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Abstract

Tissue-specific stem cells are found throughout the body and, with proper intervention and
environmental cues, these stem cells exercise their capabilities for differentiation into several
lineages to form cartilage, bone, muscle, and adipose tissue in vitro and in vivo. Interestingly, it
has been widely demonstrated that they do not differentiate with the same efficacy during lineage-
specific differentiation studies, as the tissue-specific stem cells are generally more effective when
differentiating toward the tissues from which they were derived. This review focuses on four
mesodermal lineages for tissue-specific stem cell differentiation: adipogenesis, chondrogenesis,
myogenesis, and osteogenesis. It is intended to give insight into current multilineage
differentiation and comparative research, highlight and contrast known trends regarding
differentiation, and introduce supporting evidence which demonstrates particular tissue-specific
stem cells’ superiority in lineage-specific differentiation, along with their resident tissue origins
and natural roles. In addition, some epigenetic and transcriptomic differences between stem cells
which may explain the observed trends are discussed.
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Introduction

Humans and other higher eukaryotes utilize various populations of stem cells throughout the
developmental process and into adulthood. The vast repertoire of functional stem cell
populations is imperative to normal cellular and tissue renewal. Despite possessing a high
degree of pluripotency and proliferative potential (1), embryonic stem cell research has been
met with various ethical concerns and strict regulations, especially in the United States,
restricting the use of such stem cells in research and clinical settings. These obstructions
have forced scientists to search for alternative approaches in stem cell therapy, shifting
research focus to the utilization of somatic stem cells for regenerative medicine and tissue
engineering.

Somatic stem cells, commonly referred to as adult stem cells (ASCs) or tissue-specific stem
cells, are present throughout various tissues in the body (2). Tissue-specific stem cells are
multipotent and self-renewing cells which possess endogenous functions for tissue renewal
and repair at their respective resident tissues (3). Although ASCs seem to exist ubiquitously
throughout a variety of tissues, current literature suggests that not all are necessarily created
equal in their differential and proliferative capacities, or their ability to respond to outside
influences such as microenvironments. In reality, ASCs have inherent properties which
greatly contribute to their ability to undergo successful single lineage-specific
differentiation. Great variability in the differential capacity certainly exists between tissue-
specific stem cells, which may vary within the same cell type. Populations and
subpopulations of cells derived from the same tissue may exhibit slight variations in surface
marker expression or in their expression of a single gene, which may alter their tendency to
engage in uniform lineage-specific differentiation. For researchers investigating stem cell-
based tissue engineering, it is necessary to choose the most appropriate type of ASCs
naturally suited to the research goals and objectives. Many times, the inherent properties of
tissue-specific stem cells are overlooked. This review focuses on four mesodermal lineages
for ASC differentiation: adipogenesis, chondrogenesis, myogenesis, and osteogenesis. It is
intended to review the current multilineage differentiation and comparative research,
highlight and contrast known trends regarding differentiation, and introduce supporting
evidence which demonstrates particular ASCs’ superiority in lineage-specific differentiation,
concomitant with their resident tissue origins and natural roles. In addition, some epigenetic
and transcriptomic differences between stem cells which may explain the observed trends
are discussed.

Tissue-Specific Stem Cells Benefiting Lineage-Specific Differentiation

Adipogenesis
Although commonly removed via liposuction surgery, newly differentiated ASCs from
adipose tissue have therapeutic potential in cosmetic surgery (2), as well as tissue grafts for
burn victims and autologous transplantation (4). The use of adipose-derived stem cells
(ADSCs) in lineage-directed studies has been established, with their greatest success
demonstrated along the adipogenic lineage (Figure 1).
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In a multilineage comparison study by Yoshimura and colleagues using murine ASCs, the
greatest adipogenic potential was observed using Oil-Red-O staining in the groups from
both synovial-derived stem cells (SDSCs) and ADSCs compared to those from muscle-
derived stem cells (MDSCs), periosteum-derived stem cells, and bone marrow-derived stem
cells (BMSCs). These findings were supported by reverse transcription polymerase chain
reaction (RT-PCR) results for adipogenic markers [peroxisome proliferator-activated
receptor gamma (PPARG) and CCAAT/enhancer binding protein alpha (CEBPA)] after four
days of adipogenic lineage induction (5). These conclusions were consistent with the
findings by Sakaguchi and colleagues. They found that the SDSC and ADSC groups
represented the only groups with each of their three colonies stained positive for lipid
accumulation; the BMSC group had one colony with a staining rate greater than 80%. In
contrast, the periosteum and MDSC groups had zero colonies possessing a rate of Oil-Red-O
staining greater than 80%, which is indicative of being highly inferior for adipogenesis (6).
These results are further supported by the work of Mochizuki and colleagues, where
differences between SDSCs harvested from fibrous synovium, SDSCs from adipose
synovium, and subcutaneous ADSCs were indistinguishable in Qil-Red-O staining (7). Ina
multilineage study by Peng and colleagues, rat ADSCs exhibited the greatest normalized
PPARG and lipoprotein lipase (LPL) levels at day 7 in an adipogenic induction regimen,
demonstrating superior adipogenic potential of ADSCs to BMSC and cartilage-derived stem
cell groups, which was further confirmed by densitometric analysis of Oil-Red-O stained
cultures (8). Based on these studies, it appears that SDSCs and ADSCs can each undergo
successful adipogenic differentiation. More studies need to be conducted in order to
determine if definitive adipogenic superiority exists between the two cell types.

In another comparative study using several types of tissue-specific stem cells, ADSCs were
directly compared with BMSCs after seeding on collagen scaffolds. Despite similar
trilineage differentiation overall (chondrogenic, adipogenic, and osteogenic) between both
groups, there was a significantly greater and more rapid upregulation of adipogenic genes in
ADSCs and osteogenic genes in BMSCs after in vitro induction (9). A transcriptomics study
by Monaco and colleagues aimed to compare the differentially expressed genes of ADSCs
derived from adult porcine subcutaneous adipose tissue and BMSCs derived from the femur
before and after osteogenic and adipogenic differentiation (10). Just as Vishnubalaji and
colleagues observed (11), Monaco and colleagues found that ADSCs had greater lipid
metabolism than BMSCs while BMSCs had an increased osteogenic and proliferative
capacity; ADSCs exhibited significantly lower expression for osteopontin (OPN) than
BMSCs, which was also confirmed by quantitative RT-PCR. Based upon their functional
analyses, it is reasonable to suggest that ADSCs naturally progress toward the adipogenic
lineage with greater propensity than BMSCs and vice versa (10).

Chondrogenesis

Producing healthy, viable human cartilage for surgical repair through autologous
transplantation has widespread therapeutic potential, especially for patients in the aging
populations. The synovium has proved to be a valuable source of ASCs for effective
induction of chondrogenesis and the production of high-quality cartilage in vitro (12, 13)
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and in vivo (14), but it has also been investigated in osteogenic, adipogenic, and myogenic
experiments (Figure 1).

SDSCs have a tendency to progress toward the chondrogenic lineage more effectively than
other stem cells. Mochizuki and colleagues found that human SDSCs from both fibrous and
adipose synovium exhibited similar superiority over subcutaneous ADSCs in chondrogenic
potential (7). Another study comparing various human ASCs from separate sources was
performed by Sakaguchi and colleagues, where SDSCs were once again the most superior
source for stem cell chondrogenesis over ADSCs and MDSCs; the SDSC group yielded
pellets with the largest size and the highest intensity for toluidine blue cartilage matrix
staining (6). Similar conclusions were supported by Yoshimura and colleagues, who
reported that rat SDSCs exhibited the greatest efficiency and growth kinetics, producing the
heaviest chondrogenic pellets due to matrix formation (5). Compared to BMSCs, ADSCs
exhibited a reduced chondrogenic potential under standard culture conditions driven by
transforming growth factor beta (TGF[). Hennig and colleagues found that human ADSCs
had reduced expression of bone morphogenetic protein-2 (BMP2), -4 (BMP4), and -6
(BMP6) mRNA and did not express TGFj-receptor-1 protein. BMP6 treatment induced
TGFp-receptor-1 expression and combined application of TGFp and BMP6 eliminated the
reduced chondrogenic potential of ADSCs inducing a gene expression profile similar to
differentiated BMSCs. Similar to BMSCs, chondrogenesis of ADSCs was associated with
hypertrophy according to premature collagen X (COL10A1) expression, upregulation of
ALP activity, and in vivo calcification of spheroids after ectopic transplantation in SCID
mice (15). Although this study did not use SDSCs (in addition to BMSCs and ADSCs) to
similarly compare their hypertrophy or calcification fates, SDSCs have been evaluated in
other studies. In a report using an osteogenic induction medium, SDSCs exhibit a 5- to 10-
fold decrease compared to BMSCs in the levels of osteocalcin (OCN) and ALP (16), which
are known to contribute to calcification and pro-osteoblast activity; however, the generation
of articular cartilage without hypertrophic terminal differentiation still remains a current
challenge in the field (17).

Several studies have compared the in vivo efficacy and capabilities of SDSCs for cartilage
regeneration and repair of osteochondral defects in rabbit models. After initially
demonstrating that SDSCs were superior stem cells for chondrogenesis, Koga and
colleagues transplanted donor-matched ASCs to repair cartilage defects created in a rabbit
model and found that SDSCs and BMSCs produced significantly greater amounts of
cartilage matrix than other cells of adipose and muscle tissue origins; when SDSCs were
transplanted at a higher cell density and with a periosteal patch, more abundant cartilage
matrix was observed. They also noted that SDSCs had a clear advantage in terms of
proliferative potential, giving SDSCs an additional edge over BMSC counterparts for
therapeutic applications (18). In another similar in vivo experiment, Pei and colleagues set
out to repair full-thickness rabbit cartilage defects via allogeneic in vitro engineered SDSC
cartilage constructs. Six months after implantation of SDSC-based constructs, the femoral
condyle defects were filled with smooth hyaline-like cartilage, did not exhibit collagen I,
and possessed high levels of collagen Il and glycosaminoglycan (GAG), with well integrated
new tissue formation. These results are contrasted by control groups which possessed
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fibrous tissue (14). A third study using a rabbit model for defective articular cartilage repair,
Lee and colleagues also tested SDSCs’ in vivo effectiveness. For this study, SDSCs were
seeded in a platelet-rich plasma (PRP) gel, which could be injected into the femoral defect.
After 24 weeks, results very similar to the Pei et al. study were obtained, with fibrous tissue
in the control group and hyaline cartilage in both the PRP group and the PRP-SDSC group.
The PRP with seeded SDSCs possessed greater GAG content than the non-SDSC groups, as
well as the greatest collagen Il expression (19). In another relevant study, hydrogel
encapsulated porcine SDSCs, BMSCs, and ADSCs were compared for in vitro and in vivo
chondrogenesis, SDSCs were once again found to be the most chondrogenic. SDSCs yielded
mechanically stiffer constructs and as others have found, SDSC hydrogels exhibited the
greatest GAG and collagen expression of any group (20).

SDSCs’ success in chondrogenesis seems to lie in their inherent cellular properties and
growth characteristics (17, 21). One study found that chondrocytes and intraarticular tissue
stem cells (including SDSCs) from human donors exhibited a higher expression of proline
arginine-rich end leucine-rich repeat protein (PRELP), a connective tissue glycoprotein of
the leucine-rich repeat family abundant in cartilage rather than in cultured fibroblasts, which
was absent in extraarticular tissue stem cells, such as ADSCs and MDSCs; BMSCs
increased PRELP expression during in vitro chondrogenesis (22). After many passages,
ASCs tend to undergo a process marked by telomere shortening and replicative senescence,
leading to impaired ability to differentiate into specific tissues (23). SDSCs retain
multipotency for up to ten passages with limited cell senescence and retained chondrogenic
capacity (24). This characteristic presents a reasonable explanation for SDSCs’ remarkable
ability to successfully differentiate into cartilaginous tissue and, to a lesser degree, yet
notably, the ability to produce muscle, bone, and adipose tissue. It is also notable that the in
vitro microenvironment can influence SDSC differentiation toward chondrogenesis,
particularly the extracellular matrix (ECM). ECM deposited by SDSCs has been shown to
improve SDSC expansion in vitro and shift the SDSCs at a greater propensity toward the
chondrogenic lineage, while decreasing osteogenesis and adipogenesis (25, 26).

Several potential therapeutic applications for myogenically differentiated stem cells exist,
including dystrophic diseases and orthopaedic surgery (27). Therapies which produce viable
muscle tissue have the potential to aid against the pathogenicity of muscle diseases and
elucidate natural mechanisms for muscle repair via ASCs. The contribution of MDSCs to
myogenic differentiation in vitro have been investigated, as well as their ability to contribute
to muscle tissue in vivo. Following a similar trend as other tissue-specific stem cells,
MDSCs seem to most effectively undergo myogenesis than other types of lineage
specification (Figure 1).

Several muscle progenitor populations have been identified in muscle which do not express
satellite cell markers such as Pax7, and some of these populations have been shown to be
myogenic in vivo and in vitro. One such population located in the interstitium of postnatal
muscle, expressing PW1, a cell stress mediator, is referred to as PW1*/Pax7~ interstitial
cells (PICs). Mitchell and colleagues found that PICs exhibited comparable levels of
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myogenesis to that of satellite cells in vivo and engaged in the stem cell process of self-
renewal. Interestingly, PICs require Pax7 for myogenic specification, as none of the Pax7-
deficient PICs was deemed myogenic (28). Differing from the commonly researched and
highly myogenic populations of Pax7+ muscle satellite cells (27, 29), other MDSCs can be
multipotent and have the capacity to differentiate into many cell types such as myocytes,
chondrocytes, adipocytes, and osteocytes under the necessary conditions (30). Aside from
PICs, other muscle-derived cell populations have been discovered and evaluated for their
contributions to muscle repair (31-34). Some of these muscle-derived side populations may
be able to form new myotubes and contribute to muscle repair and regeneration (35). It
should be noted that, despite the fact that several populations expressing mesenchymal stem
cell markers have been identified and can engage in multilineage differentiation, their stem
cell status is currently debated in the field; however, it is accepted that non-satellite muscle
cells accumulate in the interstitium following muscle injury and can contribute to muscle
repair in the presence of necessary environmental or outside factors (31), leading some
investigators to speculate about their roles in the repair of damaged muscle.

In a study by Meligy and colleagues, ADSCs, BMSCs, and skeletal MDSCs were harvested
from six-week-old rats for in vitro myogenic comparative studies. Flow cytometry data
showed that all stem cells exhibited positive expression of CD90 and CD44 and lacked
expression of CD35, CD41, and CD34. Under myogenic induction, the greatest myogenic
marker expression was exhibited by the skeletal MDSC population with peak myogenin
expression of 93% in the myogenically differentiated MDSCs, 83.3% in the BMSCs, and
77% in the ADSCs (36). The similarity of myogenic potential between BMSCs and ADSCs
was also demonstrated in another report using rats. After four passages, investigators
observed high expression of CD90 in both ADSCs and BMSCs and a reduction of CD44
expression in ADSCs. They also observed significantly higher expression of myogenic
differentiation 1 (MyoD1) in BMSCs compared to ADSCs (37). In a related comparative
study conducted by Lei and colleagues, after a 28-day myogenic induction, higher
expression levels of skeletal muscle-specific genes were observed in adult mouse MDSCs
than fetal counterparts (p < 0.01) and the lowest expression levels were demonstrated in
ADSCs (p < 0.01). All stem cells were detected for both CD29 and CD90 positive and
CD45 negative phenotype, and exhibited fibroblast-like spindle morphology in cell cultures.
In addition, muscle-specific cadherin (M-Cad) and myosin heavy chain (MyHC) expressions
in ADSCs were not detected by immunofluorescence or quantitative real-time PCR (38).
These results suggest that some inherent properties may exist in non-satellite MDSC
populations, which allowing the MDSC populations to more readily upregulate myogenic
genes and progress along the myogenic lineage than stem cells from alternative sources.

Satellite cells and other MDSC side populations seem to be the most natural choice for
producing quality myotubes; however, other stem cells have been utilized, despite the fact
that ADSCs appear to be a poor choice. In two separate experiments by De Bari and
colleagues, SDSCs were evaluated for myofiber incorporation and myogenic capacity (24,
39). In the earlier study from 2001, five SDSC clones were evaluated for adipogenic,
myogenic, chondrogenic, osteogenic, and myogenic differentiation capacity. All clones were
determined to be fully capable of chondrogenesis, adipogenesis, and osteogenesis; however,
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this myogenic differentiation was described as a “few scattered, rudimentary myotubes”
(24). In their later 2003 study, using the in vivo mdx mouse model and tibialis anterior
muscle injection of human SDSCs, they found that SDSCs possessed the capacity to
contribute to myofiber formation, independent of fusion with muscle cells. Successful
myogenesis occurred and the implanted SDSCs were able to contribute to the local satellite
cell population (39). More research is needed to truly elucidate the complete differential
capabilities of non-satellite muscle-derived cell populations, as well as an accurate method
for classifying the status of these populations as stem cells.

Osteogenesis

In conjunction with cartilage engineering studies, experiments which aim to produce bone
tissue are crucial and invaluable to the medical community. Bone constructs produced from
stem cells can be used in fracture repair, as well as treating bone tissue defects (40).
Although BMSCs have been evaluated for multilineage potential, especially chondrogenesis,
they most effectively undergo osteogenic differentiation (Figure 1).

Several in vitro studies have been performed which demonstrate the superior capabilities of
BMSC:s to differentiate into bone tissue. A comparison study by Im and colleagues set out to
determine the difference between the chondrogenic and osteogenic capacity of ADSCs and
BMSCs by differentiating these cells on a monolayer culture. Based on the results of Von
Kossa matrix mineralization assay and alkaline phosphatase (ALP) staining for osteoblastic
differentiation, the BMSCs proved to be superior to the ADSCs (41). This conclusion was
also in agreement with another comparative study by Vishnubalaji and colleagues (11). Ina
study which took a less common approach to evaluate osteogenesis, Park and colleagues
used Chip-Based assays to measure osteogenic markers and gene expression to compare the
potential of human BMSCs and ADSCs for bone formation. Using hydraulic pressure to add
cell stress, they saw increases in bone matrix formation in both cell types; however,
stimulated BMSCs showed greater staining in Alizarin Red S and ALP assays which is
indicative of osteogenesis. They concluded that BMSCs were more susceptible to changes in
osteogenic differentiation under mechanical stimulation than ADSCs (42). This conclusion
seems reasonable when one considers the weight bearing responsibility and mechanical
stability demand of the human skeletal system, which is likely a manifestation of the
susceptibility and responsiveness of osteoblastic precursor and BMSC populations to such
mechanical forces.

These growth and differentiation characteristics may also contribute to their natural and
specific inclination toward the osteogenic lineage, as well as their role as effective ASCs for
bone growth and formation. This idea was tested by Muraglia and colleagues with BMSCs
for osteogenesis, chondrogenesis, and adipogenesis after producing non-immortalized
clones. In two clone groups, 60% and 80% of clones in each respective group were bipotent
toward the osteochondrogenic lineage. They found that some groups of BMSC clones do in
fact possess trilineage potential at the clonal level; however, the BMSCs studied seem to
favor the osteogenic lineage, as they shed their multipotency and all clones progressed
toward osteogenic differentiation. All clones exhibited this osteogenic bias. Notably, certain
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clonal phenotypes were not observed in the study, such as clones which expressed the
chondrogenic or adipogenic phenotypes exclusively (43).

Other support for BMSCs’ superiority in osteogenesis is highlighted in a report that,
compared with ADSCs and SDSCs, equine BMSCs exhibited significant five-fold increases
in runt-related transcription factor 2 (RUNX2) levels on day 7 of osteogenic differentiation
and a six-fold increase in expression by day 14; levels of osteoblast-specific marker Osterix
(OSX), were much higher (greater than 10 times) at basal levels in BMSCs versus ADSC
and SDSC cell groups and Osteomodulin (OSM), a protein found in mature osteoblasts
which links cells to the ECM, showed levels that were twice as high in BMSC cultures as
well (44). Another earlier study by Jansen and colleagues found that there were large
differences between the genetic profiles of ASCs derived from differing sources; human
BMSCs appear to be more genetically prepared to undergo skeletal development than
human ADSCs (45). With the consideration of apparent differences in gene expression in
predifferentiated states of various ASCs, as well as unique features based solely upon
harvest location and cell type, questions regarding genetic predisposal and natural capability
are valid.

Although ADSCs and MDSCs can differentiate into osteoblasts in vitro, they have not been
demonstrated as contributing to bone repair in vivo (46), although some controversy exists
as to whether muscle may also contribute stem cells to repair. Cells derived from adipose
and muscle tissues that are more accessible can potentially serve as autologous transplants.
ADSCs have been expanded in vitro and tested in vivo for cartilage and bone formation (47).
When transplanted in muscle, ADSCs induce ectopic bone (48). In a canine defect model,
ADSCs did not have a significant effect on repair when transplanted locally even after
osteogenic differentiation; however, ADSCs could augment bone regeneration after genetic
modification to overexpress BMP2 (49). Shen et al. demonstrated that MDSCs expressing
BMP4 could heal a critical-sized skull bone defect in immunocompetent mice; MDSCs
could still be found in the repair site at 3 weeks post implantation, but were mostly gone by
4 weeks, although some of the cells appeared to differentiate into osteoblasts in the new
bone (50). Thus, MDSCs and ADSCs can act mainly as carriers, producing osteogenic
factors to recruit endogenous cells.

In addition to the in vitro experiments which lend support to the osteogenic success of
BMSCs, in vivo studies have also proven similar conclusions. In experiments testing the
ability of BMSCs to repair bone defects in the mid-diaphysis of rabbits, the BMSC treatment
groups, either from an autologous or allogeneic source, were determined to be more
effective in osteogenesis and bone formation in vivo (51). Sato and colleagues obtained
similar results, with successful administration of BMSCs to rabbit periosteal distraction.
BMSC:s significantly contributed to increases in bone height, volume, mineral density, and
bone mineral content (52). Success of BMSCs was not only demonstrated in animal models,
but also in an earlier clinical study by Quarto and colleagues. They used bone marrow
progenitors harvested from bone marrow and expanded the cells ex vivo to repair large bone
defects in three patients. Implants were aided by macroporous hydroxyapatite scaffolds. In
all patients, radiography and computed tomography confirmed successful bone-implant
integration and callus formation at the repair sites (53). Just as with SDSCs and
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chondrogenesis, the ECM microenvironment can help dictate differentiation. A BMSC-
based ECM enhanced osteogenesis of BMSCs expanded on this ECM, which seems to
reflect the ASCs’ capacities for differentiation toward their “intended” lineages based on
their individual matrix properties as tissue-specific stem cells (54). With successful
integration into the bone tissue for in vivo repair, undeniable successful differentiation, and
studies suggesting their favoritism toward the osteogenic lineage in vitro, BMSCs appear to
be an ideal choice for ASC osteogenesis.

Mechanistic Explanations of Niche Specific Lineage Preference by Adult
Stem Cells

Several studies have found proteonomic, transcriptonomic (16, 55-60), and epigenomic (61,
62) heterogeneity in stem cells from different tissues which may account for the source-
dependent lineage preferences. In an effort to provide plausible mechanistic explanations for
the lineage preferences of ASCs discussed above, we reviewed studies that compared the
molecular properties of stem cells taken from different tissues and, when possible, discussed
the significance of these differences in the context of stem cell differentiation. Given the
number of recent reviews on this topic (63-65), the question has not been addressed: “Why
do adult stems cells from different tissues preferentially differentiate into different
lineages?”, which is central to the premise of this paper. Consequently, we focused on
reviewing the molecular differences between stem cells taken from different tissues,
drawing parallels, where possible, to studies that have investigated the mechanistic impact
of the genes, proteins, and mRNA that vary in the stem cells based on tissue of origin.

Differences in Gene Expression

The stem cells from different sources have unique genetic profiles that inherently affect their
ability to differentiate along various lineages (45). Investigation of genetic differences in
ASCs has revealed differences in the expression of several genes, some of which have been
directly implicated in differentiation mechanisms. For instance, the expression of the
osteogenic genes OSX and OPN was higher in human BMSCs than in human ADSCs, while
the expression of the adipogenic genes LEPTIN and ADIPSIN was highest in ADSCs, which
has led some to conclude that ASC lineage preference is affected by their tissue of origin
(66). Furthermore, a comparison of human BMSCs with cord blood-derived stem cells and
ADSCs demonstrated that expression of ALP and RUNX2 was the greatest in BMSCs at all
stages of osteogenic differentiation (65). Although BMSCs expressed the highest levels of
collagen I (COL1A1), osteonectin (ON), and BMP2 during osteogenic induction, it was
observed that ADSCs expressed higher levels of COL1A1, ON, and BMP2 prior to
differentiation, which suggests that the expression profile of “resting” stem cells is not
necessarily predictive of lineage preference (67). The findings are in accord with earlier
studies that, under osteogenic induction, elevated osteocalcin (OCN, an osteogenic, hon-
collagenous protein) levels and ALP (a ubiquitously used marker of osteogenesis) activities
per DNA in rat BMSCs were observed in comparison with ADSCs; further in vivo study by
subcutaneously implanting the composites of these cells and hydroxyapatite ceramics into
syngeneic rats for 6 weeks demonstrated that the bone volume of BMSC composites was
more than that of ADSC composites (p < 0.001), quantified by micro-computed
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tomographic analysis (68). Moreover, Djouad et al. observed a statistically insignificant
increase in the upregulation of collagen 1l (COL2A1) and aggrecan (ACAN) during
chondrogenesis by human SDSCs relative to BMSCs, and a statistically significant increase
in the upregulation of OCN and ALP during osteogenesis of human BMSCs relative to
human SDSCs (16). It has also been reported that human SDSCs exhibited greater
expression of platelet-derived growth factor receptor alpha (PDGFRa) than human BMSCs;
due to human serum containing high levels of PDGF, neutralizing PDGF decreased the
proliferation of SDSCs with autologous human serum (69), while human ADSCs expressed
higher levels of integral membrane protein 2A (ITM2A) than human BMSCs, and forced
expression of ITM2A inhibited chondrogenesis in a murine mesenchymal stem cell line
(C3H10T1/2) (70).

Noel and colleagues observed differential expression between human BMSCs and ADSCs
of genes (WNT11, WNT7B, and SOX6) involved in Wnt signaling and differentiation, an
interesting finding in light of the osteogenic function of Wnt signaling (55). Canonical Wnt
signaling elevates intracellular levels of 3-catenin, which transposes to the nucleus and
heterodimerizes with lymphoid enhancer-binding factor/T cell factor (LEF/TCF), eventually
triggering translation of genes that affect lineage choice (71), while non-canonical Wnt
signaling is independent of -catenin (65). Both, however, are widely regarded to be mostly
osteogenic (72), suggesting that the differential expression of Wnt signals may help
predispose BMSCs toward osteogenesis. This supposition is in line with a recent report that
the signaling pathways enriched in human BMSC-TERT [transduced with human
telomerase reverse transcriptase gene (hTERT)] included pathways involved in bone
formation (e.g. Wnt, TGF3) and mitogen-activated protein kinase (MAPK) signaling while
signaling pathways enriched in human ADSCs belonged to adipocyte-relevant metabolic
functions (e.g. steroid hormone biosynthesis and linoleic acid metabolism) (73). This finding
is in agreement with other studies of human ASCs, which have found greater expression of
genes relevant to bone formation or osteoblast differentiation in BMSCs relative to ADSCs,
and a higher expression of genes relevant to lipid metabolism in ADSCs relative to BMSCs
(74, 75). The studies referenced above demonstrate that heterogeneity in gene expression
exists in stem cells from different tissues, and the tissue specific profile of gene expression
correlates with differentiation preference.

Differences at the Epigenetic Level

The heterogeneity of ASC epigenetics may explain the differences in gene expression
among ASCs of differing origins (Figure 2). Collas and colleagues noted hypomethylation in
the promoters of four adipogenic ADSC genes (76) and asked whether ASCs were pre-
programmed toward a certain lineage by DNA methylation (77). At least in part, the answer
to the above question appears to be in the affirmative; as Boquest et al. noted, human
ADSCs are hypermethylated in the promoters for the myogenic differentiation gene
myogenin (MYOG) and the endothelial genes CD31 and CD144 (also called vascular
endothelium cadherin or CDH5), and, relative to adipogenic genes, are also hypermethylated
at the promoter of the osteogenic gene osteoglycin (OGN) (76-78). Mouse BMSCs were
shown to undergo demethylation and gene upregulation at the OPN promoter following
mechanical stimulation (a well-recognized osteogenic stimulus) and it was hypothesized that
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the absence of epigenetic changes to OCN and COL1A1 promoters resulted from these
regions having already been primed for osteogenesis by methylations occurring prior to
mechanical stimulation (79). In human SDSCs, it was found that 10 of 11 chondrogenic
genes tested were promoter hypomethylated (80), which may partially account for the
preference of human SDSCs to differentiate into chondrocytes (6).

Furthermore, it was shown that promoters of osteogenic transcription factors are
hypermethylated in the murine myoblast C2C12 cell line relative to promoters of myogenic
transcription factors, and that chemically induced demethylation enhances osteogenesis and
adipogenesis of C2C12 cells. Hupkes et al. postulated that DNA methylation
preprogramming could underlie the default differentiation of C2C12 cells toward the
myogenic lineage (81). Collas described 400700 hypermethylated genes specific to
ADSCs, BMSCs, and muscle progenitor cells (MPCs) and commented that these
methylation patterns might be determined by the tissue-specific stem cell niche (82).

While CpG methylation is a well-studied epigenetic modification to DNA, research
indicates poor correlation between gene expression and promoter methylation, suggesting
that other epigenetic mechanisms may also be important determinants for lineage preference
(77, 81, 83). Additionally, many studies have discovered general hypomethylation of
lineage-specific promoter regions in mesenchymal and non-mesenchymal ASCs, regardless
of origin (61, 84, 85). These observations helped clarify the role of CpG island methylation
in lineage-specific promoters; it appears that hypomethylation of these promoters is
permissive, but not necessarily predictive, of lineage preference (62, 82).

The functional significance of methylation patterns outside promoter regions is incomplete
and poorly understood. Irizarry et al. showed that most tissue-specific methylation changes
do not occur in CpG islands, but rather in nearby “CpG island shores”, and that gene
expression is tightly linked with these methylation patterns (86). However, others have
found that tissue-specific methylation often occurs within coding sequences or entirely
downstream of known genes (87) and have postulated that such sites might contain standard
methyl-sensitive repressor elements that are able to operate at a distance to silence adjacent
promoters (87). Intragenic methylation may also enhance transcription of noncoding RNA
(87), a theory with interesting implications in light of our growing appreciation for the roles
of micro RNA (miRNA or miR) in stem cell differentiation (88-90).

Histone modifications may also play a large role in influencing the lineage preference of
ASCs (91). In human BMSCs, the promoter regions of the master adipogenic transcription
factor, PPARG, is histone 3 lysine 9 (H3-K9) methylated, an epigenetic modification that
repressed transcription, leading Tan et al. to hypothesize, “adipogenic lineage-specific genes
regulated by PPARG may be silenced by the H3-K9 hypermethylation at their promoter
regions” (92). Later research indicates the promoters of 70% of underexpressed genes in
human BMSCs were indeed H3-K9 methylation enriched (93). In human ADSCs, both the
permissive H3-K4M3 and repressive H3-K27M3 marks have been noted on promoters for
lineage-specific genes (94), which led Collas et al. to theorize that adipogenic promoters are
preprogrammed for activation upon adipogenic stimulation (83). Human BMSCs are also
hypomethylated as well as H3-K4M3 and H3-K27M3 enriched (61) and this pattern may

Sem Cell Rev. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pizzute et al.

Page 12

also regulate myogenesis (95). It is believed that this “bivalent” histone modification pattern
positions a cell to rapidly respond to differentiation inducing stimuli; the loss of this bivalent
pattern may correspond to diminished stem cell potency and differentiation (61, 85, 96, 97).

A recent study by Ragni et al. compared the miRNA profiles of human ASCs taken from
sources including bone marrow, adipose tissue, and umbilical cord blood. The authors noted
that the miRNA expression patterns between ASCs from unmatched donors were mostly
consistent (98). In contrast to earlier studies which found only a single miRNA, miR-424,
differentially expressed between human ADSCs and BMSCs (96), Ragni and coworkers
concluded that, although the miRNA expression patterns of the various ASC types are
similar, there appear to be at least 20 differentially expressed miRNAs between human
ADSCs and human BMSCs (66). Interestingly, they noted expression differences in several
miRNAs that may be involved in lineage choice.

First, they noted that the expression of miR-135b is nearly 48 times higher in BMSCs than
ADSCs (66). Studies have suggested that miR-135b was downregulated in unrestricted
somatic stem cell osteogenic differentiation (99); mesenchymal stem cells from multiple
myeloma patients exhibited an abnormal upregulation of miR-135b, showing meanwhile
impaired osteogenic differentiation and a decrease of mothers against decapentaplegic
homolog 5 (SMADS5) expression, which is the target of miR-135b involved in osteogenesis
(100). As reviewed by Cook et al., SMADs 1, 5, and 8 usually transmit BMP signaling,
which activates distal-less 5 (DLX5), resulting in the downstream activation of RUNX2 and
0OSX (63). miR-135 targeting SMADS could effectively inhibit osteogenesis (88, 101).

Second, it was found that miR-138 was 11 times more highly expressed in BMSCs than in
ADSCs (66). miR-138 has been implicated in inhibiting adipogenesis (102) as well as
osteogenesis (103). Focal adhesion kinase (FAK), which regulated the osteogenesis of stem
cells (104), has been identified as a target of miR-138 in human BMSCs (103). Another
miRNA of interest, miR-31, was expressed at fivefold greater levels in BMSCs than in
ADSCs. miR-31 downregulated the adipogenic CEBPA (88, 105) as well as osteogenic OSX
(106). Deng and colleagues investigated the role of miR-31 in rat ADSCs and concluded that
miR-31, which was suppressed by elevated Runx2 expression, inhibits osteogenesis,
possibly by decreasing the translation of special AT-rich sequence-binding protein 2 (Satb2)
(107), a conclusion similar to earlier work demonstrating that miR-31 was diminished in
osteo-differentiated BMSCs relative to BMSCs and that transfection with antisense miR-31
increased expression of Runx2 and BMP receptor 2 (BMPR2), promoting osteogenesis
(108).

Finally, Gao et al. showed that miR-424, which was expressed 5.5 times more in ADSCs
than BMSCs (66), was diminished in osteo-differentiated BMSCs, and predicted that
miR-424 played a role in inhibiting osteogenesis (108). The combination of these findings
suggests that, although much of the tissue-specific miRNA expression in stem cells
functions to prevent the premature differentiation of these stem cells, the unique profile of
different tissue-specific stem cells may also help to determine lineage preference. Ragni and
colleagues concluded that differential expression of miRNA may provide a molecular
explanation of stem cell niche memory (66). Although the above findings may not be
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sufficient to completely explain, mechanistically, the observation that stem cells from
different tissues exhibit lineage preferences, it is clear that there is extensive epigenetic
variability between stem cells based upon origin, and it seems likely that these differences,
such as the restrictive promoter hypermethylation or the repression of a signaling molecule
implicated in differentiation (FAK, for example), play a role in the mechanisms underlying
lineage preference.

Differences at the Protein Level

There is evidence that stem cells from different tissues differ in their expression of ECM
proteins and secreted factors. Researchers compared the surface proteins of stem cells from
different origins and concluded that, while expression of many surface markers is similar,
differences do exist. For example, CD146 was more highly expressed in human BMSCs
than human ADSCs (73), and CD49d was less pronounced in adult human BMSCs than
perinatal human stem cells from amniotic membrane, though this finding could be
influenced by donor age (60). Further, ADSCs have been found to express CD34 after
isolation, while BMSCs do not (109).

Mesenchymal stem cells’ secretion and responses to soluble factors may vary depending on
the tissue of origin. A comparison of human BMSCs and ADSCs revealed that, at early
passages (P2-P4 or up to 14-15 in vitro population doublings), BMSCs secreted more
vascular endothelial growth factor (VEGF), stromal cell-derived factor 1 (SDF-1), monocyte
chemotactic protein-1 (MCP-1), and TGFB1 than ADSCs did (110). TGFpL1 is of particular
interest given its important role in regulating stem cell differentiation. TGFB1 signals
through multiple pathways, including SMAD2/3, MAPK, and Wnt. Zhao and Hantash have
provided a thorough review of TGFB1 regulation of BMSC differentiation to which the
reader is referred for a detailed discussion. In short, TGFB1 inhibited adipogenesis in
fibroblasts (and possibly BMSCs), but stimulated chondrogenesis and osteogenesis of
BMSCs (111). TGFB1 may also trigger chondrogenesis in human ADSCs (112), but the
chondrogenic commitment of TGFp1-treated ADSCs is delayed relative to their BMSC
counterparts (113). Afizah and colleagues demonstrated that human BMSCs synthesized
more GAG and collagen Il following TGFp3 treatment than donor-matched ADSCs (114). It
has further been shown that dexamethasone augmented the TGFp1-induced chondrogenesis
in 4-month-old bovine BMSCs, but not in 4-month-old bovine SDSCs (115). Human
BMSCs exhibited greater expression of HLA-DR (an MHC class 11 cell surface receptor
encoded by the human leukocyte antigen complex on chromosome 6 region 6p21.31) than
stem cells from amniotic membrane after stimulation by tumor necrosis factor alpha and
interferon gamma (60). The combination of heterogeneous receptor profiles and secretomes
exhibited by stem cells from different tissues may underlie the previously discussed
differences in sensitivity to differentiation-inducing stimuli, while also contributing,
mechanistically, to lineage preference.

Conclusions and Perspective

Stem cell therapies are undoubtedly treatment options in various areas of the biomedical
field; however, each stem cell population’s characteristics and source are commonly
overlooked factors. Overall, we can conclude that ASCs are best suited for differentiation
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along their natural prospective lineages for the formation of quality bone, cartilage, adipose,
and muscle tissues. The theory that various multipotent stem cell subpopulations exist within
a given tissue, as well as subpopulations possessing various capacities for quality
differentiation, also supports the idea that ASCs from their resident locations are the most
effective contributors to a particular lineage. These populations are naturally functioning and
thriving in vivo with respect to the surrounding tissues in which they exist. Although the
current literature offers expansive support for this idea based on fundamental in vitro data,
there is still an overall lack of in vivo studies which compare a wide variety of ASCs for
multilineage differentiation capacity. In order to draw more conclusive results from in vitro
experiments, it would be beneficial to utilize ASC clones; these clones can eliminate the
possibility of progenitor cell heterogeneity which can skew the results of multilineage
studies. Another great deficiency in current multilineage studies is the lack of in vivo and in
vitro studies which investigate multilineage characteristics from the same donor. Studies of
this nature could give insight into variability between organisms and, more importantly,
highlight, strengthen, and uncover trends and tendencies of tissue-specific stem cells as they
progress toward lineages outside their respective conventional differentiation fates.
Although studies have independently demonstrated the ability of ASCs for cross-
differentiation to other lineages, studies which compare several ASCs directly, rather than
retrospectively, are generally more valuable. Direct comparison methods and using multiple
cell types simultaneously can offer more direct assessment and circumvent experimental
variability to produce more reliable conclusions regarding the differentiation potential of
ASCs from separate tissues. Through our current knowledge about the specific properties of
each type of ASC and future in vivo experimentation, the possibility of elucidating and
revealing a cellular hierarchy for ASCs and lineage-specific differentiation is feasible.

Despite noteworthy advancement in the study of niche-specific regulation of ASC lineage
preference, mechanistic research remains active. Further comparative analysis of tissue-
specific miRNA expression, histone modifications to lineage-specific genes, and non-
promoter methylation patterns is needed. For instance, to our knowledge, the miRNA
expression profile of SDSCs has not been thoroughly compared to ADSCs or BMSCs. We
believe that such studies could yield important findings, especially in light of the extensively
demonstrated success in SDSC chondrogenesis studies. Additionally, it is interesting to note
that tissue-specific histone modifications are far more abundant in enhancer regions than in
promoter regions (116), and these modifications are made prior to cell fate commitment
(117), raising the possibility that lineage preference, at least in part, is a consequence of
enhancer modifications. It remains likely that tissue-specific epigenetic patterns play a role
in the preference of ASCs for certain lineages (91) and such modifications may underlie the
differential lineage preference of ASCs derived from various anatomical tissues. Finally,
although the studies considered earlier have demonstrated that stem cells from different
tissues are not identical in their responses to chemical differentiation stimuli, the molecular
explanation for this observation is incomplete. It would be interesting to compare, at a
molecular level, the responses of stem cells from various tissues to important differentiation
factors, such as BMP, Wnt, and insulin-like growth factor (IGF), as evidence exists that
stem cells from different tissues might respond in subtly different ways to the same
molecular stimulus. Studies further addressing differences in signaling cascades, secretion of
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soluble factors, and matrix receptors might help elucidate the underlying molecular
heterogeneity among stem cells of different tissues. The implications and impacts of such
discoveries would certainly span a wide array of biomedical disciplines and help shape the
future of stem cell therapy and regenerative medicine.
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Figure 1.
Adult stem cells can be derived from various tissues in the body. These viable and

undifferentiated stem cell populations can be expanded in vitro and induced to undergo
lineage-specific differentiation for chondrogenesis (C), osteogenesis (O), myogenesis (M),
or adipogenesis (A). Although the cells may appear similar in morphology upon harvest,
they are anything but identical. From the data presented in the section “Tissue-Specific Stem
Cells Benefiting Lineage-Specific Differentiation”, the efficacy of ASCs in lineage-specific
differentiation is greatly affected by the type of resident tissue from which they are
harvested. In the heatmap, the differentiation capacity is visualized by color ranging from
low differentiation (blue) to high differentiation (red).
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Figure 2.
Epigenetic determination of niche-specific lineage preference. CpG methylation of

promoters creates a permissive, but non-predictive state, while non-promoter CpG
methylation, histone modifications, and differentially expressed miRNAs may combine to
determine lineage preference.
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