308 1.11E-03 

 NFE2L1  nuclear factor (erythroid-derived 2)-like 1 -1.309 6.12E-06 

 COX11  COX11 homolog, cytochrome c oxidase assembly protein (yeast) -1.337 8.20E-04 

 MKRN1  makorin ring finger protein 1 -1.359 8.00E-05 

 METTL9   methyltransferase like 9 -1.389 9.37E-06 

 SEPT8  septin 8 -1.408 6.00E-05 

 HNRNPA1  heterogeneous nuclear ribonucleoprotein A1 -1.437 3.67E-03 

 ACVR1B  activin A receptor, type IB -1.444 1.50E-03 

 BTG1  B-cell translocation gene 1, anti-proliferative -1.446 4.40E-04 

 CREBL2  cAMP responsive element binding protein-like 2 -1.458 1.70E-04 

 PPM1B  protein phosphatase 1B (formerly 2C), magnesium-dependent, beta isoform -1.466 3.60E-03 

 ITSN1  intersectin 1 (SH3 domain protein) -1.49 4.12E-03 

 NEDD9  neural precursor cell expressed, developmentally down-regulated 9 -1.491 1.99E-06 

 TGFBR2  transforming growth factor, beta receptor II (70/80kDa) -1.492 4.40E-04 

 NSF  N-ethylmaleimide-sensitive factor -1.504 3.50E-04 

 CAV2  caveolin 2 -1.505 1.00E-05 

 ADD3  adducin 3 (gamma) -1.507 2.61E-07 

 EHBP1  EH domain binding protein 1 -1.513 4.47E-03 

 SASH1  SAM and SH3 domain containing 1 -1.545 9.12E-03 

 PYGL  phosphorylase, glycogen, liver -1.571 1.37E-03 

 NBR1  neighbor of BRCA1 gene 1 -1.575 3.50E-04 

 MCFD2  multiple coagulation factor deficiency 2 -1.597 8.91E-03 

 STX7  syntaxin 7 -1.6 1.20E-04 

 SLC25A12  solute carrier family 25 (mitochondrial carrier, Aralar), member 12 -1.607 2.00E-05 

 ING2  inhibitor of growth family, member 2 -1.614 6.07E-12 

 CPM  carboxypeptidase M -1.634 3.56E-03 

 MAP4K3  mitogen-activated protein kinase kinase kinase kinase 3 -1.647 1.88E-03 

 BCL2L13  BCL2-like 13 (apoptosis facilitator) -1.665 1.00E-05 

 IQCK  IQ motif containing K -1.67 2.28E-03 

 BCL2L2  BCL2-like 2 -1.678 3.08E-03 

 NR2F2  nuclear receptor subfamily 2, group F, member 2 -1.682 6.00E-05 

 CIRBP  cold inducible RNA binding protein -1.689 3.47E-08 

 GPD1L  glycerol-3-phosphate dehydrogenase 1-like -1.702 1.60E-04 

 CCNG2  cyclin G2 -1.708 7.02E-06 

 SH3D19  SH3 domain containing 19 -1.721 1.00E-05 

 PRR16  proline rich 16 -1.764 2.98E-08 

RABGAP1  RAB GTPase activating protein 1 -1.779 6.08E-07 

 AMOTL2  angiomotin like 2 -1.789 2.26E-03 
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Supplementary Table 2-5: continued 
 

 CITED2  Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2 -1.808 5.30E-04 

 ZNF385B  zinc finger protein 385B -1.868 1.65E-03 

 LETMD1  LETM1 domain containing 1 -1.88 4.60E-07 

 FHL1  four and a half LIM domains 1 -1.935 1.92E-06 

 EFHD1  EF-hand domain family, member D1 -1.959 1.00E-03 

 GHR  growth hormone receptor -1.971 4.86E-06 

 MAOA  monoamine oxidase A -1.993 3.72E-03 

 KLHL24  kelch-like 24 (Drosophila) -2.026 2.18E-03 

 AGTR1  angiotensin II receptor, type 1 -2.045 4.80E-04 

 PHF17  PHD finger protein 17 -2.047 3.00E-05 

 PPL  periplakin -2.067 1.68E-03 

 SCUBE3  signal peptide, CUB domain, EGF-like 3 -2.116 2.06E-10 

 MYLIP  myosin regulatory light chain interacting protein -2.17 7.00E-05 

 CDC42EP3  CDC42 effector protein (Rho GTPase binding) 3 -2.21 1.49E-03 

 FAM117B  family with sequence similarity 117, member B -2.218 7.00E-04 

 EZH1  enhancer of zeste homolog 1 (Drosophila) -2.231 2.10E-04 

 ARHGAP29  Rho GTPase activating protein 29 -2.238 1.25E-08 

 STK17B  serine/threonine kinase 17b -2.296 1.75E-06 

 AHSA2   AHA1, activator of heat shock 90kDa protein ATPase homolog 2 (yeast) -2.366 2.10E-04 

 EBF1  early B-cell factor 1 -2.374 1.21E-03 

 KIAA1370  KIAA1370 -2.397 8.74E-07 

 PTK2B  PTK2B protein tyrosine kinase 2 beta -2.452 6.88E-03 

 STON1  stonin 1 -2.515 1.00E-05 

 SEC14L1  SEC14-like 1 (S. cerevisiae) -2.54 6.60E-04 

 PELO  pelota homolog (Drosophila) -2.575 6.90E-04 

 ADAMTS5  ADAM metallopeptidase with thrombospondin type 1 motif, 5 -2.581 1.35E-03 

 C5ORF41  chromosome 5 open reading frame 41 -2.704 4.28E-08 

 STC1  stanniocalcin 1 -2.877 3.70E-10 

 MAML3  mastermind-like 3 (Drosophila) -2.997 1.00E-05 

 C11ORF52  chromosome 11 open reading frame 52 -3.013 6.00E-05 

 FAM107A  family with sequence similarity 107, member A -3.106 4.58E-03 

 GPRC5B  G protein-coupled receptor, family C, group 5, member B -3.159 6.97E-03 

 FMO2  flavin containing monooxygenase 2 (non-functional) -3.406 6.07E-12 

 MOBKL2B  MOB1, Mps One Binder kinase activator-like 2B (yeast) -3.519 5.03E-07 

 RNF144B  ring finger protein 144B -3.655 1.30E-04 

 USP53  ubiquitin specific peptidase 53 -4.935 7.00E-05 
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Supplementary Table 2-6: Canonical pathways modulated by 10% uniaxial cyclic tensile 

strain during osteogenic differentiation of hASC in 3D collagen culture at day 14.  (p <0.05) 

 

 

 

 

 

 

Ingenuity Canonical Pathways -log 

(p-value) 

Ratio Upregulated Molecules Downregulated Molecules 

Hepatic Fibrosis / Hepatic Stellate 

Cell Activation 

2.93E00 4.44E-02 FGF,  VEGFA, TGFBR1, MMP2 TGFBR2, AGTR1 

Endoplasmic Reticulum Stress 

Pathway 

1.92E00 1.11E-01 EIF2S1, XBP1  

 

Chondroitin Sulfate Biosynthesis 1.9E00 4.48E-02 CHSY1, HS3ST3A1, HS3ST3B1  

Pancreatic Adenocarcinoma 

Signaling 

1.82E00 3.45E-02 VEGFA, TGFBR1, RALA  TGFBR2 

RhoA Signaling 1.73E00 3.6E-02  LPAR1, SEPT8, CDC42EP3, 

PTK2B 

Human Embryonic Stem Cell 

Pluripotency 

1.59E00 2.7E-02 SPHK1, FGF2, TGFBR1 TGFBR2 

TGF-β Signaling 1.45E00 3.61E-02 TGFBR1  ACVR1B, TGFBR2 

LPS/IL-1 Mediated Inhibition of 

RXR Function 

1.44E00 2.33E-02 HS3ST3A1, HS3ST3B1, ACSL3 MAOA, FMO2 

Factors Promoting Cardiogenesis in 

Vertebrates 

1.4E00 3.37E-02 TGFBR1 ACVR1B, TGFBR2 

VEGF Signaling 1.37E00 3.09E-02 VEGFA, EIF2S1  PTK2B 

Bladder Cancer Signaling 1.35E00 3.33E-02 FGF2, VEGFA, MMP2  

Xenobiotic Metabolism Signaling 1.33E00 2.05E-02 MAP3K4, HS3ST3A, HS3ST3B1 CITED2, MAOA, FMO2 
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Supplementary Table 2-7: Focused genes in the first ranked network associated with 

specific effect of 10% uniaxial cyclic tensile strain. Note that IL-1 expression was not 

actually increased in our data but IPA categorized IL1RN as the subset of IL-1  

molecules and mapped the expression profile of IL1RN to IL-1 

 

Symbol Entrez Gene Name Fold 

Change 

p-value Family 

IL1RN interleukin 1 receptor antagonist 3.88296 0.0028 cytokine 

SOCS3 suppressor of cytokine signaling 3 2.62899 0.00108 other 

HSPA1A heat shock 70kDa protein 1A 2.00288 2.7128E-6 other 

GFPT2 glutamine-fructose-6-phosphate transaminase 2 1.96226 0.00268 enzyme 

BMP2K  BMP2 inducible kinase 1.79719 2.0278E-7 kinase 

INSIG1 insulin induced gene 1 1.73692 0.00322 other 

TGFBR1 transforming growth factor, beta receptor 1 1.65102 2.1852E-10 kinase 

HMGCR 3-hydroxy-3-methylglutaryl-Coenzyme A reductase 1.63414 6.0E-5 enzyme 

SIRPA signal-regulatory protein alpha 1.58672 1.7E-4 phosphatase 

C5ORF13 chromosome 5 open reading frame 13 1.53255 2.3E-4 other 

GBP1  guanylate binding protein 1, interferon-inducible, 67kDa 1.4893 7.0E-5 enzyme 

CD58 CD58 molecule 1.4752 1.8E-4 other 

JUND jun D proto-oncogene 1.39073 5.9E-4 transcription regulator 

NFE2L1 nuclear factor (erythroid-derived 2)-like 1 -1.30853 6.1216E-6 transcription regulator 

ACVR1B activin A receptor, type IB -1.44382 0.0015 kinase 

PPM1B protein phosphatase 1B (formerly 2C), magnesium-dependent, beta 

isoform 

-1.46621 0.0036 phosphatase 

NEDD9 neural precursor cell expressed, developmentally down-regulated 9 -1.49131 1.9866E-6 other 

BCL2L13 BCL2-like 13 (apoptosis facilitator) -1.66513 1.0E-5 other 

BCL2L2 BCL2-like 2 -1.67759 0.00308 other 

GHR growth hormone receptor -1.97113 4.8563E-6 transmembrane receptor 

PPL periplakin -2.06746 0.00168 other 

STC1 stanniocalcin 1 -2.87711 3.7027E-10 kinase 
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Supplementary Figure 1. Endogenous alkaline phosphatase (endoALP) activity by hASC 

cultured in 3D collagen gels under static (0%) and dynamic (10%) uniaxial cyclic tensile 

strain. Endogenous ALP activity was increased over time by hASC in 3D collagen gel 

culture and further increased with application of 10% uniaxial cyclic tensile strain. 
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3 Microarray Analysis of Human MSC from Osteoporotic Donors in 3D Collagen 

Culture: 10% Uniaxial Cyclic Tensile Strain Enhances Cell Proliferation, 

Osteogenesis and Angiogenesis in MSC from Osteoporotic Donors 

To determine the effect of 10% uniaxial cyclic tensile strain on gene expression of 

human mesenchymal stem cells (hMSC) isolated from aged, osteoporotic donors in 3D 

collagen culture. The goal of this study is to evaluate if 10% uniaxial cyclic tensile strain 

alone, in the absence of soluble osteogenic inductive factors in the culture medium, enhances 

osteogenic differentiation of hMSC from osteoporotic donors.   

The work in this study has been submitted to Tissue Engineering Part A with co-

authors Michelle E. Wall, Charles J. Tucker, Danica M.K. Andrews, David S. Lalush, 

Douglas R. Dirschl,  and Elizabeth G. Loboa. 

3.1 Introduction 

 Osteoporosis results in progressive bone loss and an increased risk of bone fracture. 

Although typical treatment involves the use of pharmacological agents to inhibit bone 

resorption or increase bone mineral density 103, pharmacotherapy alone is not sufficient for 

the comprehensive management of osteoporosis. Mechanical loading is also critical for 

maintenance of bone homeostasis 104. Regular exercise has been shown to have a significant 

beneficial effect in the treatment of osteoporosis 105. 

In general, mechanical loading regulates bone homeostasis via its direct effects on 

bone formation and remodeling. Bone responds to weight bearing by mineralization and to 

immobilization by demineralization 106,107. Immobilization in plaster, bed rest, and/or 
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weightlessness all result in calcium loss and lead to disuse osteoporosis 106. However, 

actively loaded bone exhibits increases in overall bone strength with associated remodeling 

and increased bone mass 108,109. 

The dominant mechanical stimuli in bone include fluid shear stress, compression, and 

tensile strain. Tensile strain plays a key role in new bone regeneration during distraction 

osteogenesis (DO), an induced bone formation process commonly performed for bone 

lengthening and the correction of craniofacial deformities. We have previously shown in a 

mechanobiological study of mandibular DO that tensile stains at magnitudes of 10% -12.5% 

stimulate in vivo bone formation 110,111. Cyclic tensile strain of these magnitudes have also 

been found to promote cell proliferation and upregulation of bone marker genes in 

mesenchymal stem cells (MSC), osteoblasts, and periosteal cells 49-51.  Previous studies in our 

lab with human MSC (hMSC) and human adipose derived stem cells (hASC) have further 

confirmed that 10% uniaxial cyclic tensile strain enhances osteogenesis of these stem cells by 

increasing bone markers and cell mediated calcium accretion 52-54. It is now accepted that 

proper mechanical stimulation can induce proliferation and differentiation of bone precursor 

cells resulting in an increase in bone formation and bone mass 112. 

MSC are precursor cells for bone formation and their lineage specification is directly 

impacted by the mechanical forces to which they are exposed 113,114. We have previously 

shown that during osteogenic differentiation of hASC, 10% uniaxial cyclic tensile strain 

increases osteogenesis and causes upregulation of proinflammatory cytokine regulators and 

angiogenic factors 115. In this study, MSC isolated from aged, postmenopausal osteoporotic 

donors were cultured in three-dimensional (3D) collagen constructs and analyzed for changes 
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in mRNA expression in response to 10% uniaxial cyclic tensile strain to attempt to identify 

potential mechanisms underlying the use of appropriate mechanical loading for prevention 

and treatment of osteoporosis. 

We hypothesized that 10% cyclic tensile strain would enhance osteogenic 

differentiation of hMSC from osteoporotic donors. We further hypothesized that the results 

of our microarray analysis would indicate that this process occurred via some of the same 

signaling pathways found to be regulated during the process of bone formation and also 

through other distinct signaling molecules such as PDLIM4, JUND, VEGF-A that have not 

been previously studied in the context of bone formation but which we have shown regulate 

hASC osteogenesis during 10% cyclic tensile strain 115. 

3.2 Materials and Methods 

3.2.1 Cell isolation, culture, and characterization 

   Excess human bone fragments were obtained from three age-matched female 

postmenopausal osteoporotic donors undergoing elective orthopaedic surgery (two 78-year-

old and one 95-year-old Caucasian female donors) in accordance with an approved IRB 

protocol at UNC-Chapel Hill (IRB 04:1622).  Human MSC were isolated from the tissue 

using a method based on enzymatic digestion and substrate adherence, as previously 

described 116. Briefly, bone fragments were washed thoroughly with phosphate buffered 

saline (PBS) containing 1% Penicillin/Streptomycin to remove all non-adherent 

hematopoietic cells. The fragments were diced into small pieces then digested in collagenase 

XI solution (3mg/ml Collagenase Type XI-S in α-modified essential medium (α-MEM)) at 
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37°C for 3 hours. Cells were then filtered through a 100 µm cell strainer, centrifuged at 500g 

for 5 minutes, and plated in T-75 flasks in complete growth medium: αMEM containing 10% 

fetal bovine serum (FBS; Atlanta Biologicals; lot selected), 2mM L-glutamine, 100 units/mL 

penicillin, 100 µg/mL streptomycin. After 24 hours, the non-adherent cells were washed out. 

Human MSC were then characterized via their ability to differentiate down osteogenic and 

adipogenic pathways as previously described 116, 20, 117.  All cell culture chemicals and 

supplies were purchased from Mediatech, Inc. (Herndon, VA) and GIBCO BRL (Grand 

Island, NY) unless otherwise noted.  

3.2.2 Cells proliferation, osteogenic differentiation and calcium profile  

 To confirm the osteogenic differentiation ability of hMSC from osteoporotic donors, 

cells were cultured in static monolayer in 12-well plates with either non-differentiating 

growth medium or osteogenic medium for 14 days. Osteogenic medium consisted of 

complete growth medium plus osteogenic growth supplements comprised of 50µM ascorbic 

acid, 0.1µM dexamethasone, and 10 mM β-glycerophosphate. After 14 days, osteogenic 

differentiation was determined by endogenous alkaline phosphatase (EALP) activity and the 

deposition of mineralized matrix.  

 For EALP activity, cell monolayers were washed twice with PBS and fixed using 

10%  formalin for 15 minutes. The cell membranes were then permeabilized by incubating in 

0.2% Triton X-100/ 0.5% bovine serum albumin in PBS for 10 minutes. Subsequently, cell 

monolayers were rinsed again in PBS and EALP was detected by incubating in 20 μL of 20-

fold diluted alkaline phosphatase substrate (ELF 97; Molecular Probes) for 15 minutes. The 
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phosphatase reaction was subsequently stopped by adding 5 mM Levamisol and 25mM 

EDTA (Sigma) in PBS (wash buffer).  

 Deposition of mineralized matrix was visualized with alizarin red staining. In brief, 

cell monolayers were rinsed with PBS, fixed with 10% formalin for 30 minutes, rinsed twice 

in PBS and stained with 2% Alizarin red S. 

 Cell-mediated calcium accretion of hMSC from the three osteoporotic donors was 

evaluated on day 14 and compared with cell-mediated calcium accretion by hMSC from two 

young, non-osteoporotic female donors, ages 19 and 25. Cell monolayers were rinsed twice 

with PBS then scraped out in 0.5N HCl. Calcium was dissolved overnight at 4ºC and the 

supernatant analyzed with a colorimetric Calcium LiquiColor® assay (Stanbio Laboratory, 

Boerne, TX). Calcium accretion was then normalized to cellular protein quantity (micro BCA 

protein assay, Pierce, Rockford, Ill). Proliferation rate, based on metabolic activity of the 

hMSC, was assessed using the alamar blue assay (AbD Serotec, Raleigh, NC)) at days 1, 3, 

6, and 9 as previously descriebed 52,118.  

3.2.3 Fabrication of collagen gels 

Human MSC were seeded into 3D collagen gels consisting of 70% type I collagen 

(BD Biosciences, San Jose, CA) (pH adjusted to 7.0), 20% 5x MEM and 10% FBS at 60,000 

cells/ 200 µl gel solution.  Linear 3D collagen constructs were created by loading the cell-

seeded gel solutions into Tissue Train® collagen I-coated six-well culture plates (Flexcell 

International, Hillsborough, NC). Constructs were allowed to polymerize for 2 hours prior to 

addition of complete growth medium. 
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3.2.4 Application of cyclic tensile strain  

Twenty-four hours after cell seeding in the collagen gels, cell-seeded constructs were 

cultured for an additional two weeks in growth media in the presence (experimental) and/or 

absence (control) of 10% uniaxial cyclic tensile strain. Cell-seeded constructs were subjected 

to 14 days of 10% uniaxial tensile strain at 1 Hz for 4 hours/day using a computer-driven 

strain device (FX-4000T; Flexcell International). Constructs were collected on day 14 of 

treatment for RT-PCR and microarray analyses. Constructs were washed twice in PBS, 

removed from their anchors, placed in lysis buffer containing -mercaptoethanol, and frozen 

at -80 °C until RNA could be isolated.   

3.2.5 RNA isolation and real-time RT-PCR analysis   

Constructs were thawed on ice, ground with a mini-pestle, and homogenized using a 

QIAshedder (Qiagen, Valencia, CA).  Total RNA was then purified using Eppendorf Perfect 

RNA mini-columns (Hamburg, Germany) according to the manufacturer’s recommended 

protocol for eukaryotic cells. For microarray analysis, total RNA was quantitated using a 

microplate based RiboGreen® method (Molecular Probes, Eugene, OR). 

Quantification of total RNA for PCR analysis was performed with a Nanodrop system 

(Thermo-Fisher Scientific, Wilmington, DE). 100 ng of each RNA sample was reverse 

transcribed into cDNA using SuperScript™ III (Invitrogen, Carlsbad CA) with oligo dT 

primers. Real-time PCR was performed using an ABI Prism® 7000 Sequence Detection 

System (Applied Biosystems, Foster City, CA).  Based on findings from the microarray 

analyses, TaqMan based PCR Assays-on-DemandTM (Applied Biosystems) were used for 

further confirmation of mRNA expression analyses of vascular endothelial growth factor a 
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(VEGF A), PDZ and LIM domain 4 (PDLIM 4), wingless-type MMTV integration site 

family, member 5B (WNT5b), phosphoinositide-3-kinase, catalytic, delta polypeptide 

(PIK3CD), jun D proto-oncogene (JUND), plasminogen activator, urokinase receptor 

(PLAUR) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the endogenous 

control.  Expression levels were determined using the ∆∆CT method 61, and presented as a 

fold change from the mRNA level in normal human adult bone tissue (BioChain, Hayward 

CA), which was set to 1.0.  Real time RT-PCR analyses were performed for n = 3 donors 

with triplicate samples per condition. Data were subjected to a two-tailed student’s t-test to 

determine significant difference (p<0.05) from control (unloaded, 0% tensile strain).  Data 

are presented as mean ± standard error. 

3.2.6 Biotin labeling, streptavidin antibody staining, scanning and detection   

Gene expression analysis was conducted using Affymetrix Human Genome U133 2.0 

Genechip® arrays (Affymetrix, Santa Clara, CA).  Total RNA was amplified using the 

Affymetrix 2-Cycle cDNA Synthesis protocol.  Starting with 20 ng of total RNA, cRNA was 

produced according to the manufacturer’s protocol.  For each array, 15 µg of amplified 

cRNAs were fragmented and hybridized to the array for 16 hours in a rotating hybridization 

oven using the Affymetrix Eukaryotic Target Hybridization Controls and protocol.  Slides 

were stained and washed as indicated in the Antibody Amplification Stain for Eukaryotic 

Targets protocol using the Affymetrix Fluidics Station FS450.  Arrays were then scanned 

with an Affymetrix Scanner 3000.  Data were obtained using the Genechip® Operating 
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Software (Version 1.2.0.037).   Microarray analyses were performed for n = 3 donors on day 

14. 

3.2.7 Microarray data analysis   

Data preprocessing, normalization, and error modeling was performed with the 

Rosetta Resolver system (version 7.2.) (Rosetta Biosoftware, Kirkland, WA).  Principal 

Component Analysis (PCA) was performed on all samples and all probes to characterize any 

variability present in the data. Intensity profiles were combined by weighted-averaging into 

Intensity Experiments.  When required, Intensity Experiments were built into ratios 

representing treated/control (10% uniaxial cyclic tensile strain compared to unloaded, 0% 

tensile strain), as described by Stoughton and Dai 62.  An error-weighted ANOVA with 

Bonferroni test was used to reduce the number of false positives with p<0.01.  

Whole genome expression data were visualized in the context of molecular function, 

canonical pathways and biological network using the Ingenuity Pathway Analysis (IPA) 

system (version 8.0) (Ingenuity Systems, Mountain View, CA; www.ingenuity.com). Data 

sets containing gene identifiers and corresponding expression values were uploaded into the 

application. Each gene identifier was mapped to its corresponding gene. In the case of genes 

with multi-identifiers, highest expression value was selected.  The function and pathway 

analysis of IPA was generated based on all publicly available, published knowledge to 

identify potential regulatory pathways and molecules.  

http://www.ingenuity.com/
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3.2.8 Lentiviral transfection for PDLIM4 knockdown of hMSC and cell culture 

Knockdown was performed with lentiviral transfection for control scramble or 

PDLIM4 knockdown. Stable knockdown cell lines were selected with anti-puromycin ability 

according to manufacturer’s protocol (Santa Cruz Biotechnology). Cells were then seeded at 

25,000 cells/well in a 12 well plate and cultured for 14 days in complete growth media 

(CGM) or osteogenic differentiation media (ODM) under normoxic (21% O2), or hypoxic 

2% O2 concentration at 37°C.  

3.2.9 Proliferation and Ostegenic differentiation analyses of PDLIM4 knockdown 

hMSC 

Proliferation rate, based on metabolic activity of the hMSC, was assessed using the 

alamar blue assay (AbD Serotec, Raleigh, NC)) at days7 and 10 as previously described 

52,118. 

Real time RT-PCR was performed for mRNA expression of GAPDH (endogenous 

control), PDLIM4, Corin, and bone marker genes: Runx2; Col1a2; ALP. Expression levels 

were determined using the DDCT method8, normalized to GAPDH, and compared to mRNA 

level in expression level in hMSC cultured in CGM control knockdown in normoxia or 

normal human adult bone tissue (BioChain, Hayward CA), which was set to 1.0 

Quantification of cell-mediated calcium accretion and alkaline phosphatase activity was 

performed on day 14 using the Calcium LiquiColor® and ALP LiquiColor® assay (Stanbio 

Laboratory). 
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3.3 Results 

3.3.1 Proliferation and osteogenic differentiation of hMSC from postmenopausal 

Caucasian osteoporotic donors. 

Human MSC from three aged, postmenopausal female osteoporotic donors had been 

preselected for positive MSC markers and capability for adipogenic and osteogenic 

differentiation in 2D culture. All three selected cell lines were verified to deposit mineral 

over an area spanning at least 50% of the tissue culture well, determined via Alizarin red 

staining (Fig. 1a, b) and expression of alkaline phosphatase (Fig. 1 c, d). 

To further evaluate osteogenic differentiation potential, accreted calcium, protein 

content and proliferation rate were quantified and compared with hMSC from young, non-

osteoporotic donors. Relative to hMSC cultured in complete growth media, calcium content 

was significantly (p < 0.01) increased by osteogenic media in all three osteoporotic donors 

(Fig. 2).  Interestingly, hMSC from the three osteoporotic donors exhibited a significantly 

(p<0.05) higher calcium/protein ratio than hMSC from young, non-osteoporotic donors. 

However, metabolic activity as determined via alamar blue assay on days 3, 6, 9 showed that 

hMSC from osteoporotic donors proliferated significantly (p<0.05) less than hMSC from 

young donors during culture in both growth media and osteogenic media in monolayer 

culture (Fig. 3). These findings indicated that the ability of hMSC from osteoporotic donors 

to be chemically induced to differentiate down an osteogenic lineage is not less than hMSC 

from young, non-osteoporotic donors. However, their proliferation rate is diminished.  
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Figure 3-1. hMSC from three aged, postmenopausal female osteoporotic donors are able to 

osteogenically differentiate after chemical stimulation in osteogenic induction media for 14 

days in 2D monolayer culture. Alizarin red staining for calcium accretion (A) in growth 

media or (B) osteogenic media. Endogenous alkaline phosphatase (EALP) activity of hMSC 

after 14 days (C) in growth media or (D) in osteogenic induction media.  EALP activity 

indicated in bright green; nuclei shown in blue.  
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Figure 3-2. Quantitative analysis of cell-mediated calcium accretion normalized to cellular 

protein content after 14 days of hMSC culture in complete growth medium (CGM), or 

osteogenic medium (ODM). hMSC isolated from osteoporotic donors (A, B, C) exhibited 

significantly (*p<0.05, **p<0.01) higher calcium/protein ratio than hMSC isolated from 

young, non-osteoporotic donors (D, E).  
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Figure 3-3. Comparative analysis of average proliferation rate (normalized to day 1) of 

hMSC isolated from osteopotic donors (OP) and hMSC isolated from young, non-

osteoporotic donors (Y) in complete growth medium (a) or osteogenic medium (b) on days 3, 

6, and 9 in 2D monolayer culture. Proliferation of hMSC from osteoporotic donors is 

significantly (*p<0.05) less than hMSC from non-osteoporotic donors at all time points in 

both growth and osteogenic differentiation media. 
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3.3.2 Function analysis of genes regulated by hMSC in response to 10% uniaxial 

cyclic tensile strain 

It has been shown that exercises associated with increased bone loading increase bone 

mineral content in postmenopausal osteoporotic women over age 70 119 and that mechanical 

loading increases both hMSC proliferation and osteogenic differentiation 49,112,120-122. 

Therefore, we further investigated how mechanical loading in the form of 10% uniaxial 

cyclic tensile strain would regulate expression of genes involved with proliferation and/ or 

osteogenic differentiation of hMSC from osteoporotic donors when hMSC were seeded in 3D 

collagen I culture. A full microarray analysis with 47,000 transcripts was implemented.  

To identify the effect of 10% cyclic tensile strain on hMSC from osteoporotic donors, 

the gene expression profiles of hMSC cultured in complete growth media in the presence of 

strain were compared to gene expression profiles of hMSC cultured in growth media in the 

absence of mechanical load (0% strain). Seventy three transcripts were modulated by strain, 

which mapped to 68 genes with IPA (Supplementary Table S1). Sixty two genes were 

eligible for network analysis and 57 genes were eligible for function analyses.     

 Cellular movement was the top molecular and cellular function when categorizing the 

genes modulated by strain (25 genes, p<10-8-10-3).  Major sub-functions included invasion of 

cells, cell movement, chemotaxis and cell migration with upregulation of 23 genes including: 

transcription regulators jun D proto-oncogene (JUND), basic helix-loop-helix family, 

member e40 (BHLHE40), H2.0-like homeobox (HLX), plasma membrane receptor 

plasminogen activator, urokinase receptor (PLAUR), insulin-like growth factor 1 receptor 
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(IGF1R), actin binding FXYD domain containing ion transport regulator 5 (FXYD5), and 

ezrin (EZR) (Fig. 4a and Supplementary Table S2).  

Tumor morphology was ranked first when categorizing the genes modulated by strain 

in physiological system development and function (8 genes, p<10-7-10-3) with major sub-

functions of tumor progression and vascularization (Fig. 4 b and Supplementary Table S3).  

The second ranked physiological system development and function was tissue development 

with 32 differentially expressed genes involved (p<10-6-10-3) with sub-functions of tissue 

formation, adhesion, development, morphology, and angiogenesis in multiple tissues. Three 

specific physiological systems also ranked in the top ten of development and function that 

were differentially expressed by hMSC in response to strain were 1) digestive system (10 

genes, p<10-6-10-3) with genes involved with morphology and development of tooth, 2) 

skeletal and muscular system (20 genes, p<10-5-10-3) with genes involved with development 

and formation of muscle and bone, and 3) cardiovascular system (14 genes, p<10-5-10-3) with 

genes involved with angiogenesis, neovascularization, and development of blood vessels 

(Fig. 4 b and Supplementary Table S3).  
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Figure 3-4. Function analysis indicates 10% uniaxial cyclic tensile strain induces expression 

of genes associated with cellular movement, growth, and proliferation in hMSC from 

osteoporotic donors as shown in the top ten molecular and cellular functions (A); and, 

expression of genes associated with system development and function for skeletal, muscular 

and cardiovascular systems as shown in the top ten categories expressed within physiological 

and system development and function (B). Left Y-axis is –log(p-value) shown as bar chart. 

Right Y-axis is number of genes associated with functions shown as dot(.) with number. 
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3.3.3 Network analysis and canonical pathway of genes regulated by hMSC in 

response to 10% uniaxial cyclic tensile strain  

The first ranked network was associated with cellular movement, cell morphology, 

and skeletal and muscular system development and function. This network had a score of 52 

(scores of 2 or higher have at least a 99% confidence of not being generated by random 

chance alone) with 22 focused genes and 37 total genes in the network (Figure 5a and 

Supplementary Table S4). Five focused molecules, JUND (jun D proto-oncogene), 

TNFRSF12A (tumor necrosis factor receptor superfamily, member 12A), FST (follistatin), 

PLAU (plasminogen activator, urokinase) and PLAUR (plasminogen activator, urokinase 

receptor), were located in the center of the network and linked with four or more other 

molecules. The second ranked network was associated with cardiovascular disease, tissue 

morphology, and molecular transport with a score of 42 and 19 focused genes. In contrast to 

the first ranked network, centered genes in this network were not expressed by hMSC in 

response to strain at day 14 (Figure 5b). The biggest group of genes was directly linked with 

UBC (ubiquitin C), including upregulation of PDLIM4 (PDZ and LIM domain 4), ZNF281 

(zinc finger protein 281), UCK2 (uridine-cytidine kinase 2), SGPL1 (sphinganine-1-

phosphate aldolase), FXYD 5(FXYD domain containing ion transport regulator 5, and 

MICALL1 (MICAL-like 1). 
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  Figure 3-5. Potential key molecules affected in hMSC from osteoporotic donors in response 

to 10% uniaxial cyclic tensile strain are jun D proto-oncogene (JUND), plasminogen 

activator, urokinase (PLAU), plasminogen activator, urokinase receptor (PLAUR), vascular 

endothelial growth factor A (VEGF A),  and follistatin (FST) as centered in the first (A), and 

ubiquitin C (UBC) as centered in the second (B) ranked networks (highlighted with blue 

circles). The first ranked network was generated with 22 focus genes previously found to be 
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associated to cellular movement, cell morphology, and skeletal and muscular system 

development and function (A). The second ranked network was generated with 19 focus 

genes previously found to be associate with tissue morphology, cardiovascular disease, and 

molecular transport (B).  Red indicates upregulated molecules; green indicates 

downregulated molecules. Color intensity indicates the level of expression (see 

supplementary Table S4 for full names and expression profile data) 

 

 
Figure 3-6. Canonical pathways affected in hMSC from osteoporotic donors by 10% 

uniaxial cyclic tensile strain. Top 10 canonical pathways showed that 5 genes (FZD8, TCF4, 

PIK3CD, WNT5B, and BMP1) are associated and repeatedly mapped in multiple pathways 

(A). Mapped canonical pathway, role of osteoblasts, osteoclasts and chondrocytes in 

rheumatoid arthritis, showed the integrated signals of these genes in Wnt/BMP/PIKs 

signaling (B). 
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Pathway analysis indicated that relatively few genes (20 of 68 genes) that were 

modulated in response to strain by hMSC were significantly mapped in the canonical 

pathways (supplementary Table S5). Interestingly, 5 of the genes (metalloproteinases BMP1, 

receptor binding WNT5b, protein binding PIK3CD, transcription factor TCF4, and receptor 

FZD8) were found to be repeatedly associated and mapped in multiple top ten pathways 

(Figure 6).  

3.3.4 Real-time RT-PCR analysis of selected differentially expressed genes identified 

by cDNA microarray 

To confirm the expression data from the microarray analyses, six genes upregulated 

by hMSC in response to strain as detected by microarray were also validated with 

quantitative RT-PCR analysis. Genes were chosen based on the statistical significance of the 

differential expression of a gene as detected by microarray (i.e. the error-weighted ANOVA 

with Bonferroni test p<0.01) and also their potential functional relevance to bone metabolism 

and/or potential key molecules expressed by hMSC in response to mechanical loading from 

pathway, network and function analyses. Two of the selected genes were centered in the first 

rank network: JUND, a member of Activator Protein-1 (AP-1), shown to be a controlling 

molecule in bone formation, osteoblast proliferation and osteoblast differentiation 123-126, and 

PLAUR, shown to be involved in bone homeostasis and bone formation 127,128.  PIK3CD and 

WNT5B were both mapped together with the top five canonical pathways (Table 1). 

PIK3CD, a gene encoding for a catalytic subunit of p110, has been found to be upregulated 

during bone fracture repair 129 and to play an important role in osteoblast differentiation 130. 

PDLIM4 was one of the top ten upregulated genes in our data set and has previously been 
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shown to have polymorphisms found to associate with bone mineral density regulation 64,65. 

VEGFA is an angiogenic factor. We have previously reported that both VEGFA and 

PDLIM4 are upregulated by hASC during osteogenesis in response to 10% uniaxial cyclic 

tensile strain 115. RT-PCR results confirmed that expression of all genes was significantly 

increased in hMSC in response to 10% uniaxial cyclic tensile strain (Fig. 7). 

 

 

Figure 3-7.  RT-PCR results. Upregulation of six genes identified with microarray analysis: 

vascular endothelial growth factor a (VEGF A), PDZ and LIM domain 4 (PDLIM 4), 

wingless-type MMTV integration site family, member 5B (WNT5b), phosphoinositide-3-

kinase, catalytic, delta polypeptide (PIK3CD), jun D proto-oncogene (JUND), plasminogen 

activator, urokinase receptor (PLAUR) in hMSC from osteoporotic donors in response to 

10% uniaxial cyclic tensile strain had expression confirmed with RT-PCR. Gene expression 

in growth media without the application of strain set to 1, GAPDH normalization. 
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3.3.5 PDLIM4 knockdown increased metabolic activity of hMSC during osteogenesis 

PDLIM4 knockdown did not alter the proliferation rates of hMSC (Figure 8 CGM). 

Interestingly, PDLIM4 knockdown significantly increased the metabolic activity in hMSC 

during osteogenesis (Figure 8 ODM).   

 

 

 

Figure 3-8. Comparative analysis of average metabolic activity (normalized to day 7) of 

control knockdown (Control KD) or PDLIM4 knockdwon (PDLIM4 KD) hMSC  in 

complete growth medium (CGM) or osteogenic medium (ODM) on days 10 in 2D monolayer 

culture. Proliferation of hMSC did not alter by PDLIM4 knockdwon (CGM) but metabolic 

activity was significantly (p<0. increased during osteogenesis (ODM). 
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Corin and PDLIM4 is highly upregulated during osteogenesis of hMSC in both hypoxia 

and normoxia, knockdown of PDLIM4 increased upregulation of bone marker genes at 

day3 

Corin mRNA expression was negligible during hMSC expansion in CGM but it was 

highly upregulated in both normoxic (> 150 fold) and hypoxic condition (> 60 fold) during 

osteogenic differentiation of hMSC (Fig 9). These findings were consistent with our previous 

analyses of Corin expression during osteogenic differentiation of hASC 3. In comparison, 

PDLIM4 was highly expressed in hMSC during expansion in CGM (~200 fold compared to 

Corin, data not shown), and upregulated 4- to 6-fold in hMSC during osteogenic 

differentiation.  

It is also shown here that PDLIM4 knockdown significantly (p<0.01) increased 

expression of bone markers Runx2, Col1a2, and Corin by day 3 in hMSC undergoing 

osteogenic differentiation (Fig 10) and alkaline phosphatase activity in hMSC undergoing 

osteogenic differentiation at Day 14 (Fig 11). 
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Figure 3-9. Upregulation of bone marker genes, Corin and PDLIM4  in hMSC during 

osteogenesis at day 3 in hypoxia and normoxia. All genes are significantly upregulated  

during osteogenesis (ODM), and downregulated in hypoxia compare to normoxia (**p<0.01, 

Normalized to GAPDH) 
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Figure 3-10. Upregulation of PDLIM4 and Corin during osteogenesis of hMSC; expression 

knockdown resulted in an increase of bone markers Runx2 and Col1a2 at day 3 in both 

hMSC culture in normoxia (a) and in hypoxia (b). Gene expression normalized to GAPDH 

and fold change compared to mRNA level in normal human adult bone tissue (set to equal 

1.0) (*p<0.05, **p<0.01) 

0 

5 

10 

15 

20 

Corin PDLIM4 Runx2 Col1a2 ALP 

Gene expression in PDLIM4 knockdown 
hMSC during osteogenesis in hypoxia 

Control KD 

PDLIM4 KD 

* 

** 

** ** 

B 

0 

5 

10 

15 

20 

Corin PDLIM4 Runx2 Col1a2 ALP 

Gene expression in PDLIM4 knockdown 
hMSC during osteogenesis in normoxia 

Control KD 

PDLIM4 KD 

* 

* 

** 

** 

* 

A 



 

100 
 

 

Figure 3-11. Alkaline phosphatase activity of hMSC at day 14. PDLIM4 knockdown 

significantly increase alkaline phosphatase activity in both hypoxia and normoxia.  

  

0 

5 

10 

15 

20 

25 

CGM normoxia ODM normoxia CGM hypoxia ODM hypoxia 

m
ol

 p
N

PP
/m

in
/w

el
l 

Alkaline phosphatase activity 

Control KD 

PDLIM4 KD 

* 

* 



 

101 
 

3.4 Discussion 

Human MSC hold great promise for their use in cell-based therapy for a number of 

degenerative conditions. While many previous studies have been performed on the use of 

MSC for tissue engineering and shown their promise for regeneration of multiple tissues 131-

136, only a limited amount of research has focused on hMSC from aged donors who more 

typically suffer from degenerative diseases. In the present study, hMSC from aged, post-

menopausal osteoporotic donors were analyzed using microarray analysis to determine 

potential mechanobiological mechanisms associated with enhanced osteogenic differentiation 

of hMSC from osteoporotic donors. Collagen type I was used to mimic the organic ECM of 

bone and 10% uniaxial cyclic tensile strain was applied as an appropriate mechanical load to 

promote osteogenesis 52,54,70,71,115. Microarray analysis with over 30,000 gene probes was 

utilized for global analysis to obtain insight into associated regulatory mechanisms. 

We found that hMSC from aged, osteoporotic donors exhibit a significant decrease in 

proliferation rate compared to hMSC from young, non-osteoporotic donors. These findings 

are consistent with previous investigators who have shown that hMSC progenitor cell 

numbers are reduced with aging 137. However, the hMSC from osteoporotic donors were able 

to differentiate down an osteogenic pathway when chemically induced with medium that 

included osteogenic supplements consisting of ascorbic acid, dexamethasone, and β-

glycerophosphate, to a greater extent on a per cell basis than hMSC from young donors.  

Initially, one might infer that this result could occur via use of isolated hMSC that were pre-

induced in vivo with pharmacotherapy for osteoporosis; however, the selected donors chosen 

for this study had no history of osteoporosis pharmacotherapy treatment.  Previous studies on 
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the effects of aging on osteogenic differentiation of hMSC have reported contradictory 

results depending on grouping and different conditions of the donors 138-143.  Therefore, in 

this study, we specifically compared differentiation of hMSC from postmenopausal 

osteoporotic donors over the age of 60 who were not undergoing any pharmacotherapy, to 

those of healthy, skeletally mature females between the ages of 19-25. 

Function analysis showed an increase in genes associated with cellular movement and 

proliferation of hMSC from osteoporotic donors when exposed to 10% uniaxial cyclic tensile 

strain in 3D collagen culture. Although relative proliferation of hMSC in 3D collagen gels by 

tensile strain was not monitored over time in this study, we observed a higher yield of total 

RNA content in those hMSC seeded constructs that underwent mechanical loading. It has 

been shown that cell proliferation can be promoted with appropriate mechanical loading both 

in vivo and in vitro 144-147. Our results support these previous findings. 

While tumor morphology was ranked first for physiology function, only 8 genes were 

associated with this function. However, 32 genes were associated with the second ranked 

tissue development function, and 20 genes were associated with the seventh ranked skeletal 

and muscular system development and function (Figure 4B). The lower number of mapped 

genes associated with tumor morphology likely result from the low number of genes 

associated with this function in the publicly available literature. These same 8 genes were 

subsets of tissue development and skeletal and muscular system development. Therefore, to 

better identify the potential function of consistently expressed genes, both the number of 

mapped genes and the p-value for each function were simultaneously considered for more 

accurate analysis. 
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Physiological function showed not only an increase in musculoskeletal development 

but also an increase in cardiovascular development by hMSC from osteoporotic donors 

exposed to 10% cyclic tensile strain. We have previously shown that 10% cyclic tensile 

strain promotes osteogenic differentiation of hMSC and hASC in both 2D and 3D culture 

52,54,70,71,115 and also induces the upregulation of proinflamatory cytokine regulators: SOCS3 

and IL1RN, and angiogenic factors: FGF2, VEGFA, and MMP2 in hASC undergoing 

osteogenic differentiation 115. It has been shown that with proper mechanical induction, MSC 

can promote angiogenesis by elevating proliferation of endothelial cells, potentially through 

FGFR and VEGFR signaling 148. 

Interestingly, downregulation of FZD8; and upregulation of WNT5B, TCF4, 

PIK3CD, and BMP1 in hMSC with 10% uniaxial cyclic tensile strain were repeatedly 

associated together and mapped in multiple canonical pathways (Table 1). FZD8, WNT5B, 

and TCF4 are members of the Wnt signaling pathway. WNT5b and FZD8, a Wnt receptor-

ligand complex, have also been found to be modulated in different phases of osteogenic 

differentiation of hMSC when chemically induced in 2D monolayer culture 

149.Downregulation of FZD8 and upregulation of its inhibitor have also been shown to 

respond as a feedback inhibition when Wnt signaling is upregulated in human embryonic 

stem cells 150. TCF4, one of the nuclear effectors of Wnt signaling, represents a final target of 

cellular control via Wnt-dependent growth and survival 151. Wnt signaling pathways have 

been found to be integrated together with BMP signaling and Phosphoinositide 3-Kinase-

dependent (PI3Ks) signaling in stem cells’ self-renewal and osteoblast differentiation 152-154.  

We have shown here that BMP-1 (from BMP signaling), PIK3CD (from PIKs signaling), and 
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FZD8, WNT5B and TCF4 (from Wnt signaling) are modulated together in the response of 

hMSC from osteoporotic donors to 10% uniaxial cyclic tensile strain as a potential 

integration of Wnt/ BMP/ PIKs signaling. 

Further, we investigated the effect of knockdown PDLIM4, one of the genes that 

found to significantly upregulated in hMSC in response to 10% cyclic tensile strain in this 

study and also previously found to differentially expressed in hASC115,  and murine 

osteoblast155 in response to tensile strain.  PDZ-LIM protein family is an evolutionarily 

conserved protein which facilitating the assembly of protein complex, and can act as signal 

modulators, influence actin dynamics, regulate cell architecture, and control gene 

transcription156. It is shown here that PDLIM4 may also associate with osteogenic 

differentiation as PDLIM4 expression was upregulated during osteogenesis of hMSC.  

Interestingly, suppressed PDLIM4 expression in hMSC during osteogenesis increased hMSC 

metabolic activity, the expression of bone markers, and alkaline activity. Downregulation of 

PDLIM4 was found to be associated with suppression of Lef1 which enhances osteogenesis 

in osteoblasts 9.  

In summary, we have found that 10% cyclic tensile strain enhances the modulation of 

genes associated with increases in both proliferation and osteogenic differentiation of hMSC 

from osteoporotic donors. The potential mechanisms include the known canonical pathways 

that play an important role in bone formation such as Wnt/BMPs/PIKs signaling and, also, 

interestingly, through the process of angiogenesis and neo-vascularization.  This is the first 

study to investigate the effect of both 3D collagen culture and 10% uniaxial cyclic tensile 

strain on osteogenic differentiation of hMSC from osteoporotic donors.  A complete 
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microarray analysis of the expression of 47,000 genes with identifying potential key genes 

and signaling was performed. The findings from this study provide significant information 

and better understanding toward our use of hMSC from elderly, osteoporotic donors for 

achieving long-term success in bone regeneration and functional bone tissue engineering for 

this ever-growing patient population.  
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3.5 Supplementary data 

Supplementary Table 3-1: Genes expressed by hMSC in 3D collagen culture in response to 

10% uniaxial cyclic tensile strain. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

Symbol Entrez Gene Name Fold 
Change p-value 

TBX3 T-box 3 4.354 6.07E-12 
CRISPLD2 cysteine-rich secretory protein LCCL domain containing 2 2.715 1.15E-10 
EZR ezrin 2.564 5.44E-03 
PIK3CD phosphoinositide-3-kinase, catalytic, delta polypeptide 2.515 5.46E-11 
PMEPA1 prostate transmembrane protein, androgen induced 1 2.496 5.46E-11 
PDLIM4 PDZ and LIM domain 4 2.414 4.07E-09 
HAS2 hyaluronan synthase 2 2.373 6.07E-12 
TRIB1 tribbles homolog 1 (Drosophila) 2.338 6.07E-12 
JARID2 jumonji, AT rich interactive domain 2 2.155 1.23E-03 
HLX H2.0-like homeobox 2.062 9.42E-03 
BHLHE40 basic helix-loop-helix family, member e40 1.967 5.34E-10 
CAMK2N1 calcium/calmodulin-dependent protein kinase II inhibitor 1 1.93 3.58E-03 
STMN4 stathmin-like 4 1.895 6.83E-03 
MICALL1 MICAL-like 1 1.859 3.00E-05 
IGF1R insulin-like growth factor 1 receptor 1.802 7.90E-03 
UCK2 uridine-cytidine kinase 2 1.774 1.00E-04 
ADAM12 ADAM metallopeptidase domain 12 1.737 1.21E-11 
FOXD1 forkhead box D1 1.695 5.19E-07 
PLAUR plasminogen activator, urokinase receptor 1.694 4.15E-03 
CLU clusterin 1.67 3.01E-03 
VEGFA vascular endothelial growth factor A 1.667 1.16E-07 
LRRFIP1 leucine rich repeat (in FLII) interacting protein 1 1.666 1.96E-03 
MCAM melanoma cell adhesion molecule 1.664 4.80E-06 
TNFRSF12A tumor necrosis factor receptor superfamily, member 12A 1.63 1.66E-07 
ZNF281 zinc finger protein 281 1.63 7.03E-03 
DLEU2 deleted in lymphocytic leukemia 2 (non-protein coding) 1.617 9.00E-05 
INSIG1 insulin induced gene 1 1.605 7.45E-07 
DNAJC7 DnaJ (Hsp40) homolog, subfamily C, member 7 1.584 3.33E-03 
ARL4C ADP-ribosylation factor-like 4C 1.543 3.64E-11 
NXN nucleoredoxin 1.54 1.00E-05 
BMP1 bone morphogenetic protein 1 1.513 4.85E-03 
GGH gamma-glutamyl hydrolase (conjugase, folylpolygammaglutamyl hydrolase) 1.51 1.00E-03 
IRS1 insulin receptor substrate 1 1.502 9.90E-07 
CHST3 carbohydrate (chondroitin 6) sulfotransferase 3 1.461 5.50E-04 
FSCN1 fascin homolog 1, actin-bundling protein (Strongylocentrotus purpuratus) 1.458 9.16E-08 
PLAU plasminogen activator, urokinase 1.448 2.00E-05 
MELK maternal embryonic leucine zipper kinase 1.448 1.43E-03 
RALA v-ral simian leukemia viral oncogene homolog A (ras related) 1.402 6.33E-03 
WNT5B wingless-type MMTV integration site family, member 5B 1.397 3.04E-03 
FXYD5 FXYD domain containing ion transport regulator 5 1.386 6.50E-04 
TRMT61A tRNA methyltransferase 61 homolog A (S. cerevisiae) 1.386 2.20E-07 
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Supplementary Table 3-2: Molecular and cellular functions. 

 

 

 

Category  p-value Genes 

Cellular Movement 1.04E-08-
8.17E-03 

RALA, CLU, TNFRSF12A, VEGFA, TRIB1, SGPL1, MCAM, EZR, STMN4, IGF1R, JUND, 
FXYD5, WNT5B, PTX3, HLX, FST, PLAUR, ADAM12, BHLHE40, FSCN1, IRS1, HAS2, 
PIK3CD, PLAU, EFEMP1 

Cellular Growth and 
Proliferation 

4.12E-06-
8.17E-03 

TCF4, RALA, INSIG1, CLU, MELK, TNFRSF12A, VEGFA, TRIB1, SGPL1, CAMK2N1, MCAM, 
PRRX1, EZR, JARID2, IGF1R, JUND, MUS81, WNT5B, BMP1, PTX3, HLX, FST, TBX3, PLAUR, 
PDLIM4, LTBP3, ADAM12, IRS1, BHLHE40, FSCN1, HAS2, PIK3CD, PLAU, EFEMP1, PMEPA1 

Cell-To-Cell Signaling and 
Interaction 

4.79E-06-
8.17E-03 

PTX3, RALA, PVRL3, CLU, PLAUR, TNFRSF12A, VEGFA, ADAM12, IRS1, IGF1R, HAS2, 
PIK3CD, STX4, PLAU, FXYD5 

Carbohydrate Metabolism 1.07E-05-
8.17E-03 

VEGFA, PTX3, RALA, SERINC5, IRS1, CHST3, IGF1R, PLAUR, HAS2, PIK3CD, STX4, PLAU 

Cellular Development 1.33E-05-
8.17E-03 

TCF4, RALA, INSIG1, CLU, TNFRSF12A, VEGFA, SGPL1, CAMK2N1, PRRX1, EZR, IGF1R, 
JUND, WNT5B, BMP1, FST, TBX3, PLAUR, PDLIM4, FZD8, LTBP3, ADAM12, IRS1, 
BHLHE40, FSCN1, HAS2, PIK3CD, LBH, PLAU, PMEPA1 

Cell Morphology 1.65E-05-
8.17E-03 

TCF4, FST, RALA, PVRL3, PLAUR, VEGFA, IRS1, EZR, PRRX1, BHLHE40, STMN4, MCAM, 
PLAU 

Lipid Metabolism 5.5E-05-
8.17E-03 

PTX3, FST, RALA, INSIG1, SERINC5, CLU, TNFRSF12A, VEGFA, SGPL1, BHLHE40, SPTLC2, 
PIK3CD, PLAU 

Small Molecule Biochemistry 5.5E-05-
8.17E-03 

PTX3, FST, RALA, INSIG1, SERINC5, GGH, CLU, PLAUR, TNFRSF12A, VEGFA, SGPL1, 
SPTLC2, BHLHE40, IRS1, IGF1R, HAS2, PIK3CD, PLAU, STX4 

Cell Death 7.01E-05-
8.17E-03 

TCF4, ATXN1, CLU, MELK, TNFRSF12A, VEGFA, TRIB1, SGPL1, CAMK2N1, MCAM, EZR, 
IGF1R, JUND, BMP1, FST, TBX3, PLAUR, PDLIM4, ADAM12, IRS1, BHLHE40, ITPR3, 
PIK3CD, PLAU, EFEMP1, PMEPA1 

DNA Replication,  
Recombination,  and Repair 

3.05E-04-
4.09E-03 

VEGFA, FST, IRS1, IGF1R, MUS81 

Nucleic Acid Metabolism 3.05E-04-
3.05E-04 

VEGFA, FST, IRS1, IGF1R 

Cellular Assembly and 
Organization 

3.06E-04-
8.17E-03 

PTX3, RALA, PVRL3, CLU, PLAUR, TNFRSF12A, PDLIM4, VEGFA, FSCN1, EZR, STMN4, 
HAS2, JUND, STX4, PLAU, FXYD5 

Cellular Function and 
Maintenance 

3.06E-04-
8.17E-03 

PTX3, TCF4, RALA, PVRL3, CLU, PLAUR, TNFRSF12A, PDLIM4, VEGFA, FZD8, MCAM, 
BHLHE40, FSCN1, EZR, STMN4, IGF1R, CHST3, HAS2, PIK3CD, STX4, PLAU 

Antigen Presentation 4.6E-04-
2.99E-03 

PTX3, VEGFA, PLAUR, PLAU 

Molecular Transport 5.68E-04-
8.17E-03 

FST, RALA, GGH, PLAUR, VEGFA, SGPL1, BHLHE40, IRS1, SPTLC2, MCAM, ITPR3, IGF1R, 
HAS2, PIK3CD, JUND, STX4, PLAU 

Cell Cycle 5.91E-04-
8.17E-03 

TCF4, SGSM1, TBX3, CLU, PLAUR, MELK, VEGFA, CAMK2N1, STMN4, IRS1, BHLHE40, 
JARID2, IGF1R, HAS2, JUND, PLAU, MUS81 

Cellular Compromise 8.86E-04-
8.17E-03 

PTX3, VEGFA, SGPL1, RALA, FST, IGF1R, CLU, PLAUR, PIK3CD, STX4, PLAU 

Cell Signaling 1.45E-03-
7.34E-03 

PTX3, VEGFA, MCAM, IRS1, ITPR3, IGF1R, PLAUR, PIK3CD, PLAU 

Gene Expression 2.11E-03-
3.12E-03 

FOXD1, TCF4, FST, ZNF281, TBX3, ATXN1, NAA15, VEGFA, FZD8, LRRFIP1, PRRX1, 
BHLHE40, JARID2, LBH, JUND 

Vitamin and Mineral 
Metabolism 

2.5E-03-
8.17E-03 

VEGFA, MCAM, IRS1, GGH, ITPR3, PLAUR, PIK3CD, PLAU 

Protein Trafficking 3.3E-03-
3.3E-03 

VEGFA, PLAUR 

Amino Acid Metabolism 4.09E-03-
8.17E-03 

GGH 

Drug Metabolism 4.09E-03-
8.17E-03 

PTX3, GGH, HAS2 

Free Radical Scavenging 4.09E-03-
4.09E-03 

CLU 

Protein Synthesis 4.15E-03-
4.15E-03 

IRS1, ITPR3, IGF1R 



 

108 
 

Supplementary Table 3-3: Physiological and system development and function. 

Category p-value Genes 

Tumor Morphology 1.23E-07-7.56E-
03 

VEGFA, ADAM12, MCAM, EZR, CLU, IGF1R, PLAUR, PLAU 

Tissue Development 1.44E-06-8.17E-
03 

FOXD1, TCF4, RALA, INSIG1, PVRL3, CLU, TNFRSF12A, VEGFA, SGPL1, EZR, PRRX1, 
CHST3, IGF1R, JARID2, JUND, STX4, FXYD5, WNT5B, BMP1, PTX3, HLX, FST, TBX3, 
PLAUR, LTBP3, ADAM12, IRS1, BHLHE40, HAS2, PIK3CD, EFEMP1, PLAU 

Digestive System 
Development and Function 

7.22E-06-8.17E-
03 

VEGFA, SGPL1, LTBP3, FST, INSIG1, TBX3, PRRX1, PVRL3, CLU, PLAU 

Embryonic Development 7.23E-06-8.17E-
03 

FOXD1, TCF4, INSIG1, PVRL3, CLU, TNFRSF12A, VEGFA, SGPL1, EZR, PRRX1, IGF1R, 
JARID2, JUND, WNT5B, PTX3, HLX, FST, TBX3, PLAUR, IRS1, BHLHE40, HAS2, 
PIK3CD, PLAU, EFEMP1 

Organ Development 7.23E-06-8.17E-
03 

FOXD1, HLX, TCF4, FST, INSIG1, TBX3, PVRL3, CLU, TNFRSF12A, VEGFA, SGPL1, 
BHLHE40, IRS1, EZR, PRRX1, CHST3, IGF1R, JARID2, HAS2, PIK3CD, JUND, PLAU, 
EFEMP1, WNT5B 

Organismal Development 7.23E-06-8.17E-
03 

FOXD1, TCF4, INSIG1, PVRL3, CLU, TNFRSF12A, VEGFA, TRIB1, SGPL1, PRRX1, EZR, 
IGF1R, JARID2, JUND, MUS81, WNT5B, PTX3, HLX, FST, TBX3, PLAUR, LTBP3, 
BHLHE40, IRS1, ITPR3, HAS2, PIK3CD, EFEMP1, PLAU 

Skeletal and Muscular 
System Development and 
Function 

1.65E-05-8.17E-
03 

TCF4, HLX, FST, TBX3, CLU, PLAUR, TNFRSF12A, VEGFA, TRIB1, SGPL1, LTBP3, 
ADAM12, BHLHE40, IRS1, PRRX1, IGF1R, JUND, PLAU, WNT5B, BMP1 

Cardiovascular System 
Development and Function 

4.94E-05-8.17E-
03 

PTX3, HLX, TBX3, PLAUR, TNFRSF12A, VEGFA, SGPL1, ADAM12, IRS1, PRRX1, 
IGF1R, HAS2, PLAU, MUS81 

Hair and Skin 
Development and Function 

9.85E-05-8.17E-
03 

VEGFA, TCF4, FST, IRS1, FSCN1, CLU, PLAUR, LBH, EFEMP1, PLAU 

Immune Cell Trafficking 9.85E-05-4.09E-
03 

PTX3,VEGFA,PLAUR,PIK3CD,STX4,PLAU 

Organ Morphology 9.85E-05-4.09E-
03 

PTX3, HLX, FST, TBX3, PVRL3, CLU, PLAUR, VEGFA, ADAM12, PRRX1, BHLHE40, 
IGF1R, HAS2, PIK3CD, PLAU, EFEMP1, MUS81, BMP1 

Hematological System 
Development and Function 

1.12E-04-8.17E-
03 

PTX3, HLX, TCF4, FST, PLAUR, TNFRSF12A, VEGFA, FZD8, SGPL1, IRS1, BHLHE40, 
CHST3, IGF1R, PIK3CD, STX4, PLAU 

Reproductive System 
Development and Function 

2.71E-04-8.17E-
03 

VEGFA, PTX3, ADAM12, TBX3, IRS1, CLU, IGF1R, PLAUR, JUND, EFEMP1, PLAU 

Connective Tissue 
Development and Function 

2.98E-04-8.17E-
03 

FST, INSIG1, TBX3, CLU, PLAUR, TNFRSF12A, VEGFA, SGPL1, LTBP3, ADAM12, 
MCAM, EZR, IRS1, PRRX1, IGF1R, HAS2, JUND, EFEMP1, PLAU, WNT5B, BMP1 

Visual System 
Development and Function 

3.21E-04-5.42E-
03 

VEGFA, FOXD1, IRS1, PRRX1, PVRL3, IGF1R, EFEMP1, PLAU, TNFRSF12A 

Tissue Morphology 3.42E-04-8.17E-
03 

FST, TBX3, CLU, PLAUR, VEGFA, LTBP3, ADAM12, PRRX1, IRS1, BHLHE40, IGF1R, 
EFEMP1, PLAU, MUS81, BMP1 

Renal and Urological 
System Development and 
Function 

6.67E-04-4E-03 VEGFA, SGPL1, FOXD1, IRS1, EZR, PLAUR, EFEMP1, PLAU 

Organismal Functions 2.26E-03-3.39E-
03 

VEGFA, FST, IRS1, PLAUR, PLAU 

Hematopoiesis 2.63E-03-4.09E-
03 

VEGFA, FZD8, SGPL1, TCF4, HLX, FST, BHLHE40, IRS1, IGF1R, PIK3CD, TNFRSF12A 

Hepatic System 
Development and Function 

2.7E-03-8.17E-03 VEGFA,TNFRSF12A 

Auditory and Vestibular 
System Development and 
Function 

3.62E-03-3.95E-
03 

INSIG1, PRRX1, PLAU 

Behavior 4.09E-03-4.09E-
03 

PLAU 

Endocrine System 
Development and Function 

4.09E-03-8.03E-
03 

FST, BHLHE40, CLU, IGF1R 

Lymphoid Tissue Structure 
and Development 

4.09E-03-6.73E-
03 

VEGFA, FST, BHLHE40, PIK3CD 

Nervous System 
Development and Function 

4.09E-03-8.17E-
03 

VEGFA, TCF4, FOXD1, TBX3, IRS1, CHST3, IGF1R, CLU 

Cell-mediated Immune 
Response 

5.89E-03-5.89E-
03 

VEGFA, FZD8, TCF4, BHLHE40, IGF1R, CHST3, PIK3CD 

Respiratory System 
Development and Function 

8.17E-03-8.17E-
03 

VEGFA 
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Supplementary Table 3-4: Network analysis of genes regulated by hMSC in response to 

10% uniaxial cyclic tensile strain in 3D collagen culture. 

 

ID Molecules in Network Score Focus 
Genes 

Top Functions 

1 ADAM12, Alpha catenin, ARL4C, BHLHE40, Caveolin, Cg, Collagen Alpha1, Collagen 
type IV, EFEMP1, ERK1/2, Filamin, FKHR, FSH, FST, HAS2, HLX, ITPR3, JARID2, 
JUND, LBH, Lh, PDGF BB, PLAU, PLAUR, PMEPA1, Proinsulin, PTX3, RALA, 
SPTLC2, STX4, TBX3, Tgf beta, TNFRSF12A, TRIB1, VEGFA 

52 22 Cellular Movement, 
Skeletal and Muscular 
System Development 
and Function, Cell 
Morphology 

2 BMP1, C10orf118, C10orf137, CDS1, CHST3, Ck2, DUSP23, FXYD5, FZD8 (includes 
EG:14370), GGH, IL4 (includes EG:16189), IRF2BP2, Jnk, KRTCAP3, MICALL1, 
MTFR1, MUS81, NAA11, NAA15, NAA16, NXN, PDLIM4, PVRL3, S100PBP, SCO2, 
SGPL1, SGSM1, SHC1 (includes EG:20416), SLC6A3, TP53 (includes EG:22059), 
TRMT6, TRMT61A, UBC, UCK2, ZNF281 

42 19 Cardiovascular 
Disease, Tissue 
Morphology, 
Molecular Transport 

3 26s Proteasome, Alp, AMPK, Ap1, ATXN1, CAMK2N1, CLU, Collagen type I, Creb, 
DLEU2, E2f, FOXD1, FSCN1 (includes EG:14086), IFN Beta, IL1, INSIG1, IRS1, LDL, 
LRRFIP1, LTBP3, MCAM, Mek, NFkB (complex), p70 S6k, Pdgf (complex), PIK3CD, 
Pkc(s), PLC gamma, PP2A, PRRX1, RAP1GDS1, Ras, Rb, Sos, Ubiquitin 

30 14 Cancer, 
Gastrointestinal 
Disease, Cellular 
Movement 

4 14-3-3, Actin, Akt, CRISPLD2, DNAJC7, ERK, estrogen receptor, EZR, Focal adhesion 
kinase, Gsk3, Histone h3, Hsp90, Ige, IGF1R, IgG1, IgG, IL12 (complex), 
Immunoglobulin, Insulin, Integrin, Interferon alpha, Jnk, Mapk, MELK, Nfat (family), P38 
MAPK, p85 (pik3r), PI3K (complex), Pik3r, Shc, STMN4, SYNPO2, TCF4, Vegf, WNT5B 

15 9 Cell Morphology, Hair 
and Skin Development 
and Function, 
Hereditary Disorder 
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Supplementary Table 3-5: Canonical pathway of genes regulated by hMSC in response to 

10% uniaxial cyclic tensile strain in 3D collagen culture 

 

 

  

Canonical Pathways  -log(p-value) Ratio Molecules 

Human Embryonic Stem Cell Pluripotency 3.75E+00 3.33E-02 FZD8, TCF4, PIK3CD, WNT5B, BMP1 

Basal Cell Carcinoma Signaling 3.72E+00 5.48E-02 FZD8, TCF4, WNT5B, BMP1 

Ovarian Cancer Signaling 3.69E+00 3.52E-02 VEGFA, FZD8, TCF4, PIK3CD, WNT5B 

Glioblastoma Multiforme Signaling 3.43E+00 2.98E-02 FZD8, ITPR3, IGF1R, PIK3CD, WNT5B 

Role of NANOG in Mammalian Embryonic Stem Cell 
Pluripotency 

2.99E+00 3.51E-02 FZD8, PIK3CD, WNT5B, BMP1 

Glioma Invasiveness Signaling 2.79E+00 5.00E-02 PLAUR, PIK3CD, PLAU 

Role of Osteoblasts, Osteoclasts and Chondrocytes in 
Rheumatoid Arthritis 

2.71E+00 2.09E-02 FZD8, TCF4, PIK3CD, WNT5B, BMP1 

Molecular Mechanisms of Cancer 2.59E+00 1.59E-02 FZD8, TCF4, RALA, IRS1, PIK3CD, BMP1 

Growth Hormone Signaling 2.57E+00 4.00E-02 IRS1, IGF1R, PIK3CD 

Colorectal Cancer Metastasis Signaling 2.54E+00 1.95E-02 VEGFA, FZD8, TCF4, PIK3CD, WNT5B 

Role of Wnt/GSK-3β Signaling in the Pathogenesis of 
Influenza 

2.40E+00 3.70E-02 FZD8, TCF4, WNT5B 

Nitric Oxide Signaling in the Cardiovascular System 2.38E+00 3.00E-02 VEGFA, ITPR3, PIK3CD 

Axonal Guidance Signaling 2.29E+00 1.40E-02 VEGFA, FZD8, ADAM12, PIK3CD, WNT5B, 
BMP1 

Factors Promoting Cardiogenesis in Vertebrates 2.27E+00 3.16E-02 FZD8, TCF4, BMP1 

Mouse Embryonic Stem Cell Pluripotency 2.16E+00 3.03E-02 FZD8, TCF4, PIK3CD 

IGF-1 Signaling 2.12E+00 2.83E-02 IRS1, IGF1R, PIK3CD 

Role of Macrophages, Fibroblasts and Endothelial Cells in 
Rheumatoid Arthritis 

2.10E+00 1.50E-02 VEGFA, FZD8, TCF4, PIK3CD, WNT5B 

IL-9 Signaling 2.07E+00 5.00E-02 IRS1, PIK3CD 

Coagulation System 2.05E+00 5.26E-02 PLAUR, PLAU 

Pancreatic Adenocarcinoma Signaling 2.03E+00 2.52E-02 VEGFA, RALA, PIK3CD 

Role of Tissue Factor in Cancer 2.00E+00 2.63E-02 VEGFA, PLAUR, PIK3CD 

Corticotropin Releasing Hormone Signaling 1.97E+00 2.21E-02 VEGFA, ITPR3, JUND 

Insulin Receptor Signaling 1.83E+00 2.21E-02 IRS1, PIK3CD, STX4 

EGF Signaling 1.82E+00 3.85E-02 ITPR3, PIK3CD 

eNOS Signaling 1.79E+00 1.99E-02 VEGFA, ITPR3, PIK3CD 

PI3K Signaling in B Lymphocytes 1.78E+00 2.10E-02 IRS1, ITPR3, PIK3CD 

Myc Mediated Apoptosis Signaling 1.61E+00 3.28E-02 IGF1R, PIK3CD 
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4 Conclusions and Recommendations for Future Work 

 
The results of this research show promising initial result for application of hASC in 

meniscal tissue engineering applications.  While implementation of needle punching allows 

cells to proliferate through the dense extracellular matrix, this may compromise the initial 

material and structural properties of the allograft before seeded cells can regenerate the 

tissue. Preconditioning of the hASC recellularized meniscal allograft with chemical and/or 

mechanical stimuli may be required before transplantation.  Human ASC can be induced to 

response to both chemical and mechanical stimuli for desired lineage specification as shown 

in the second study of this dissertation.  Further investigations for enhancing hASC 

differentiation down a fibrocartilagenouse pathway to include appropriate material properties 

need to be performed. 

The research presented in this dissertation has also generated a rich database for 

continuing molecular characterization of hASC and hMSC during osteogenesis both in the 

absence and presence of mechanical load. A list of all modulated genes and potential 

regulatory signaling pathways was produced, thus providing several directions for further 

investigations. 

The pivotal role of specific genes on osteogenesis and/or mechanosensing of hASC 

and hMSC could be confirmed by knockdown or over-expression experiments. Temporal 

tracking of gene expression for genes in the same canonical pathway could be performed to 

obtain better insight into the signaling pathways. Investigations and findings provided in the 

third study confirmed the important role of PDLIM4, one of the identified genes via 
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microarray from both studies 2 and 3, in hMSC osteogenesis.  It is interesting that this gene 

is upregulated during osteogenesis but stable suppression of the gene enhances early 

osteogenic differentiation. Further analysis with time tracking in the expression of this gene 

along with knockdown and overexpression would answer the question of how this gene 

regulates different stages of hASC and hMSC osteogenesis and bone formation. 
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