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

Josephine C. Bodle, M.Eng.," Ariel D. Hanson, M.S.;" and Elizabeth G. Loboa, Ph.D.'?

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

Introduction

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

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

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

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

In 2001 Zuk et al. were the first to establish ASC as a mul-
tipotent stem cell population, with the ability to assume oste-
ogenic as well as chondrogenic, adipogenic, and neurogenic
phenotypes, through chemically induced differentiation.'*
Zuk et al. found that when ASC were cultured in osteogenic
differentiation media for 2-6 weeks, osteogenic specification
was detected by increases in alkaline phosphatase activity,
calcium accretion, and upregulation of bone specific gene
markers.! In general, chemical induction of lineage specifica-
tion has been the most prevalent method used to direct stem
cells for tissue engineering applications. However, it is now
understood that functional tissue engineering of load bearing
tissues likely requires additional physical stimuli (mechanical
or electrical) concurrently with chemical stimuli.'>*

A quickly emerging scheme in stem cell differentiation
for tissue engineering applications involves simulating a
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FIG. 1. Adipogenic and osteogenic differentiation of ASC.
(@) Oil Red O staining of ASC cultured in adipogenic media
for 14 days; presence of cherry red oil droplets indicates
adipogenic differentiation. (b) Alizarin Red staining of ASC
cultured in osteogenic media for 14 days; presence of dark
red calcium deposits indicates osteogenic differentiation.
ASC, adipose-derived stem cell. Color images available
online at www liebertonline.com/teb

physiologically relevant growth environment for the gener-
ated tissue construct. A large part of this effort includes
emulating the in vivo mechanical environment experienced
by the cells in an in vitro culture. Two major approaches have
been used to modulate the mechanical environment of cells
and/or tissue-engineered constructs in culture: (1) bioreac-
tors applying “active” mechanical signals such as fluid shear,
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electrical stimulation, tensile, or compressive strain!>152426

and (2) somewhat “passive” signaling applied through mod-
ulation of substrate biochemical composition and stiffness.” >
A number of custom-designed®'>* and commercially available
bioreactor systems'>*"** are used to apply the signaling mo-
dalities discussed in this article, though the versatility of each
system is often constrained by design criteria. Bioreactor de-
velopment remains an active area of research, as bioreactors
have become increasingly relevant to overcoming common
challenges in tissue engineering. They are also emerging as
tools to seed cells throughout three-dimensional (3D) scaffold
materials,>®® as well as devices to validate mechanical and
electrochemical properties of a construct.’® As bone functions
largely as structural support for the body, construct mechani-
cal integrity is tantamount to applying physiological loading
regimes in an in vitro culture environment to generate the
construct. Both substrate properties and bioreactors have
proven to be an integral part of mechanical approaches to
directing ASC lineage specification toward an osteogenic
phenotype 21303437

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

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

Mechanosensitivity of Bone

To determine appropriate mechanical loads for functional
bone tissue engineering using ASC, we must first understand
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FIG. 2. General schematic illustrating the flow of informa-
tion provided in this review describing the development and
progression of the field. The field of stem-cell-derived bone
tissue engineering emerged as a marriage of approaches from
bone mechanobiology and stem cell biology. The combination
of these two fields has now developed into two different ap-
proaches to creating a bone tissue construct: “Top-Down”
approaches utilizing the more traditional cell and scaffold
tissue level approach meant for immediate translation from
bench-to-bedside, and “Bottom-Up” cell-level approaches to
characterize the cell population behavior for construct com-
ponent-level optimization.

the typical mechanical environment experienced by bone
cells in vivo. From the cellular perspective in vivo, active
mechanical loading of bone translates into either strain
through small deformation of the calcified matrix, or fluid
shear stress produced by interstitial fluid movement in the
osteocyte canaliculi.>®* When bone is loaded, both bending
and compressive forces create degrees of strain on the bone
surface®® and concurrently, on the osteocytes and bone-lining
cells.” The tensile strain imposed on the osteocytes and bone
lining cells leads to a change in cytoskeletal conformation.
This change is associated with induced activation of stretch-
activated ion channels, % voltage sensitive channels via an
influx of calcium and shift in membrane poterl’tial,‘”’&40 and
stretch-activated cation channels.*®
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Additionally, the resulting compressive strain from ex-
ternal loading causes an increase in interstitial fluid pressure,
forcing the fluid to flow from regions of high pressure to
regions of lower pressure®*' within the bone matrix.
However, because the matrix is so stiff, the deformation as a
result of physiological loads is very small (on the order of
0.2%).*>*® This leads to the canalicular fluid flow hypothesis,
which proposes that these small strains impose a local force
that initiates fluid flow between thin layers of non-mineralized
matrix surrounding the osteocytes” bodies and processes,
thus creating a shear stress (8-30 dyn/cm?) at the osteocyte
cell membrane. *+4°

This section provides a brief overview citing some of the
major studies in bone mechanotransduction. All current
work in ASC osteogenesis builds off of the basis of bone’s
chemical, electrical, and mechanical environments, and we
will limit the discussion to the relevant mechanisms cur-
rently applied in directing ASC differentiation. For thorough
reviews on the current state of bone mechanobiology and
its implications in tissue engineering applications, we refer
the r4€7ader to reviews by Riddle and Donahue®® and Allori
et al.

Cellular mechanotransduction in bone

Osteocytes and bone-lining cells are presently thought
to be the primary mechanosensory cells responsible for
interpreting mechanical forces in bone tissue and trans-
lating them to osteoblasts and osteoclasts for bone re-
modeling.**#>#84% Multiple investigators report evidence
supporting the key mechanosensory role of osteocytes in
bone formation as detected by changes in matrix pro-
tein expression, and production of nitric oxide (NO) and
prostaglandin E, (PGE,), a potent stimulator for bone for-
mation.”>”" Osteocytes have been found to be more me-
chanically sensitive to pulsatile fluid flow (PFF) than
osteoblasts and periosteal fibroblasts, as only osteocytes
increase production of PGE; in response to such mechanical
stimulation.”® These findings have been further validated
by increased NO production in osteocytes in response to
PFF, with increases not exhibited by periosteal fibro-
blasts.*>>" More recent studies using microarray analysis
have also identified the mechanosensitivity of osteoblasts to
PFF. Thi et al. identified the upregulation of vascular en-
dothelial growth factor and other associated genes in
MC3T3EL cells, an osteoblastic cell line, in response to
PFF.>* That work suggested that PFF stimulates signal-
ing pathways crucial to the bone healing and remodeling
processes, and identifying these markers of osteogenic
healing is of particular relevance in ASC osteogenic lineage
transition.

Osteoblasts, perhaps the most relevant cell type to the
ASC-derived osteogenic phenotype, have also demon-
strated sensitivity to oscillatory fluid flow (OFF), believed
by some to be a more physiologically relevant mode of
mechanical stimulation in bone.”>”* OFF has been shown to
affect osteoblasts: calcium mobilization, mitogen-activated
protein kinase activity, and expression of osteopontin
(OPN), a bone-specific matrix protein.”® Increases in these
metabolic bone markers have been reported to occur in
minutes to hours after continuous exposure to OFF.”* Sub-
sequent studies have reported differences in osteoblast
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behavior in response to continuous OFF and rest-inserted
OFF, manifested in changes in intracellular calcium and
OPN expression.”* Qin et al. illustrated an analogous me-
chanosensitivity in vivo through oscillating the in-
tramedullary pressure in the marrow cavity of functionally
isolated ulnae in adult turkeys. The adaptive response of
the bone was observed after 4 weeks of disuse. The disuse
ulna exposed to 10 minutes of OFF per day exhibited in-
creased bone formation on both the endosteal and perios-
teal surfaces as compared to the control, an ulna not
exposed to fluid shear.” Additional work has suggested
osteoblast and osteocyte behavioral response to fluid flow is
further modulated by the surface micro-architecture of the
cell substrate.”® Generally, in both in vitro and in vivo
studies, bone cells have shown sensitivity to dynamic fluid
shear, which has led directly to its exploration as a me-
chanical stimulation modality in ASC, as discussed in sec-
tion Fluid flow and shear stress.®*

Uniaxial tensile strain has been used as another mode of
mechanical stimulation to successfully induce bone regen-
eration in vivo via distraction osteogenesis.”’*> Buchman
et al. developed a rat model establishing specific parameters,
including critical bone defect size as greater than 3 mm to
sufficiently study the mechanisms of distraction osteogenesis
and provide a quantitative distinction from conventional
bone fracture healing.”® Following this work, in an in vivo
study utilizing rat models, Loboa et al.% reported that
gradual distraction of the hemi-mandible (0.25mm every
12h) over 8 days, followed by 28 days of rest resulted in
periosteal bone formation by postoperative day 7 and a full
bridge of new bone spanning the width of the distraction gap
by postoperative day 41.>” Our empirical and computational
investigations of the regions with the highest rate of new
bone formation indicated that tensile strains in the range of
10%-12.5% appeared to optimally induce the highest rate of
bone regeneration in the distraction callus.”’*® A similar
study by Meyer et al. reported that distraction osteogenesis of
the mandible under physiological magnitudes (2000 micro-
strain) resulted in woven bone formation and some lamellar
ossification after 14 days. Over the same time period, a
magnitude of 20,000 microstrains resulted in thin trabecular
bone formation over the entire gap, and active osteoblasts
could be seen on a layer of primary bone.®> These in vivo
strain-stimulated bone formation studies have provided the
parameter basis adapted to in vitro cyclic strain systems to
stimulate osteogenesis in ASC.*' Taken together, these
studies provide convincing evidence that osteoblasts and
osteocytes are highly mechanosensitive cells capable of dif-
ferentially sensing mechanical deformation. Harnessing
these sensing mechanisms is likely significant for ASC oste-
ogenic lineage specification.

Cytoskeletal mechanisms of mechanotransduction
in bone

There are many possible mechanisms by which bone cells
interpret external mechanical loads and transmit them via
biochemical signals. One such method involves the extra-
cellular  matrix-integrin-cytoskeleton — network. 06465
Transmission of mechanical stimulation across the cell sur-
face is modulated by transmembrane receptors (i.e., in-
tegrins, cell adhesion molecules, and cadherins) that connect
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the cytoskeleton to an external substrate.®® This connection
provides a molecular pathway for mechanical signals to be
passed across the cell surface, allowing focal adhesion mol-
ecules to act as mechanoreceptors.

The transmission of mechanical signaling via the connec-
tion between integrins and the cytoskeleton has been linked
to intracellular pathways that dictate cell viability,*” prolif-
eration,®®”? morphology,”””" and differentiation.®>*%%%7172
Tong et al. reported evidence of mechanically transduced
signaling as mediated by integrins and focal adhesion kinase
in critical defect healing during distraction osteogenesis.
Further, they suggested that the mechanical signals were
specifically inducing bone formation as detected by bone
sialoprotein mRNA expression patterns.®> Mechanistic
studies report that PFF results in fluid shear stress-induced
reorganization of actin, concurrent with actin-dependent in-
creases in cyclooxygenase-2 (COX-2), c-Fos expression, and
PGE; release, important markers of mechanically induced
bone formation.>”® Together, these results demonstrate the
critical role that actin stress fibers and their anchorage to the
substrate via focal adhesions have on the mechan-
otransduction of external mechanical loads and subsequent
bone formation.

Similarly, cell-cell interactions and connections have been
implicated as a mechanism in transmitting intercellular me-
chanical signals in bone cells. This cell-cell signaling is as-
sociated with the initiation of bone formation and has been
suggested to occur via a network of gap junctions and cad-
herins connecting osteocytes to osteoblasts and osteo-
clasts.**”*7¢ Osteocytes, exposed to a fluid shear stress of
44dyn/cm® in an osteocyte-osteoblast co-culture system,
mediate the upregulated alkaline phosphatase activity re-
sponse in osteoblasts, as evidenced by Taylor et al. in 2007.7°
Although not immediately relevant to the current state of
ASC osteogenic work, this study brings up an important
point relating the dynamic process of mechanical signaling in
bone. The intercellular transmission of mechanical signals
among different osteogenic cell types will be directly rele-
vant to the functionality of an ASC-derived bone construct in
the future.

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

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

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

ASC in Bone Tissue Engineering

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

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

As much of the ASC tissue engineering work to date has
arisen from foundational MSC studies, we would be remiss
to exclude MSC from the discussion. The majority of stem
cell-based tissue replacement efforts to date have typically
used bone marrow-derived MSC.'®9%93100-103106.107 pyqyy.
ever, the limited supply of these cells constrains the feasi-
bility of using them in large commercial applications. This
constraint has led to the study of stem cells derived from
adipose tissue. In contrast to bone marrow, adipose tissue is
an abundant and more readily available source of cells.'” In
a study performed by De Ugarte et al., ASC showed a similar
capacity for adherent cell yield per gram tissue, cell expan-
sion, growth kinetics, and differentiation as that of MSC.1 1t
should be noted that investigators have reported scalability
issues with large volume bone marrow aspirates as periph-
eral blood contamination reduces MSC cell yields.""
Scalability is not an issue with large ASC isolates and com-
parisons of cell yield per gram of tissue correspond to opti-
mized volumes for MSC isolation.'” Studies involving ASC,
including investigations from our group, have demonstrated
their MSC-like multipotency by inducing these cells down
osteogenic, myogenic, adipogenic, and chondrogenic line-
ages.19%117115 Moreover, with few exceptions the surface
marker expression profile of ASC seems to generally align
with MSC.'*11® However, the use of ASC as a substitute for
MSC in certain applications has stimulated controversy due
to inconsistent reports of ASC differentiation potential.

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

However, studies by Im et al. and Mehlhorn et al. argue
that these two cell types do not have the same potential to
differentiate down osteogenic or chondrogenic lineages. Im
et al. found that the level of mineralization and alkaline
phosphatase activity in MSC was significantly greater than
that in ASC after 2 and 3 weeks of differentiation, and like-
wise reported consistent data with specific markers for
chondrogenesis.'* The results of a study by Mehlhorn et al.
focusing on chondrogenesis agreed with the Im et al. study.
MSC cultured in TGF-B1-supplemented medium showed an
increase expression of chondrogenic gene markers collagen
type II, type X, cartilage oligomeric matrix protein, and ag-
grecan at least three times higher than expression levels in
ASC.M®

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

ASC isolation

ASC can be derived from fat pads removed from almost any
site of the body, though studies suggest variation in ASC po-
tency as dependent on their derived body location and among
donors.'” Generally, ASC are isolated from adipose tissue
using a collagenase (most commonly Type I) tissue digest and
a series of centrifugation steps to separate the pelleted stromal
cell fraction from the red blood cells, adipocyte and adipogenic
progenitor fraction.'*'*® Final culture selection procedures
range from culturing cells that adhere to the culture surface to
rigorous cell sorting techniques and clonal culture.*?*71%
General ASC cell surface marker profiles have been charac-
terized, though specific marker discrepancies regarding the
surface expression of Stro-1, CD34, and VCAM (CD106) have
been reported among ASC population studies from different
groups.'*!'%1% In spite of these discrepancies, for the most
part adherent cells isolated from adipose tissue generally have
a defined surface marker expression profile, and Katz et al.
suggest that differences are likely related to variations in iso-
lation procedure, propagation time in culture, and exposure to
tissue culture plastic. The most widely utilized method to
isolate ASC is simply to propagate the adherent cell fraction
from adipose tissue without surface marker selection. Con-
sistent reports of the surface expression profiles emerging from
different research groups have validated this method.'*''®'*
Taken together, this evidence suggests that exposure and ad-
herence to tissue culture plastic may play an important role in
defining the ASC immunophenotype. Nonetheless, the surface
profile is not necessarily an indicator of ASC potency. Popu-
lation heterogeneity and donor-to-donor variation still remain
challenges that need to be further investigated when manip-
ulating ASC.

Top-Down ASC Living Tissue Equivalent Approaches

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

In vitro studies

Clinically, autologous bone grafts can provide a treatment
method for critical defect repair, but the quantity of donor
tissue is limited and there is potential for donor-site mor-
bidity. Tissue engineering using ASC combined with a bio-
compatible scaffold is emerging as a novel approach for bone
tissue replacements in repair of critical defect injuries.>'!31~
13 Work by Hattori et al. demonstrated the osteogenic po-
tential of ASC cultured on P-tricalcium phosphate (TCP)
scaffolds with osteogenic media in vitro. Osteocalcin secre-
tion and histology demonstrated an acquired osteogenic
phenotype within these constructs.'® Similarly, our group
has recently shown that ASC-seeded composite TCP/
poly (L-lactic acid) (PLA) scaffolds enhance cell-mediated
mineralization and alkaline phosphatase activity in osteo-
genic media, as compared to the same growth conditions on
a purely PLA scaffold.”*" This suggests that biochemical
composition of the scaffold can play a significant role in di-
recting ASC differentiation and enhancing functionality of
the tissue engineered construct.

More recently, decellularized bone scaffolds derived from
native bone have shown significant promise as a viable and
instructive scaffold material for ASC due to their biochemical
and mechanical properties. Frohlich ef al. have presented an
approach using ASC seeded on a decellularized bone matrix
and reported cell survival, mineral deposition, and expres-
sion of bone-specific markers (collagen, bone sialoprotein,
and OPN) in histological sections, up to 5 weeks in culture.’!
That comparative study showed ASC-seeded bone matrices
supported osteogenic differentiation of ASC under static and
perfusion culture. Perfusion culture improved cellular dis-
tribution throughout the scaffold, thus enhancing the po-
tential three-dimensionality of the construct, a consistent
challenge in creating tissue constructs.*'

A wide variety of scaffold materials, derived from both
natural and synthetic sources, have been used as a platform
for ASC growth and induction toward an osteogenic phe-
notype in two-dimensional and 3D culture. We and others
have shown that ASC acquire an osteogenic phenotype
in vitro when grown on collagen scaffolds in 3D,*"**® de-
cellularized bone scaffolds,® PLA scaffolds,'* p-TCP,3!137
bioceramics,'® and composite scaffolds containing the
aforementioned materials,31/134135139,140 among others. In
general, most top-down in vitro approaches apply similar
methodologies with ASC and simply vary the scaffold type,
but all focus on tissue level resolution and function. The cell-
level effects of scaffold variation will be further discussed in
the section exploring bottom-up approaches.

In vivo studies

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

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

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

ASC Differentiation: Bottom-Up
Cell-Based Approaches

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

Differentiation via chemical stimulation

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

To evaluate the level of osteogenic differentiation re-
sponse, differentiated cells are characterized using histolog-
ical stains, protein and gene markers, and morphological
properties specific to the osteogenic lineage. Typically, the
most straightforward test for differentiation is the Alizarin
Red stain for calcium deposits (Fig. 1b), indicating the
presence of an osteogenic phenotype.'''>1?>!” Osteogenesis
can also be quantified nonspecifically by measuring calcium
content using a colorimetric assay or specifically by the up-
regulation of osteogenic gene and protein markers such as
BMP-2, collagen I, alkaline phosphatase, osteocalcin, OPN
(SPP1), bone sialoprotein (IBSP), and runt-related transcrip-
tion factor-2 (Runx2 also known as CBFa1).!/2831:113.115156,157
Chemically induced differentiation still remains the gold
standard to produce an osteogenic phenotype from ASC,
though it has become quite clear that chemical signals are
certainly not the only mediators in that process.

Differentiation via mechanical stimulation

While chemical differentiation methods are generally
effective at inducing osteogenesis and production of
bone ECM products, studies including mechanical
stimulation'®>?"15871¢! are proving to be more appropriate
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for creation of functional tissue-engineered constructs.
Further knowledge on the native mechanical environments
cells experience in vivo has suggested an entirely different
mode of differentiation signaling from the physical envi-
ronment (Fig. 3).

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

Tensile strain.  Early work by Thomas and El Haj in 1996
and Yoshikawa et al. in 1997 demonstrated some of the first
evidence of in vitro mechanosensitivity in MSC, implicating
the role of tensile strain for MSC osteogenic specifica-
tion.'0%1%% Burther, stemming from in vivo work with dis-
traction osteogenesis,”” "’ cyclic tensile strain has been shown
to establish successfully enhanced osteogenic induction of
bone marrow-derived MSC in vitro.'>*1¢71% Extending the
optimal in vivo distraction osteogenesis parameters to an
in vitro model, Sumanasinghe et al. found that even in the
absence of osteogenic differentiation medium (ie., cells
maintained in complete growth medium) 10% cyclic tensile
strain, applied at a frequency of 1 Hz, for 4h/day, resulted in
an upregulation of BMP-2 in MSC seeded in a 3D collagen I
matrix after 1 week, a significant fourfold increase over un-
strained samples.15 Likewise, Ignatius et al. reported that
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FIG. 3. Schematic of ASC responses to
physical stimulation in 2D culture. Each type
of stimulation results in physical changes in
cell morphology, alignment, conformation of
actin cytoskeleton, and ion channel activity.
(@) Fluid shear deforms the apical surface of
the cell when sensed by cytoskeletal proteins
and activation of stretch-activated ion chan-
nels. (b) Tensile strain elongates the basal
surface of the cell through stretching of the
substrate. Cytoskeletal proteins sense the
cellular deformation via connections to
integrin—substrate adhesions. Strain applied
to the basal surface also induces activation of
stretch-activated ion channels. (¢) Compres-
sive strain applies pressure to the apical
surface of the cell leading to compaction of
the cytoplasm and cytoskeleton. (d) Electrical
stimulation results in cellular and cytoskele-
tal alignment perpendicular to the direction
of the electric field. Ion channel activity
changes, though the mechanism is not clear.
(e) Substrate compliance alters the cell’s
ability to form focal adhesions, limiting cell
spreading and causing integrin-cytoskeleton
mediated changes in cell behavior. 2D, two-
dimensional. Color images available online
at www.liebertonline.com/teb

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

Subsequent work with ASC has similarly demonstrated
mechanosensitivity during osteogenic differentiation, though
the specific mechanisms of the process are less clear. We
have shown that ASC exhibit enhanced osteogenic differen-
tiation when exposed to both continuous (10% strain, 1Hz)
and rest inserted strain (10% strain, 1Hz, 10 rest between
each cycle).?! That particular study specifically compared
ASC from two different donors: one line with high miner-
alization potential in response to chemical stimulation with
osteogenic supplements and the other with low mineraliza-
tion potential. Both modalities of tensile strain enhanced cell-
mediated calcium accretion in both ASC lines; however, the
ASC with a predisposition to greater calcium accretion ex-
pressed a relatively higher osteogenic response to tensile
strain, suggesting increased mechanical sensitivity in this
line.*! Differences in the observed osteogenic response sup-
port the idea that all ASC do not always behave the
same way. Just as human ASC from different donors vary
in their chemical differentiation potential, so do they in
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their mechanosensitivity and differentiation potential. Much
investigation is still needed to understand the underlying
mechanisms of these predispositions and how they are related.

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

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

Fluid flow and shear stress. As stated previously, inter-
stitial fluid flow is believed to impose a physical signal on
osteocytes altering their proliferation and metabolic activi-
ty.33°0°>7273 Empirical and computational studies on the
effects of fluid flow signaling osteogenic proliferation and
differentiation in MSC'®!71¢%170172 haye opened the door for
similar studies in ASC.*?***'7! Fluid perfusion has also
been used as a culture tool to increase dimensionality and
cellular distribution throughout a scaffold material, enhanc-
ing nutrient transport, to create a more functional con-
struct.>>'”? Direct osteogenic signaling via fluid shear in ASC
has been primarily PFF, though constant flow perfusion
culture regimes have been specifically used to promote 3D
cell seeding.®"'7?

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

Additionally, studies by Grayson ef al. and Li ef al. have
utilized a perfusion culture system with steady fluid flow to
distribute MSC throughout 3D scaffold materials.>>'"?
Grayson et al. reported substantial cellular penetration and
distribution throughout a decellularized bone matrix scaffold
and enhanced expression of specific bone matrix markers,
concluding flow rate alone can directly control the quality of
an MSC-derived bone construct.'” Likewise Li et al.
achieved cell survival and shear stress-level dependent os-
teogenic differentiation and matrix mineralization through-
out a TCP scaffold in perfusion culture.*

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

Unconfined and confined compression. Cyclic compres-
sion has been shown to stimulate osteoblast differentiation
and bone formation in vitro and in vivo.**"*17> Although
there has been little work to date on the effect of compression
on ASC osteogenic differentiation, it has been implicated in
MSC osteogenesis and thus likely is another important me-
diator of ASC lineage specification. A majority of the work in
MSC suggests that cyclic compressive loading leads to a
chondrogenic phenotype,'”*"”” though there is some evi-
dence it may also enhance osteogenic differentiation.'”*'”>
However, it is unclear whether it is the compressive force
initiating the mechanically transduced signal, or rather the
tensile force acting along the unconfined axis, orthogonally
to the direction of compression.

Other environmental mediators of differentiation

Electrical stimulation. Electrical stimulation has been
used clinically as a therapeutic procedure to stimulate bone
growth and enhance healing of nonunion bone fractures,
though some argue the evidenced benefits of the proce-
dure.'”® Regardless, the effect of various modalities of elec-
trical stimulation on osteoblast,'”® MSC,'8%-182 and ASC>>2¢
osteogenic differentiation remains an active area of research.
Tsai et al. demonstrated enhanced early osteogenic induction
in MSC via application of low-frequency (7.5Hz) pulsed
electromagnetic fields as determined by an increase in alka-
line phosphatase activity and upregulation of Runx2 and
ALP gene expression.'® Hammerick et al. used pulsed direct
current (DC) at a higher frequency (50 Hz) applied to ASC
and likewise observed enhanced osteogenic differentiation
via upregulation of Opn, Col I, and Runx2 gene expression as
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well as an increase in cytoskeletal tension, as measured by
atomic force microscopy.” Interestingly, this study reported
an important mechanistic finding: the addition of an inhibi-
tor disrupting the tensional action of the cytoskeleton did not
yield an apparent decrease in osteogenesis, suggesting that
electric field effects are not mediated by mechanical changes
in cytoskeletal tension, but rather through another path-
way.?” Similarly, active research in our group has observed
enhanced osteogenesis and intracellular calcium activity in
ASC when exposed to low frequency alternating current
(AC) fields via ASC growth and stimulation on interdigitated
electrodes.” Further understanding of this process is needed
to fully harness the potential of using electrical stimulation as
a tool in creating tissue-engineered bone constructs.

Substrate-mediated differentiation. Another develop-
ment in directing stem cell differentiation has come out of
investigating cell-substrate interactions. Substrate biochem-
ical composition, stiffness, and surface morphology can
greatly affect ASC and MSC adhesion, proliferation, migra-
tion, and differentiation,281317134183-189 Engler et al. demon-
strated distinct morphological, gene, and protein differences
among MSC cultured on collagen-coated polyacrylamide
gels with elastic moduli of 0.1-1kPa, 8-17kPa, and 25-
40kPa. These values were predicted to emulate the tissue
compliance of brain, muscle, and collagenous bone, respec-
tively.”® They described synergistic lineage specification ef-
fects when combining chemical differentiation media with
the appropriate substrate stiffness for the target phenotype.
Following that study, work by Rowlands et al. described the
interplay between substrate stiffness and surface ligand
properties, through testing various ECM coatings. This
group reported greatest osteogenic differentiation of MSC on
the stiffest (80kPa) collagen I-coated substrate through ex-
pression of Runx2 as compared to other ECM coatings. In-
terestingly, MSC showed peak expression of myogenic
marker MyoD1 at varying moduli depending on type of
ECM coating.'®®

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

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

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