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Human adipose-derived stem cells (hASC) have shown great potential for bone tissue engineering. However, the
molecular mechanisms underlying this potential are not yet known, in particular the separate and combined
effects of three-dimensional (3D) culture and mechanical loading on hASC osteogenesis. Mechanical stimuli play
a pivotal role in bone formation, remodeling, and fracture repair. To further understand hASC osteogenic
differentiation and response to mechanical stimuli, 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. About 847 genes and 95 canonical pathways were affected during osteo-
genesis of hASC in 3D culture. Pathway analysis indicated the potential roles of Wnt/b-catenin signaling, bone
morphogenic protein (BMP) signaling, platelet-derived growth factor (PDGF) signaling, and insulin-like growth
factor 1 (IGF-1) signaling in hASC during osteogenic differentiation. Application of 10% uniaxial cyclic tensile
strain suggested synergistic effects of strain with osteogenic differentiation media on hASC osteogenesis as
indicated by significantly increased calcium accretion of hASC. There was no significant further alteration in the
four major pathways (Wnt/b-catenin, BMP, PDGF, and IGF-1). However, 184 transcripts were affected by 10%
cyclic tensile strain. Function and network analysis of these transcripts suggested that 10% cyclic tensile strain
may play a role during hASC osteogenic differentiation by upregulating two crucial factors in bone regeneration:
(1) proinflammatory cytokine regulators interleukin 1 receptor antagonist and suppressor of cytokine signaling
3; (2) known angiogenic inductors fibroblast growth factor 2, matrix metalloproteinase 2, and vascular endo-
thelial growth factor A. This is the first study to investigate the effects of both 3D culture and mechanical load 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.

Introduction

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

thologies in a patient specific manner. Adult stem cells can be

derived from various source tissues such as bone mar-
row, epidermal tissue, and adipose tissue.1,2 Initially, bone
marrow-derived mesenchymal stem cells (MSCs) received
the most attention for bone tissue engineering applications
given their known osteogenic capability. More recently,
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however, adipose-derived stem cells (ASC) have received
increasing interest for tissue engineering applications owing
to their relative ease of harvest, abundance, and multilineage
differentiation potential.2–4

When cultured in monolayer in the presence of osteogenic
media containing ascorbic acid, b-glycerolphosphate, and
dexamethasone, ASC have been shown to undergo osteo-
genic differentiation, deposit calcium phosphate, and express
osteoblast-associated gene markers, osteocalcin, alkaline
phosphatase (ALP), and osteopontin in vitro.3,5 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.6 As with 3D culture, the mechanical en-
vironment 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 strain.7 In a me-
chanobiological investigation of mandibular distraction os-
teogenesis, Loboa et al. found that in vivo bone formation
during distraction osteogenesis was stimulated with appli-
cation of tensile stains at magnitudes of 10%–12.5%. Cyclic
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.8–10 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 deposition.11–13 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 osteopro-
genitor cells and the osteoinductive environment provided
by both physical and chemical stimuli, will help us to opti-
mize use of ASC for functional bone tissue engineering.

In this study, we analyzed differences in gene expression
profiles and calcium accretion of hASC in 3D collagen
culture during exposure to varying chemical and mechan-
ical stimuli. hASC were cultured in 3D type I collagen gels
and maintained in either growth or osteogenic differenti-
ation medium (varied chemical stimulus) in either the
presence or absence of 10% cyclic tensile strain (varied
mechanical stimulus), a strain magnitude we have previ-
ously shown accelerates and increases osteogenic differ-
entiation and calcium accretion of hASC.11 Gene expression
profiles were determined and analyzed using advanced
microarray analysis, including an evaluation of the ca-
nonical pathways affected, to investigate the mechanisms
underlying the ability of hASC to undergo osteogenic dif-
ferentiation, and their response to cyclic tensile strain while
undergoing osteogenesis.

Materials and Methods

Cell isolation, culture, and characterization

Excess human adipose tissue from abdominoplasty pro-
cedures was obtained from three women (45-year-old Afri-
can American, 31-year-old Caucasian, and 35-year-old
Caucasian) in accordance with an approved Institutional
Review Board (IRB) protocol at UNC-Chapel Hill (IRB

04:1622). hASC were isolated from the tissue using a method
based on density and differential adhesion, as previously
described.3,14 In brief, adipose tissue was digested with
0.075% collagenase type I (Worthington Biochemical Corp.,
Lakewood, NJ) for 30 min. A dense cell fraction was sepa-
rated 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 me-
dium Eagle, alpha-modified [a-MEM] supplemented with
10% fetal bovine serum [FBS, lot selected; Atlanta Biologicals,
Lawrenceville, GA], 2 mM L-glutamine, 100 units/mL peni-
cillin, and 100 mg/mL streptomycin). Cells were seeded in
T-75 flasks and nonadherent cells were washed out after 24 h.
hASC 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 MSCs and by their ability to differentiate down
osteogenic and adipogenic pathways as previously de-
scribed.14 All cell culture chemicals and supplies were pur-
chased from Mediatech, Inc. (Herndon, VA) and GIBCO BRL
(Grand Island, NY) unless otherwise noted.

Fabrication of collagen gels

hASC were seeded into collagen gels consisting of 70%
type I collagen (BD Biosciences, San Jose, CA; pH adjusted to
7.0), 20% 5 · a-MEM, and 10% FBS at 60,000 cells/200 mL 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
3D collagen constructs and were allowed to polymerize for
2 h before application of growth media (aMEM supple-
mented with 10% FBS [lot selected; Atlanta Biologicals],
2 mM L-glutamine, 100 units/mL penicillin, and 100 mg/mL
streptomycin).

Osteogenic differentiation and application
of 10% cyclic tensile strain

Beginning 24 h after cell seeding, the constructs were cul-
tured for an additional 2 weeks in either growth or osteo-
genic medium in the presence or absence of 10% uniaxial
cyclic tensile strain. Osteogenic medium consisted of growth
medium supplemented with 50mM ascorbic acid, 0.1 mM
dexamethasone, and 10 mM b-glycerolphosphate.14–16 Cell-
seeded constructs were subjected to 14 days of 10% uniaxial
cyclic tensile strain at 1 Hz for 4 h/day using a computer-
driven strain device (FX-4000T; Flexcell International). The
cell-seeded collagen constructs are fully polymerized around
nonwoven anchors at each end, resulting in a 10% uniaxial
global tensile strain to the 3D construct.17 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 de-
scribed.18 Briefly, freshly collected constructs on day 14 were
rinsed twice with PBS, and cut in half for either calcium or
DNA quantification. Constructs 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 ex-
tracted from constructs for DNA analyses with DNeasy
blood and tissue kit (Qiagen, Valencia, CA) and evaluated
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using a Nanodrop (Thermo-Fisher Scientific, Wilmington,
DE). Data were subjected to a one-way analysis of variance
(ANOVA; n = 2–3 donors, each with single or duplicate
samples per condition).

RNA isolation and real-time reverse
transcription–polymerase chain reaction analysis

Constructs were washed twice in PBS, placed in lysis
buffer containing b-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 before day 14.19 Therefore, only one do-
nor had day 14 samples under the strain alone condition (i.e.,
cultured in complete growth medium, not osteogenic dif-
ferentiation medium, in the presence of 10% cyclic tensile
strain) due to contraction-associated breakage of the con-
structs by this time; therefore, these samples were only used
for reverse transcription–polymerase chain reaction (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 QIA-
shedder (Qiagen). Total RNA was then purified using Ep-
pendorf Perfect RNA mini-columns (Hamburg, Germany)
according to the manufacturer’s recommended protocol for
eukaryotic cells. Total RNA was quantitated using a micro-
plate-based RiboGreen� method (Molecular Probes, Eugene,
OR). A single pool of cDNA was reverse transcribed from 3
to 100 ng of each RNA sample using SuperScript� III (In-
vitrogen, 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-Demand� (Ap-
plied Biosystems) were used for gene expression analysis of
corin, PDZ and LIM domain 4 (PDLIM4), vascular endo-
thelial growth factor A (VEGF A), and glyceraldehyde-3-
phosphate dehydrogenase, the endogenous control. Expression
levels were determined using the DDCT method,20 and pre-
sented as fold change. Corin expression in hASC was com-
pared with 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 dupli-
cate 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.

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 Affy-
metrix 2-Cycle cDNA Synthesis protocol. Starting with 20 ng
of total RNA, cRNA was produced according to the manu-
facturer’s protocol. For each array, 15mg of amplified cRNAs
was fragmented and hybridized to the array for 16 h in a
rotating hybridization oven using the Affymetrix Eukaryotic

Target Hybridization Controls and protocol. Slides were
stained and washed as indicated in the Antibody Amplifica-
tion Stain for Eukaryotic Targets protocol using the Affyme-
trix 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.

Microarray data analysis

Data preprocessing, normalization, and error modeling
was performed with the Rosetta Resolver system (version
7.2; Rosetta Biosoftware, Kirkland, WA). Principal compo-
nent 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 Experi-
ments were built into ratios representing treated/control
(osteogenic induction media compared with complete
growth media, or osteogenic induction media plus 10%
uniaxial cyclic tensile strain compared with osteogenic in-
duction media), as described by Stoughton and Dai (2005).21

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 bi-
ological 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 corre-
sponding gene. In the case of genes with multiple identifiers,
the highest expression value was selected. The function and
pathway analysis of IPA was generated based on all cur-
rently available published data to identify potential regula-
tory pathways and molecules.

Results

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
preselected for positive MSC markers, and capability for
adipogenic and osteogenic differentiation in 2D culture.14 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 (Fig. 1a, 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 (Fig. 1c).

Validation of microarray data

To characterize variability present in the microarray data,
PCA was performed. PCA results showed discrimination
between three treatments: (1) hASC cultured in growth me-
dia; (2) hASC cultured in osteogenic media; (3) hASC cul-
tured in osteogenic media in the presence of 10% uniaxial
cyclic tensile strain (Fig. 2). As expected, variability was
also found between human donors within each treatment.
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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 differentia-
tion (Fig. 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 ANOVA. One thousand two hundred eighty-
eight 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,16 we
found 43 relevant gene identifiers for 15 genes that 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, 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 cul-
ture.16 Our fifth top upregulated gene, corin, was not iden-
tified by Liu et al. during osteogenesis of hASC in 2D
culture.16 Interestingly, corin has also been found to be a top

upregulated gene in hMSC during osteogenic differentiation
in 2D culture.16 Given this divergence in results for corin by
previous investigators during osteogenic differentiation of
hMSC versus hASC when analyzing cell response in 2D
culture,22 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.

Genes regulated during osteogenic differentiation
of hASC in 3D collagen culture for 14 days

Of the 1288 gene identifiers that were significantly and
differentially expressed by all three donors’ hASC in re-
sponse to osteogenic differentiation medium, 1218 identifiers
were mapped to 847 genes (Supplementary Tables S1 and S2;
Supplementary Data are available online at www.liebertonline
.com/tea). Eight hundred sixty-four identifiers were eligible
for network analysis with IPA; 832 identifiers were eligible
for function and pathway analyses.

Ninety-five canonical pathways were mapped as a sig-
nificant pathway associated with osteogenesis of hASC in 3D

FIG. 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 h/day). *p < 0.01. hASC, human
adipose-derived stem cells; 3D, three-dimensional. Color images available online at www.liebertonline.com/tea
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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 S3).
Transforming growth factors-b (TGF-b) signaling, Wnt/b-
catenin signaling, and bone morphogenic protein (BMP)
signaling also appeared to play a role in hASC osteogenesis
(Fig. 3). Overall, these pathways were downregulated with
activation of known inhibitors in Wnt/b-catenin signaling:
sex determining region Y-box 13; BMP signaling: dickkopf
homolog 1; and noggin (Fig. 3 and Supplementary Table S3).
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-like growth factor-1 signaling
(IGF-1 signaling), integrin linked kinase signaling, actin cy-
toskeleton signaling, and sonic hedgehog signaling, were
also affected (Fig. 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 with the
gene expression profile of hASC cultured in osteogenic me-
dia alone (0% strain). One hundred eighty-four transcripts
were modulated by 10% uniaxial cyclic tensile strain (Sup-
plementary Tables S4 and S5). Of the 184 transcripts, 176
transcripts were mapped to 147 genes with IPA. One hun-
dred forty-six 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), interleukin 1 receptor antagonist (IL1RN), matrix
metalloproteinase 2 (MMP2), VEGF A, and TGF-b receptor 1
(TGFbR1; Table 1).

The major canonical pathways affected by 10% cyclic
tensile strain are shown in Supplementary Table S6 ( 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, heparan sulfate
(glucosamine) 3-O-sulfotransferase 3A1, and heparan sulfate
(glucosamine) 3-O-sulfotransferase 3B1; 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 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 (Fig. 5 and Supplementary Table S7). Three focused
molecules, IL1RN, jun D proto-oncogene, and suppressor of
cytokine signaling 3 (SOCS3), were located in the center of
the network and linked with 5 or more other molecules.

Real-time RT-PCR analysis to validate results
for corin, the type II 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 S1 and
S2). However, the differential expression of corin by strain
could not be identified, as 100-fold was the maximum sen-
sitivity of the microarray probes. Therefore, differential corin
expression in response to osteogenic media or osteogenic

FIG. 2. Principal component analysis (PCA). (a) 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. Color images available online at www.liebertonline.com/tea
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Table 1. Key Findings from Comparative Analysis of This Study’s Findings to the Publicly Available Database

Effect of osteogenic induction media Reference

Common upregulated genes among top 20 genes upregulated by hASC in 3D collagen culture (present study) and hASC in 2D culture.13

Fold change

Gene Entrez gene name hASC in 3D hASC in 2D

ADH1B Alcohol dehydrogenase 1B (class I),
beta polypeptide

100 12.1 Supplementary
Table S1

GPM6B Glycoprotein M6B 100 29.5
MAOA Monoamine oxidase A 100 6.4
FKBP5 FK506 binding protein 5 zinc finger and BTB 81.6 26.1
ZBTB16 Domain containing 16 70.6 73.6

Other top 20 upregulated genes by hASC in 2D culture13 and also upregulated by hASC in 3D collagen culture at day 14 (this study).

Gene

NEBL, CPM, INHBB, RGC32, NEDD9, FMO2 , SBLF, B3GNT5, NR2F1

Common upregulated genes among top 20 genes upregulated by hASC in 3D collagen culture (present study) and hMSC in 2D culture13

but not by hASC in 2D culture13 at day 14

Fold change

Gene Entrez gene name hASC in 3D hMSC in 2D

CORIN Corin, serine peptidase 100a 29.7 Figure 6a13

Canonical pathways Key upregulated genes Note

TGF-b signaling INHBB Overall downregulation Figure 2, Supplementary
Table S3Wnt/b-catenin

signaling
SOX13, MMP7, TGFBR3,

DKK1, WNT5 B
Upregulation of

inhibitors

BMP signaling
pathway

NOGGIN, PRKAR2B
SOX 13, DKK1
Upregulation of

inhibitors
NOGGIN

PDGF signaling PIK3R1, PDGFD, CAV1
FOXOl, PRKAR2B,

IGF signaling PIK3R1, IRS2, FOXO3

Effect of 10% uniaxial cyclic tensile strain Reference

Top molecules Upregulated genes Downregulated genes

PMEPA1, NPTX1, PDLIM4,b

IL1RN, KCNG1
NAP1L1, LPAR1,

NFE2L1, COX11, MKRN1

Canonical pathways Fold change

Signaling pathways Upregulated genes

Hepatic fibrosis/
Hepatic stellate
cell activation

FGF, VEGFA,c TGFBR1, MMP2 2.7, 1.9, 1.7, 1.4 Supplementary Table S6

Chondroitin
sulfate biosynthesis

HS3ST3A1, HS3ST3B1, CHSY1 2.6, 1.7, 1.7

Endoplasmic
reticulum stress
pathway

EIF2S1, XBP1 1.4, 1.4

Xenobiotic
metabolism signaling

MAP3K4, HS3ST3A, HS3ST3B1 2.6, 2.6, 1.7

(continued)
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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 (Fig. 6a). By days 7 and 14, corin ex-
pression had increased by 139-fold and 270-fold, respec-
tively. The addition of 10% uniaxial cyclic tensile strain did
not significantly alter corin expression, except on day 7 of
culture in growth media (Fig. 6a). 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 (Fig. 6a).

Two genes upregulated in response to 10% cyclic tensile
strain during osteogenesis of hASC were also validated with
RT-PCR: (1) PDLIM4, one of the top five upregulated genes
that have been shown to have polymorphisms found to as-
sociate with bone mineral density regulation23,24; (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 (Fig. 6b).

Discussion

Differentiation of mesenchymal progenitor cells into the
osteoblastic lineage has been studied extensively in
transgenic animal models.25,26 While animal models pro-
vide an in vivo system to identify the pivotal role of spe-
cific factors, there are possibilities of interspecies
differences. In vitro studies on human cell lines are thus
required to fully develop our knowledge for clinical ap-
plication. Research on osteoblastic differentiation of hu-
man MSCs from multiple source tissues has been
performed,27,28 but they have lacked incorporation of a
3D, 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.11,13,29,30 Calcium accretion data indicated that hASC

differentiated down an osteogenic pathway by accreting
calcium in 3D collagen culture when in the presence of sol-
uble osteogenic inductive factors. Ten percent uniaxial cyclic
tensile strain further increased calcium accretion of hASC
(Fig. 1c), as we have previously shown in 2D culture.11

Global analysis of over 47,000 gene identifiers from micro-
array 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 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 ALP, runt-related tran-
scription factor-2 (RUNX2), and osteocalcin/bone gamma-
carboxyglutamate (gla) protein 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
Fig. S1). Further, it has been previously shown that when
soluble osteogenic inductive factors are included in the cul-
ture media, 3D collagen culture of hASC causes increased
mRNA expression of bone markers RUNX2, ALP, osteo-
nectin, osteopontin, Collagen I, and mitogen-activated pro-
tein kinase 9 (MAPK9) compared with hASC cultured in 2D
monolayer on tissue culture plastic.6

Factors influencing embryonic osteogenesis,31 PDGF, IGFs,
and TGF-b, 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.32 A previous study on hMSC expression
profiles has shown that PDGF signaling is essential for hMSC
growth and tri-lineage differentiation (adipogenic, chondro-
genic, and osteogenic lineages).33 Our data indicate that
PDGF signaling might play a role in osteogenic differentiation

Table 1. (Continued)

Top network Key upregulated genes

Development and function of connective
tissue, skeletal, and muscular system

IL1RN, JUND, SOCS3 Figure 4, Supplementary Table S7

Top function Upregulated genes Downregulated genes

Cardiovascular
system development and function

NPTX1, IL1RN, SPHK1, FGF2,
SOCS3, PTGES, GEM, ID3, VEGFA, GJA1,
ADA, TGFBR1, GBP1, TUBB6, JUND, MMP2

BTG1, TGFBR2, STX7,
NR2F2, CITED2, AGTR1,
PTK2B, STC1

aHighly upregulated corin expression was confirmed with RT-PCR at multiple time points (Fig. 6a).
bUpregulated PDLIM4 expression was confirmed with RT-PCR (Fig. 6b).
cUpregulated VEGFA expression was confirmed with RT-PCR (Fig. 6b).
hASC, human adipose-derived stem cells, 3D, three-dimensional; TGF, transforming growth factors-b; BMP, bone morphogenic protein;

PDGF, platelet-derived growth factor; IGF, insulin-like growth factor; RT-PCR, reverse transcription–polymerase chain reaction; PDLIM4,
PDZ and LIM domain 4.
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of hASC via the direct induced modulation of PDGF-D and
PDGF receptor, alpha polypeptide (PDGFRA). PDGF-D is a
newly found member of the PDGF family.34 A recent study on
PDGF-D function in transgenic mice showed that PDGF-D
induces macrophage recruitment and blood vessel matura-
tion during angiogenesis.34

Our data on IGF-1 mRNA expression indicated that neither
the secreted factor (IGF-1) nor its receptor (IGF1R) was di-
rectly affected during osteogenic differentiation of hASC.
However, IGF-1 signaling was affected with the activation of
insulin receptor substrate 1 and 2 (IRS-1 and IRS-2) and its
downstream cascades, including phosphatidyl inositol 3 ki-
nase (PI3K). Secreted IGF-1 from osteoblasts has been re-
ported to act as a chemotactic factor with its function
potentially inhibited by PI3K inhibitor.35 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.36–38 IRS-2 is not required for bone healing but plays a
critical role in the coupling of bone resorption to bone for-
mation.39,40 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-b signaling and Wnt/ß-catenin signaling pathways,
known to stimulate proliferation and early osteoblast dif-

ferentiation, have been reported to inhibit osteoblast matu-
ration with continuing activation.41,42 Our results also
indicate downregulation of these pathways at day 14 in
hASC, suggesting that hASC might also require the down-
regulation of these two pathways for terminal osteogenic
differentiation.

Interestingly, another pathway found to be down-
regulated was the antigen presentation pathway with the
suppressed expression of major histocompatibility complex-
A,-B,-C,-G (HLA-A,-B,-C,-G), and calnexin. Donor-specific
HLA antibodies have been associated with graft dysfunction
and failure.43 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.44 Our data suggest that osteogenic induc-
tion also suppresses the immune characteristics of hASC
further, indicating their potential use for allograft bone tissue
engineering.

Of the canonical pathways involved with hASC osteo-
genesis, molecular mechanisms of cancer were ranked first.
These mechanisms were comprised of downregulation of
membrane receptors (WNT, BMP, and TGF-b); upregulation
of cytoplasmic signals such as PI3K and IRS-1; repression
of apoptosis and cell cycle arrest through the activation of
forkhead box O1 and cyclin D3; and the deactivation of

FIG. 3. Downregulation of TGF-b signaling, Wnt/b-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 Y). TGF-b, tumor growth factor b; BMP, bone morphogenic protein. Color images
available online at www.liebertonline.com/tea
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cyclin-dependent kinase inhibitor 1A (p21 and 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-b and cyclin-dependent kinase inhibitor (p53, p21, and
p16) are downregulated, resulting in the upregulation of
cyclin D.45 However, self-renewal of stem cells and immor-
tality 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 de-
velopment of cancer.46 Further analyses are required to dis-
tinguish the two processes.

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 levels.47

Corin has also been found to be expressed in developing
bone near hypertrophic chondrocytes and in perichon-
drocytes.48 This latter report suggested that corin may be
associated with chondrogenesis. Recently, corin was found
to be relatively highly upregulated compared with other
genes during osteogenic differentiation of hMSC, but not
during osteogenic differentiation of hASC in 2D culture at
days 3 and 14.16 Corin has not previously been studied in the
context of its potential role in osteogenesis or chondrogen-
esis. In the present study, we have shown that corin may be
involved with osteogenesis of hASC in 3D culture in re-
sponse 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 chon-
drogenesis and osteogenesis might lead to a better

FIG. 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. AKT, v-akt murine thymoma viral oncogene
homolog; AMPK, AMP activated protein kinase; ATM, ataxia telangiectasia mutated protein; IPA, ingenuity pathway analysis;
PDGF, platelet-derived growth factor; IGF-1, insulin-like growth factor-1; VEGF, vascular endothelial growth factor; ILK, integrin
linked kinase; PI3K, phosphatidyl inositol 3 kinase. Color images available online at www.liebertonline.com/tea
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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 GPM6B,
MAOA, 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.16 Likewise, alcohol dehydrogenases
may be involved in retinoic acid synthesis,49 which has been
found to induce osteogenic differentiation in mouse ASC.50

Finally, mechanical load, a critical factor in bone formation
and resorption, was also found to significantly affect hASC

during osteogenic differentiation. Application of 10% uni-
axial cyclic tensile strain to hASC induced upregulation of
chondroitin sulfate biosynthesis and ER stress pathways.
Depletion of heparan/chondroitin sulfate in MSC has been
reported to result in altered BMP and Wnt activity.51 Further,
XBP1 and ATF4 from the ER stress pathway have been found
to express and regulate the onset of osteoblast differentia-
tion.52–54 This suggests that chondroitin sulfate biosynthesis
and the ER stress pathway may play key roles in hASC re-
sponse 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

FIG. 5. The highest ranked
network in response to 10%
uniaxial cyclic tensile strain
centered with IL1RN, SOCS3,
and JUND. Red indicates
upregulated molecules; green
indicates downregulated
molecules. Color intensity
indicates the level of expres-
sion (see Supplementary Ta-
ble S7 for full names and
expression profile data).
Color images available online
at www.liebertonline.com/
tea

FIG. 6. Real-time reverse transcription–polymerase chain reaction results. (a) Upregulation of corin during hASC osteo-
genesis. Corin expression in hASC was compared with its expression in bone tissue (expression set to 1). (b) Upregulation of
PDZ and LIM domain 4 and VEGF A by hASC in response to 10% uniaxial cyclic tensile strain. Gene expression in osteogenic
media set to 1, glyceraldehyde-3-phosphate dehydrogenase normalization.
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analysis had to be based on known function and canonical
pathways that 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 IL1RN and SOCS3 centered
in the first rank network. Interestingly, both of these genes
are inhibitors of inflammatory signaling. IL1RN is a com-
petitive inhibitor of IL-1, and has been shown to reduce os-
teoclast formation, bone loss, and bone resorption in
estrogen deficient (ovariectomized) mice.55–57 SOCS3 nega-
tively regulates IL-6, and mRNA expression of SOCS3 is
stabilized by tumor necrosis factor a (TNF-a).56,58,59 IL-6 and
TNF-a are known to initiate the bone healing process by
promoting extracellular matrix synthesis, stimulating angio-
genesis, and promoting osteoclastogenesis and osteoclast
function.60,61 Although we found the expression of IL-1 and
IL-6 inhibitors, there was no differential expression of the IL-
1 and IL-6 genes. A previous study on the role of proin-
flammatory cytokines during bone fracture healing showed
that the expression of IL-1 and IL-6 is temporal, with peaks at
24 h and 7 days.61 As we also found that one of the top
classified biofunctions was cardiovascular development with
the upregulation of many genes that promoted angiogenesis
such as FGF2, MMP2, and 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 tem-
poral expression of IL-1 and IL-6.

In summary, our data suggest that after 14 days of oste-
ogenic differentiation in 3D collagen I gels in the absence of
cyclic tensile strain, hASC downregulated TGF-b signaling,
Wnt/b-Catenin signaling, and BMP signaling through some
of their inhibitor molecules. Further, osteogenic differenti-
ation of hASC in 3D collagen culture elevated the expres-
sion of some genes, for example, corin, in a distinctly
different response from a previous analysis of hASC oste-
ogenic differentiation in 2D culture.16 Pathway analysis
with nonoverlapping results by the addition of 10% cyclic
tensile strain relative to the effects of osteogenic differenti-
ation media alone suggested that increased calcium accre-
tion 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 inter-
est was the upregulation of PDLIM4, one of the top five
upregulated genes that have been shown to have poly-
morphisms found to associate with bone mineral density
regulation.23,24 The addition of 10% uniaxial cyclic tensile
strain also resulted in hASC upregulation of two crucial
factors in bone regeneration: (1) proinflammatory cytokine
regulators IL1RN and SOCS3; (2) angiogenic inductors
FGF2, MMP2, and VEGF A.

In conclusion, this is the first study to investigate the ef-
fects 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 ef-
fects of chemical and mechanical stimulation was performed
on hASC undergoing osteogenic differentiation. We have
identified specific genes and pathways associated with me-
chanical response and osteogenic potential of hASC, thus
providing significant information toward improved under-

standing of our use of hASC for functional bone tissue en-
gineering applications.
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F., Sadikot, A., Kaplan, D.R., and Miller, F.D. Isolation of
multipotent adult stem cells from the dermis of mammalian
skin. Nat Cell Biol 3, 778, 2001.

2. Kern, S., Eichler, H., Stoeve, J., Kluter, H., and Bieback, K.
Comparative analysis of mesenchymal stem cells from bone
marrow, umbilical cord blood, or adipose tissue. Stem Cells
24, 1294, 2006.

3. Zuk, P.A., Zhu, M., Ashjian, P., De Ugarte, D.A., Huang, J.I.,
Mizuno, H., Alfonso, Z.C., Fraser, J.K., Benhaim, P., and
Hedrick, M.H. Human adipose tissue is a source of multi-
potent stem cells. Mol Biol Cell 13, 4279, 2002.

4. Hattori, H., Sato, M., Masuoka, K., Ishihara, M., Kikuchi, T.,
Matsui, T., Takase, B., Ishizuka, T., Kikuchi, M., and Fuji-
kawa, K. Osteogenic potential of human adipose tissue-
derived stromal cells as an alternative stem cell source. Cells
Tissues Organs 178, 2, 2004.

5. Halvorsen, Y.D.C., Franklin, D., Bond, A.L., Hitt, D.C.,
Auchter, C., Boskey, A.L., Paschalis, E.P., Wilkison, W.O.,
and Gimble, J.M. Extracellular matrix mineralization and
osteoblast gene expression by human adipose tissue-derived
stromal cells. Tissue Eng 7, 729, 2001.

6. Gabbay, J.S., Heller, J.B., Mitchell, S.A., Zuk, P.A., Spoon,
D.B., Wasson, K.L., Jarrahy, R., Benhaim, P., and Bradley,
J.P. Osteogenic potentiation of human adipose-derived stem
cells in a 3-dimensional matrix. Ann Plast Surg 57, 89, 2006.
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