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Abstract
Stem cell populations throughout the human body are known to be heterogenous, though the extent of their
heterogeneity and how this can be harnessed to provide more effective tissue regeneration remains questionable.
Herein we describe not only the existence of heterogenous progenitor populations in a variety of tissues, but also
currently utilized means for isolation of them, and the particular promise held in the ability to isolate progenitor cell
populations from adipose-derived stromal cells.
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Introduction
The desire to recapitulate lost or damaged tissues/organs utilizing
the body’s own cells forms the basis of the field of regenerative medicine.
Since the discovery of the mouse Hematopoietic Stem Cell (HSC) in
1988, stem cell populations from a myriad of other tissues have been
isolated, with much progress being made in their characterization
[1]. Yet, while initially assumed to be homogenous, progenitor cell
populations have since been discovered to possess a great amount of
heterogeneity [2]. Though multipotent by nature, some progenitor cells
seem to have a predisposition towards becoming cells of one lineage
as opposed to another. This is particularly evident when one considers
bone marrow-derived mesenchymal stem cells (MSCs) and Adipose
Derived Stromal Cells (ASCs), though this predilection can be seen in
many other tissue-specific progenitor cell populations, such as those
residing in cardiac tissue and skin.
Technological advances enabling the isolation and characterization
of these more specialized progenitors from larger stem cell pools hinge
primarily on the use of flow cytometry and transcriptome analysis such
as next generation sequencing (NGS). Research in this area continues
to be of importance, as we aim to harness the potential of various
progenitor cell populations for regenerative medicine. As such, in this
review we provide an overview of some of the known heterogenous
progenitor cell populations present throughout the body, with a focus
on ASCs. Furthermore, the clinical implications of their heterogeneity
will be discussed.

Cardiac Progenitor Cells (CPCs) exist in the embryonic mammalian
heart, having been first described in 2006; (2) a limited number of new
cardiomyocytes are created in postnatal mammals; and (3) with the
exception of neonatal mice, newts, and zebrafish, few organisms can
regenerate damaged myocardium [3-11]. By tracking hematopoietic
and cardiac embryonic development, Kouskoff et al. found that CPCs
may arise from a mesodermal precursor subpopulation expressing
fetal liver kinase-1 [12,13]. CPCs have also been isolated from
postnatal mammalian (including human) myocardium, and they
have the capacity for self-renewal, proliferation, and differentiation
into cardiomyocytes, smooth muscle, and endothelial cells [3,14-16].
More recently, epicardial derived progenitor cells have been described
with the ability to contribute to adventitial and interstitial fibroblasts,
and to cardiomyocytes in the developing heart [17,18]. Similarly,
cells originating from the embryonic endocardial cushions serve as
progenitor cells for the cardiac valves [19-21]. Collectively, the diversity
of progenitor cells identified which may contribute to cardiogenesis and
homeostasis underscores the complexity of this organ and undoubtedly
has implications for regenerative strategies aimed at cardiac tissue
repair.
Like cardiac tissue, heterogeneity of progenitor cells can also
be found in the skin. Two populations of epidermal progenitors
residing in the basal layer have been shown to be responsible for
normal cell turnover: a pool of progenitor cells that both self-renew
and contribute to the formation of the overlying layers, and a stem
cell population contributing to both overall epidermal maintenance
and the regenerative response to injury [22]. Within the dermis, the
heterogeneity of fibroblast populations also has been of particular
interest, precisely due to the dermal response to wounding. Deep

Diversity of Progenitor Cell Populations
In a constantly changing world, heterogeneity imparts a survival
advantage for a species as a whole. However, on an individual level,
diversity can be just as important. Tissues/organs throughout the
body respond to a variety of external stimuli, and this ability to adapt
may be reflected in the heterogeneity of resident progenitor cells. Well
documented examples of this include progenitor cells found in cardiac,
skin, bone, and adipose tissues.
The origin of cardiogenic cells and their roles in organ development
have fascinated biologists for over a century, spawning intense interest
and controversy regarding the therapeutic potential of cardiac stem cells.
Currently, three fundamental principles underlie the contemporary
state of knowledge regarding cardiac progenitor cells: (1) Multi-potent
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dermal fibroblasts, in contrast to more superficial fibroblasts, have been
implicated in hypertrophic scarring, and lineage tracing experiments
have shown that the origin of fibroblasts from the upper and lower
dermis are embryonically distinct [23]. Furthermore, work from
our own laboratory has revealed that different fibroblast populations
comprise the dermis in different areas of the body.
Similar to skin, bone undergoes continual turnover. Interestingly
though, bone may also heal without a scar following injury. Recently,
emphasis has been placed on the isolation and characterization of the
progenitor cells allowing for osseous regeneration and homeostasis.
Lineage tracing experiments utilizing transgenic mice have shown
differential contributions of mesenchymal stem and progenitor cells
to the developing bone throughout the murine lifespan, though
the developmental origin and hierarchical relationships between
these populations remain largely unknown [24]. Our laboratory has
additionally demonstrated that bone progenitor cell populations may
be anatomically distinct, showing that calvarial bone osteoblasts of
neural crest origin have superior potential for osteogenic differentiation
compared to osteoblasts from paraxial mesoderm-derived parietal
bone. This superiority extends to in vivo osseous healing of calvarial
defects, which Quarto et al. linked to enhance endogenous canonical
Wnt signaling in frontal bone as compared to parietal [25].
While the heart, skin, and bone all possess diverse progenitor
cell populations contributing to tissue-specific homeostasis and
regeneration/repair, adipose tissue contains one of the more wellstudied and easily accessible pools of cells with multipotent capacity
[26]. Within the Stromal Vascular Fracture (SVF) of fat reside
adipose-derived stromal cells (ASCs), fibroblasts, endothelial cells,
erythrocytes, lymphocytes, monocytes, and pericytes. Importantly,
ASCs are multipotent cells with the capacity to differentiate into
multiple tissue types including fat, bone, cartilage, and muscle [27-31].
Interestingly, ASCs have also been reported to potentially differentiate
along angiogenic [32,33], epithelial [34,35], neurogenic [27,36-38],
and hepatic [39,40] pathways. Increasingly, ASCs have thus become
exciting clinical targets for regenerative medicine due to the advantages
of fat compared to bone marrow as a source of progenitor cells.
Furthermore, increasing evidence is emerging that ASCs themselves
are heterogeneous, with varying differentiation capacities for the
different lineages. This carries important implications for therapeutic
applications, where enrichment for particular subpopulations may
increase potency and therefore efficacy.

Identification of Progenitor Cell Populations
The identification and isolation of populations of progenitor cells
with unique properties is facilitated by several technologies. Most are
dependent on the use of flow cytometry, specifically fluorescenceactivated cell sorting (FACS), for isolation and analysis at the singlecell level. FACS alone has permitted reliable, reproducible isolation
of certain cell populations based on defined surface marker profiles.
For example, The International Society for Cellular Therapy (ISCT)
has defined mesenchymal stem cells (MSCs) as being positive for the
expression of CD90 (Thy-1), CD73 (NT5E), and CD105 (endoglin),
and negative for expression of HLA-DR, CD11b/CD14, CD19/CD79α,
CD34, and CD45 [41]. It should be noted that while ASCs are technically
considered MSCs, variable expression of CD34 differentiates them
from BM-MSCs [42].
As of yet there is no single cell surface marker that can be used
to identify MSCs, posing a challenge to the large-scale reproducibility
of experiments [43]. CD133 (Prominin-1) and CD326 (EpCAM) have
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been implicated as “stem cell markers”, though primarily in the context
of HSCs and cancer stem cells, and embryonic and hepatic stem cells,
respectively [44,45]. However, research has shown that even these
markers are not as specific as once thought. CD133 has been found to
be present on central nervous system cancer cells regardless of stem/
progenitor cell properties [46]. Yet, aside from being a challenge to
stem cell biologists, the lack of a unifying surface marker hints at the
heterogeneity of an otherwise seemingly homogenous cell population.
To that end, techniques employing broad-scope analysis at both the cell
surface marker and transcriptional levels have been developed, with the
hope of further defining progenitor cell subpopulations.

Lyoplates
Commercially known as “lyoplates,” screening panels utilizing
lyophilized antibodies provide a cost-effective, standardizable means to
analyze a cell type for the expression of multiple cell surface markers
[47]. Utilizing fluorescently-conjugated secondary antibodies, these
plates may be analyzed visually (using the appropriate microscopy
and image analysis techniques) or with FACS. In addition to the
aforementioned practical benefits, lyoplate-based FACS analysis may
offer superior discrimination between surface markers compared
to conventional multicolor flow cytometry [48]. With that in mind,
lyoplates are currently being used in the search for progenitor cell
subpopulations. Baer et al. utilized them to comprehensively describe
the immunophenotype of ASCs in culture; their findings correlated
with previous studies that noted two subpopulations of ASCs defined
by CD34 expression [49]. The authors commented that the CD34population of ASCs had been previously described as being more
adipogenic and osteogenic than the CD34+ population, which had been
shown to be more proliferative. Interestingly, Baer et al. found patientspecific variation in expression of 49 of the 242 antigens assayed using
lyoplates [49]. Ong et al. also employed lyoplates to probe differences
between ASC subpopulations, focusing on the variation between cells
harvested from subcutaneous versus visceral fat. Though the lyoplates
were analyzed using fluorescence microscopy as opposed to FACS,
they successfully identified differential expression of two cell surface
markers between the two fat depots [50].

Single-cell analysis
In contrast to the large-scale surface marker screening offered
by lyoplates, progenitor cell populations may be alternatively defined
using large-scale intracellular screening techniques. Microfluidic
technologies have proved particularly helpful in this pursuit, as they
enable the use of very low volumes of reagents/samples on the order
of nano- to picoliters [51]. Single cell microfluidic technologies
permit high-resolution interrogation of the transcriptional profiles
of individual cells when used in conjunction with either quantitative
polymerase chain reactions (qPCR), microarrays, or, most recently,
RNA sequencing. Glotzbach et al. utilized single cell microfluidicbased qPCR to characterize subpopulations within a group of what had
been previously assumed to be a homogenous pool of hematopoietic
stem cells [52]. Similarly, Levi et al. identified several putatively proosteogenic surface markers using transcriptional profiling of 48 genes
at the single cell level, and confirmed the in vitro and in vivo proosteogenic potential of an ASC subpopulation characterized by early
expression of one of those markers, CD105 [53].

Known Progenitor Cell Subpopulations and Their
Therapeutic Implications
Of the various diverse progenitor cell populations we have
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may contribute to their adipogenic ability. Sowa et al. found that,
albeit small, the subpopulation of ASCs derived from the neural crest
is phenotypically unique from non-neural crest derived ASCs, and
restricted primarily to adipogenic differentiation [61].

Osteogenic

Figure 1: Schematic of heterogeneous ASCs showing potential subpopulations
with enhanced vasculogenic, adipogenic, osteogenic, chondrogenic, and
myogenic potential for regenerative strategies.

described, those present among ASCs offer the most exciting
therapeutic implications. As previously mentioned, the multi-lineage
potential of ASCs, combined with the relative ease of obtaining them,
makes them attractive targets for the isolation of cell subpopulations
for use in the clinical setting. The range of applications for ASCs
predisposed to differentiate into one lineage as opposed to another
is broad, as vasculogenic, adipogenic, osteogenic, chondrogenic, and
myogenic progenitor cell populations have all been putatively identified
(Figure 1).

Vasculogenic
Sharing many similarities with pericytes and themselves found in
a perivascular niche, it is not surprising that ASCs should have provasculogenic potential [54,55]. Studies have demonstrated their promise
for clinical use, such as Zografou et al.’s experiments demonstrating
that autologous ASCs improve diabetic skin graft survival via direct
contributions to the development of new blood vessels, in addition to
their pro-angiogenic paracrine effects [56]. Though there in vitro and in
vivo angio- and vasculogenic properties have yet to be studied, pericyte
and endothelial progenitor populations within ASCs are characterized
primarily by varying expression patterns of CD146, CD34, and CD31
[57]. SSEA-4, a marker initially thought to be specific to embryonic
stem cells, has additionally been shown to identify a pro-vasculogenic
and pro-adipogenic subpopulation of ASCs [58,59]. Isolation of ASC
subpopulations based on these markers may facilitate strategies aimed
at accelerating tissue regeneration through enhanced vascularity.

Adipogenic
Like angiogenic progenitor cell populations, adipogenic
subpopulations of ASCs are of particular clinical interest given
their potential for use in cell-assisted lipotransfer or, uniquely, for
the creation of de novo fat. Li et al. artificially divided SVF into four
subpopulations based on surface marker expression: an endothelial
progenitor population, a circulating endothelial progenitor cell-like
population, pericytes, and preadipocytes [60]. While all subpopulations
demonstrated multipotency, the preadipocyte population, defined
as CD34+CD31- and comprising the majority of cells in SVF, had
the highest adipogenic potential. Interestingly, over 90 percent of
the cells of this progenitor population were also CD90+ [60]. Similar
to the differences seen in the osteogenic potential of neural crest vs.
mesoderm-derived calvarial bones, the developmental origin of ASCs
J Stem Cell Res Ther
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Known to possess subpopulations with enhanced bone-forming
capabilities, researchers have identified several markers that may
characterize pro-osteogenic ASC subpopulations. Our lab has
identified three such surface markers, each facilitating isolation of
progenitor cells with superior in vitro and in vivo osteogenic potential:
CD105low, CD90 (Thy-1)high, and bone morphogenetic protein receptor
type-IB (BMPR-IB)+ all characterize pro-osteogenic ASCs [53,62,63].
Rada et al. also found CD29 and STRO-1 to characterize two separate
highly-osteogenic ASC populations, with STRO-1+ ASCs facilitating
superior bone formation [64]. Interestingly, James et al. have also
described the use of perivascular stem cells, isolated via FACS sorting,
in experimental bone tissue engineering applications [65]. In addition
to the previously-mentioned SSEA-4, the presence of surface marker
p75 has been demonstrated as identifying a pro-osteogenic population
of ASCs [59,66]. As progenitor cell populations with greater osteogenic
potential continue to be defined, they can be incorporated into current
therapies used in surgical reconstruction of deficient bone.

Chondrogenic
Articular cartilage is a relatively avascular tissue with low cellularity.
Acute trauma, mechanical wear, and chronic disease may all leave
cartilage unable to function appropriately as a smooth, load-bearing
articular surface. Cartilage is particularly ineffective in being able to
repair itself, and damaged cartilage contributes to further progression
of disease in a vicious cycle. Thus, cartilage repair is an important
potential application of cell-based regenerative medicine.
The chondrogenic potential of ASCs was relatively unexplored until
the most recent decade. In 2007, Jo et al. found increased expression
of CD10, CD13, CD44, CD49e, and CD73 to be associated with the
chondrogenic process in isolated synovial cells [67]. In the following
years, many surface markers have been implicated in identifying
subpopulations of ASCs with enhanced chondrogenic capacity. The
subpopulation of ASCs expressing CD105, a component of the TGFbeta receptor, has been shown by several groups to be more likely
to differentiate into chondrocytes when compared to their CD105counterparts [66,68,69]. Anderson et al. found that CD105+ and CD105ASCs maintained distinct differentiation properties, with CD105- ASCs
more prone to differentiate into adipocytes and osteocytes as opposed
to chondrocytes [70].
Arufe et al. found that the CD73+ subpopulation of human synovial
membrane MSCs expressed greater levels of Sox9 (a transcription
factor implicated in chondrogenesis), COL2, and aggrecan [71].
Interestingly, this CD73+ subpopulation had a lower percentage of
CD105 expression compared to other subpopulations. However, they
also discovered a CD271+ ASC subpopulation with higher expression
of Runx2, suggesting greater chondrogenic capacity, as well as a lower
expression of CD73. In contrast to the CD73+ subpopulation, a high
percentage of these CD271+ cells were also positive for CD105. Their
findings suggest that there may be more complexity in the relationships
between different surface markers in the differentiation capacity of
subpopulations, rather than perhaps any one individual marker [72].
Other potential surface markers related to chondrogenesis that have
been reported in the literature include CD166 [73-75], CD90 [76,77],
CD29 [66], and CD39 [78].
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In vitro, bone marrow-derived MSCs have been seeded onto a
variety of different scaffolds resulting in cartilage-like production of
extracellular matrix, histological structure, and immunohistochemical
properties [79,80]. In vivo, alginate constructs with ASCs grown in
chondrogenic media and then implanted subcutaneously in nude
mice have also been shown to produce cartilage matrix molecules
[81]. Interestingly, implanted induced ASC spheroids demonstrate a
more hyaline-like cartilage phenotype and histological appearance
when compared to their in vitro counterparts [82], emphasizing
the importance of the in vivo microenvironment. Jiang et al. seeded
CD105+ ASCs on a biodegradable scaffold and found that compared
to similarly seeded and cultured CD105- ASCs, the CD105+ constructs
had a remarkably greater quantity of cartilage-like tissue, a more
homogeneous histological structure with appropriate lacuna, and
abundantly increased safranin-O and collagen II staining [69]. Further
understanding of these ASC subpopulations will advance the field
toward the goal of applying similar constructs to human disease.

Myogenic
Myogenic differentiation of ASCs occurs with low yield and
reproducibility when compared to other pathways [83,84]. Although
muscle markers (e.g. MyoD, Myf5, myogenin) are expressed by
differentiating ASCs (whether murine or human) under the appropriate
culture conditions, only a very low rate of fusion into myotubes has
actually been observed in vitro [27,28,85,86]. Whether this observed
low yield is due to a much smaller size of the subpopulation of ASCs
with greater myogenic capacity, or if it is due to a uniformly low
myogenic potential of all ASCs, is still unclear [84]. What is apparent,
however, is that further studies should be done to help identify ASCs
with potentially more myogenic capacity in order to improve yield,
reproducibility, and applicability of ASCs to human muscular disease
and injury.
Adult skeletal muscle is capable of self-repair by activating an
otherwise-quiescent population of resident precursor cells, termed
satellite cells. However, this capacity may be lost or depleted in
disease, leading to progressive muscle degeneration. In the muscular
dystrophies, the frequent requirement for regeneration exhausts
the supply of satellite cells and the necrotic muscle is unable to be
regenerated appropriately. In a mouse model of Duchenne muscular
dystrophy (DMD), an X-linked disorder caused by a genetic mutation
in the dystrophin gene, implantation of ASCs has been shown to restore
dystrophin expression [87]. In vitro, ASCs cultured with human DMD
myoblasts participate in myotube formation and induce dystrophin
expression as well [88].
Studies have also examined the use of ASCs in models of muscle
injury. After cardiotoxin-induced injury followed by injection of
autologous ASCs, the anterior tibialis muscle of rabbits were heavier
and had increased cross-sectional area [89]. Functionally, the treated
muscles were able to exert greater maximal force; however, the clinical
significance of the difference is yet unclear. In a murine model of
ischemic limb injury, injection with human ASCs led to reduced
muscle atrophy and increased vascularity, with evidence of myogenesis
through the detection of human myogenin in the cells of treated
mice [90]. Similar results have been found in other mouse models in
which the femoral artery is removed [86]. Interestingly though, ASCs
have been found to express low levels of M-cadherin and Caveolin-1,
known cell-surface markers of muscle progenitor satellite cells [91].
Instead, characterization of ASCs based on expression of CD44
(mostly negative), CD45 (negative), CD73 (mostly positive), and
CD90 (positive) identified cells with similar myogenic capacity to bone
J Stem Cell Res Ther
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marrow-derived MSCs [92]. The identification and isolation of specific
subpopulations of ASCs with enhanced myogenic capacity through
additional markers will thus be critical in advancing potential clinical
applications for these cells in muscle repair.

Conclusions
Though our understanding continues to grow on the existence of
various progenitor cell subpopulations, much knowledge is still required
before such cells may be implemented into clinical therapies. This is
particularly true in the case of ASCs. While significant heterogeneity
clearly exists among ASCs, development of technologies such as FACS,
lyoplates, and single-cell analysis have allowed for definition and
interrogation of distinct subpopulations. And with identification of
ASC subgroups with enhanced vasculogenic, adipogenic, osteogenic,
chondrogenic, or myogenic capacity, more effective regenerative
strategies employing such fractions may be developed.
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