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Abstract

At the turn of a decade of intensive wishful thinking, ‘‘mesenchymal stem cells’’ are changing their profile, while
retaining their charm. As hopes to turn bone into brain or vice versa seem on the wane, we learn (1) that the
archetypal ‘‘mesenchymal stem cell,’’ the skeletal stem cell found in the bone marrow, can be directly identified
as a specialized type of mural cell/pericyte, found in the wall of sinusoids and long known as adventitial
reticular cells; (2) that bone marrow skeletal stem cells are also defined by expression of CD146, and can self-
renew in vivo, while giving rise to skeletal tissues, and therefore earn consideration as bona fide stem cells; (3)
that a broader class of microvascular mural cells endowed with clonogenicity and progenitor properties may
exist in other tissues, although their true potency needs to be firmly established by stringent assays and thorough
comparisons across tissues; (4) that bone marrow skeletal stem cells display unique angiopoietic and hemato-
poietic niche-related functions, consisting in their ability to transfer the hematopoietic microenvironment and to
guide the assembly of microvascular networks, which seem to define their inherent biology; and (5) that use of
skeletal stem cells as disease models, and as models of high-risk strategies for cell and gene therapy specifically
in incurable skeletal diseases, may provide new challenges for the next decade, and perhaps reward for medicine
in the one that follows.

A Seminal Experiment

Asingle seminal experiment (Tavassoli and Crosby,
1968) marks the birth date of two areas or research that

were to become the focus of increasing interest up to the
present day—the field of the hematopoietic microenviron-
ment/niche (Schofield, 1978) and the field of ‘‘mesenchymal
stem cells’’ (Caplan, 1991). The experiment was designed to
address the question concerning whether hematopoiesis
could be transplanted to extraosseous sites; that is, to prove or
dispel the idea that a local microenvironment would be cru-
cial for the establishment and maintenance of hematopoiesis.
The answer provided by nature was, at a glance, cryptic and
unrelated to the question being asked—there is osteogenic
potential in bone. Indeed, heterotopic transplantation of

boneless fragments of postnatal marrow resulted, first and
foremost, in the generation of an ectopic ‘‘ossicle,’’ that is, a
structure mimicking closely the architectural layout and his-
tological structure of a miniature bone. The ossicle formed in
the classical experiment performed by Tavassoli and Crosby
(1968) consisted of a shell of bone encasing a marrow cavity
within which hematopoietic cells lodged, along with blood
vessels and marrow adipocytes, as well as sparse bone
trabeculae.

A Second Type of Stem Cell in the Bone Marrow

Although there was a noted antecedent in the nineteenth
century (Goujon, 1869), and even though the link between
bone and hematopoiesis was to remain poorly understood
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for decades thereafter, this experiment indicated that there
was osteogenic potential in the soft, jelly-like bone marrow of
postnatal mammals. Through the work of Alexander Frie-
denstein and coworkers (Friedenstein et al., 1966, 1970, 1974,
1987; Friedenstein, 1976, 1990), this potential was later as-
cribed to (1) cells of nonhematopoietic nature and lineage,
and therefore belonging to the broadly defined ‘‘stroma’’ of
the bone marrow; and (2) to single stromal cells, the colony-
forming unit-fibroblast (CFU-F), the clonal progeny of which
were shown to be able to give rise to multiple tissues found
within a skeletal segment—bone, cartilage, adipocytes, fi-
broblasts, and myelosupportive stroma. Of note, it was this
multiplicity of differentiative potency of the progeny of a
single cell that gave rise to the idea that a second type of stem
cell, nonhematopoietic in nature, could be found within the
bone marrow stroma. The idea, formulated and dissemi-
nated by Friedenstein and Owen (Owen and Friedenstein,
1988; Friedenstein, 1990), was later reformulated and to a
significant degree distorted, into the current concept of a
‘‘mesenchymal stem cell’’ (Caplan, 1991).

The Second Life of a Second Stem Cell

Friedenstein’s idea was based on studies of the bone
marrow stroma. Hence, the putative, newly recognized stem
cell would be rightly labeled, as it were, a ‘‘stromal stem cell’’
(Owen and Friedenstein, 1988). The actual experimental data
disclosed the ability of this stem cell to give rise to skeletal
tissues, but not to any other tissue, hence the name ‘‘osteo-
genic stem cell’’ was also adopted (Friedenstein, 1990), and
later resonated in the currently proposed term, ‘‘skeletal stem
cell’’ (Bianco and Robey, 2004; Bianco et al., 2006). Although
the ‘‘mesenchymal stem cells’’ of Pittenger and colleagues
(1999) were indeed the same osteogenic, stromal, or skeletal
stem cells as of Friedenstein and Owen, and others, the use of
the alternative term, ‘‘mesenchymal,’’ proposed by Caplan
(1991) and widely adopted, conveyed a concept of the nature
and potency of the putative stem cells quite departed from
Friedenstein’s original concept. Conceptually, two major
characteristics mark the distinction of ‘‘MSCs’’ from osteo-
genic, stromal, or skeletal stem cells. Whereas the latter are
found in the bone marrow stroma, the former are thought to
be found almost everywhere (heart, liver, synovium, muscle,
placenta, pancreas, cord blood, etc.; reviewed in Bianco et al.,
2008). Whereas the latter give rise to skeletal tissues, the
former are thought to be endowed with a much broader
measure of multipotency (reviewed in Bianco et al., 2008).
Not restricted to skeletal tissues, the potency of the ‘‘mes-
enchymal stem cell’’ would be extended to nonskeletal me-
sodermal derivatives, such as heart, endothelial cells, and
muscle (Fig. 1). Essentially all mesodermal derivatives could
be traced to a common ancestor, and this common ancestor
could be found in postnatal organisms. Seductive as it
sounds, this hypothesis, which has never been conclusively
proven experimentally (unlike the concept of a common
postnatal progenitor of skeletal tissues), is difficult to rec-
oncile with some fundamental tenets of developmental bi-
ology, such as the segregation of myogenic and osteogenic
potency in somites, or the lack of myogenic potential in lat-
eral mesoderm. Once regions of mesoderm are specified, a
common progenitor of mesodermal derivatives is no longer
found, not even in prenatal life. In addition, bone (the first

recognized differentiated product of the pursued postnatal
‘‘stromal’’ nonhematopoietic stem cell), does not have a
common ancestor in prenatal life; axial and limb skeletal
components derive from different specifications of meso-
derm, and many craniofacial bones derive from neuroecto-
derm. At about the same time when skeletal stem cells were
being rediscovered and renamed as ‘‘mesenchymal stem
cells,’’ potently suggestive reports hit the scientific arena and
the lay public, fueled by the first evidence that pluripotent
embryonic human cells (considered equivalent to murine

FIG. 1. The two alternative concepts of mesenchymal stem
cells (MSCs) and bone marrow skeletal stem cells. (A) The
dominant view of MSCs holds that they are able to differ-
entiate into more cell types than those found within a skeletal
segment (bone, cartilage, fibrous tissue, fat, and myelo-
supportive stroma), to include striated muscle, other non-
skeletal mesoderm derivatives, and possibly ecto- and
mesoderm derivatives. In addition, MSCs as commonly
viewed are not found only in the bone marrow stroma, but in
virtually every tissue. (B) Skeletal stem cells are found only
in the bone marrow stroma, and are able to give rise, without
exposure to reprogramming cues (e.g., 5-azacytodine and
BMPs) and in vivo, to skeletal tissues (bone, cartilage, fat,
myelosupportive stroma, and fibrous tissue) but not to
skeletal muscle, other mesoderm-derived tissues, and non-
mesodermally derived tissues. It is likely that local commit-
ted progenitors also exist in other tissues, such as myogenic
microvascular cells in skeletal muscle, with restricted and
tissue-specific differentiation potential. The two views also
diverge in the relationship of tissue progenitors to mural
cells/pericytes. In the MSC view, pericytes from any tissue
give rise to MSCs with identical potency. In the alternative
view, it is preexisting local committed progenitors that are
recruited to a mural cell fate, as is shown to happen in vivo
for bone marrow skeletal stem cells (Sacchetti et al., 2007).
This again postulates diversity rather than equivalence of
pericytes across tissues (Bianco et al., 2008).
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embryonic stem [ES] cells) could be isolated and maintained
in culture. Many did not resist the temptation to see the
newly discovered ‘‘MSCs’’ as much more than mesodermal,
and thus, able to generate even ectodermal (neurons) and
endodermal (liver) derivatives, implying (at least) that they
would provide an ‘‘ethically neutral’’ alternative to human
ES cell research and clinical use. Of note, these suggestions
were never supported by direct and reproducible experi-
mental evidence.

How Should MSCs Be Defined?

Stem cells, in general, are defined by self-renewal and
potency. Self-renewal and potency, in turn, are defined by
assays. Assays (usually in vivo assays) are typically a popu-
larized version of seminal experiments, which become fixed
into a widely reproduced benchmark routine. Much like
hematopoietic reconstitution became a defining property and
assay of hematopoietic stem cells, the seminal experiment of
Tavassoli and Crosby (heterotopic skeletogenesis) gave rise
to the defining assay of ‘‘MSCs’’; that is, the heterotopic
transplantation of clonal or nonclonal cell strains to test their
ability to form skeletal tissues. Many variations on this theme
are available in the literature, or were used over time and in
different laboratories. However, the specific significance and
limitations of these assays are regularly overlooked in the
vast literature on ‘‘MSCs.’’ These assays generate histology-
proven tissues, the donor origin of which can be directly
proven. They generate mature tissue in vivo, not in plastic.
They probe the native potency of a cell strain, in the absence
of artificial cues. If conducted with clonal cell populations
(i.e., cell strains generated by a single cell), they prove mul-
tipotency of the original single cell. In contrast, the wide-
spread use of ‘‘in vitro’’ assays in lieu of the defining in vivo
assays is one of the most important sources of confusion, or
at least controversy and disagreement, as to the nature,
identity, and potency of ‘‘MSCs.’’ In vitro mineralization as-
says conducted in the presence of a concentration of phos-
phate that no living cell ever sees in vivo, and assessed by
histochemical or physical assessment of mineral deposition
regardless of its potential dystrophic nature, cannot define
osteogenic potential, for any cell, with any stringency. Adi-
pogenesis assays conducted in the presence of agonists and
regulators of relevant transcription factors do not equate to
spontaneous development of adipocytes in vivo. Heterotypic
fusion of test cells with myogenic cells such as C2C12, or
marginal expression of myogenic markers after exposure to
demethylating agents such as 5-azacytidine, do not prove
myogenesis. Shape changes induced in any fibroblastic
population by agonists, stimulators, or mediators of the
cAMP signaling, known since the dawn of bone cell biology
(Peck et al., 1964), as reflecting transient disruption of F-actin,
do not represent neural differentiation, even if associated
with up-regulation of a few neural markers detected by RT-
PCR. In brief, stringency of assays is a must to claim any
kind of potency, and in vitro assays are not stringent enough.
Therefore, whereas a bulk of evidence widely reproduced in
multiple laboratories demonstrates the genuine skeletogenic
potential of bone marrow-derived stromal progenitors, evi-
dence in support of the idea of a virtually ubiquitous,
broadly multipotent postnatal progenitor of mesodermal and
nonmesodermal derivatives is not equally as strong, as it is

largely based on nonstringent assays. Importantly, when
in vitro and in vivo assays are conducted on the same test cell
population, it is obvious that the results yielded by the two
kinds of assays may or may not converge (Krebsbach et al.,
1999; Satomura et al., 2000). Hence, it is impossible to predict
in vivo bone formation on the basis of in vitro mineralization,
in vivo adipogenesis on the basis of in vitro adipogenesis, and
so on. Myogenic differentiation is an even more critical issue.
Cell fusion with inherently myogenic cells can notoriously
reprogram almost any kind of cell type (including monocytes
and lymphoid cells [Blau et al., 1983, 1985; Chiu and Blau,
1984]) to express myogenic genes, and MyoD1 is sufficient to
do so in a number of embryonic fibroblastic cell lines
(Murray, 1993), otherwise nonmyogenic and sometimes even
tumorigenic in vivo. Hence, neither coculture with myogenic
cells, nor direct injection into muscle where local myoblasts
are, of course, available to fuse with grafted cells, represents
an assay that is stringent enough to claim the myogenic
potential of any cell type. To date, satellite cells, the resident
stem cells of skeletal muscle, remain the only cell type en-
dowed with the proven and reproduced ability to generate
myotubes in the absence of exogenous myoblasts (Sherwood
et al., 2004).

Colony-Forming Units-Fibroblast

One of the features that originally defined the ‘‘mesen-
chymal stem cells’’ found in the bone marrow stroma, even
before they were renamed as such, was their obvious ability
to generate colonies on plating single cells at low density
(Friedenstein et al., 1970). Given the overall fibroblastic ap-
pearance of the colonies, and by analogy with terminology
used in experimental hematology for hematopoietic progen-
itors, the colony-initiating cell came to be known as the
colony-forming unit-fibroblastic (reviewed in Bianco et al.,
2008). Clonogenicity has remained a major, and for some, the
defining characteristic of bone marrow skeletal (‘‘mesenchy-
mal’’) stem cells. Here again, attention must be paid to con-
ditions under which clonogenicity is assayed, in order to
avoid misinterpretation leading to hasty conclusions as to the
‘‘MSC’’ nature of a given test cell population. When cells are
plated at high densities, colonies form that are not clonal in
nature, and therefore do not reflect clonogenicity of single
cells. Hence, enumerating colonies with cell populations
plated at high density is a somewhat pointless exercise. This
is particularly relevant when tissue sources other than bone
marrow, or cells isolated by immunoselection, are being tes-
ted. In both cases, in the absence of nonadherent hemato-
poietic cells, cell density equates the density of adherent cells,
hence it cannot exceed 1.6 cells/cm2 in order to remain within
a bona fide clonal range. Clonogenicity means, in essence, the
ability of a single cell to initiate density-insensitive growth
(Sherley et al., 1995; Sherley, 2002), a property not shared by
all cells in a tissue, and rather ascribed to a defined subset of
cells. It is for this reason that clonogenicity is regarded as a
token of a progenitor’s nature. It is among the clonogenic
subset of bone marrow stromal cells that assayable multi-
potent progenitors are found, and for this reason, CFU-F
enumeration, when done at proper initial cell densities, can be
regarded as a rough estimation of the frequency of progeni-
tors within a given bone marrow sample. One quite signifi-
cant implication of the diverse ability of stromal cells to grow
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in culture is that early-passage cell strains will display di-
vergent characteristics if established through clonal primary
cultures (i.e., by expanding one or more single colonies) or
through bulk explant cultures (Sacchetti et al., 2007). In the
latter case, short-lived cells that would not be able to grow at
clonal density would significantly contribute to the compo-
sition of the resulting cell strain.

Ways of purifying/enriching CFU-Fs have long been
available. A number of surface epitopes can be exploited for
immunoselection; for example, the time-honored STRO-1
(Simmons and Torok-Storb, 1991) is the first and still one of
the most efficient, but by no means the only one (e.g., Barry
et al., 1999; Deschaseaux and Charbord, 2000). It has been
largely overlooked, however, that for all intents and pur-
poses, ‘‘prospective’’ isolation of CFU-Fs (i.e., of a population
of cells enriched in progenitor/stem cells) through im-
munoselection, and conventional isolation by plastic adher-
ence at clonal density, actually coincide with one another.
The importance of prospective isolation in the case of
‘‘MSCs’’ is somewhat diminished by the circumstance that
virtually all assays available do involve culturing after iso-
lation, rather than direct in vivo transplantation of isolated
and uncultured cells. This is due to the low numbers of
prospectively isolatable cells in humans, and the much
higher numbers of cells needed for either assay or transla-
tional use. Nonetheless, pursuit of ways to prospectively
isolate ‘‘MSCs’’ is justified in view of future developments in
the way they can be assayed, and in defining their biological
nature, independent of their more differentiated progeny.

Notoriously, not all CFU-Fs are equal in terms of growth
and differentiation potential (reviewed in Bianco et al., 2008).
This ‘‘heterogeneity’’ of CFU-Fs should not be confused with
the more popular ‘‘heterogeneity’’ in the composition of
nonclonal cultured strains that are commonly referred to as
‘‘MSCs.’’ The latter is simply a special case of the inherent,
unavoidable heterogeneity of any nontransformed, cultured
cell strain, in which asymmetric kinetics, random differenti-
ation, and senescence occur by definition (Sherley et al., 1995;
Sherley, 2002). The idea that any nontransformed cell strain
can be ‘‘expanded,’’ leading to the generation of a uniform
progeny of identical cells, collides with fundamental tenets of
cell biology. On the other hand, the ‘‘heterogeneity’’ of CFU-
Fs per se is obvious, inherent to the very notion of clonogenic
cell and clone, and has become common wisdom, yet it is
largely overstated as a token of ‘‘imperfect purity’’ of a pu-
tative progenitor population. As a token of such overstate-
ment, one should simply consider that only 21% of
‘‘purified’’ murine hematopoietic stem cells (HSCs) reconsti-
tute hematopoiesis long term (Osawa et al., 1996), and that
*25% of the disappointingly ‘‘heterogeneous’’ CFU-Fs (or
MSCs) generate a complete ossicle on heterotopic trans-
plantation (Friedenstein et al., 1970, 1987; Kuznetsov et al.,
1997; Sacchetti et al., 2007). That is to say, assuming forma-
tion of heterotopic ossicles as the defining assay of skeleto-
genesis by ‘‘MSCs,’’ much like hematopoietic reconstitution
is the defining assay of HSCs, ‘‘MSCs’’ isolated as human
bone marrow CFU-Fs would be about as pure as murine
HSCs, or vice versa, murine HSCs are about as heteroge-
neous as human bone marrow CFU-Fs. Clearly, variability
intrinsic to specific experimental conditions and inherent
hurdles thereof, cannot be easily dissected out from inherent
variability of the test population.

Self-Renewal

Use of clonal cell strains in in vivo transplantation exper-
iments has previously proved that a single bone marrow-
derived CFU-F can be a multipotent skeletal progenitor.
However, evidence for self-renewal of bone marrow skeletal
progenitors, or for any other entity alluded to as ‘‘MSCs,’’ has
long been missing, and was actually left as one of the major
unsolved questions in the original work of Friedenstein. As
a result, the question has remained open whether bone
marrow-derived ‘‘MSCs’’ can indeed be seen as stem cells, or
should rather be called simply ‘‘mesenchymal stromal cells,’’
in the lack of evidence of self-renewal as a defining feature of
‘‘stemness’’ (Horwitz et al., 2005; Dominici et al., 2006). Lit-
erally the renewal of self, self-renewal is commonly mistaken
for extensive proliferation in culture, leading to the pursuit of
extraordinary numbers of population doublings as a pur-
ported proof of stemness for a variety of putative stem cells.
In fact, the paradigm of self-renewal and the model assay to
assess it are provided by seminal experiments focusing on
HSCs. Serial reconstitution of hematopoiesis on serial trans-
plantation of single, phenotype-defined putative stem cells
establishes the ability of HSCs to self-renew (Morrison and
Weissman, 1994). Likewise, efforts in the direction of proving
self-renewal (and therefore stemness) of ‘‘MSCs’’ should
borrow the same fundamental principle as that guiding the
proof of self-renewal of HSCs experimentally. This was made
possible specifically by the definition of a defining (albeit
operationally defining, temporarily defining) minimal sur-
face phenotype (Spangrude et al., 1988). This, in particular,
has been missing for ‘‘MSCs,’’ and actually the importance of
a phenotype of uncultured putative ‘‘MSCs’’ was diluted into
the seriously confounding pursuit of a surface phenotype of
cultured ‘‘MSCs.’’ Surface antigens are regulated in culture in
unpredictable ways, and none of the in vitro-expressed epi-
topes that are commonly seen as defining ‘‘MSCs’’ in culture
are actually suitable to clearly distinguish cultures of ‘‘MSCs’’
from cultures of common fibroblasts. Even though a number
of markers have long been available for isolating and en-
riching to near-purity clonogenic stromal progenitors from
bone marrow, most antibodies recognizing those markers
would fall short of a major fundamental characteristic; that
is, their suitability for correlative in vivo/ex vivo studies. It
has now been recognized that clonogenic stromal cells (CFU-
Fs) explanted ex vivo, and adventitial reticular cells of sinu-
soids, as seen in the intact bone marrow in vivo, express the
same markers, indicating that clonogenic progenitors are
found in the wall of sinusoids, where they reside at the
abluminal surface of endothelial cells (Sacchetti et al.,
2007). Once explanted, grown in culture, and retransplanted,
these cells generate bone, adipocytes, and hematopoiesis-
supporting stroma, and self-renew into adventitial reticular
cells at the wall of sinusoids in the heterotopic ossicle. Fur-
thermore, they self-renew into CFU-Fs that can be second-
arily passaged at least once. Here again, borrowing the
experimental paradigm and approach from the best known
success in the history of stem cell purification (murine HSCs)
pays, but again raises the eyebrow of the purist. Can human
‘‘MSCs’’ be serially transplanted, like murine HSCs? The
answer is a definite maybe. However, one fundamental fact,
again, prevents overly strict comparisons or equations be-
tween the two systems. Purified murine HSCs are neither
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cultured, nor expanded, nor in any way induced to prolif-
erate ex vivo before transplantation, whereas human ‘‘MSCs’’
are. Hence, unless one can provide a rigorous assessment of
self-renewal over a defined number of population doublings,
it cannot be stated whether ‘‘MSCs’’ are shorter-lived (less
extensively self-renewing) than murine HSCs. Serial trans-
plantation may not necessarily be required to claim self-
renewal in general, beyond the boundaries of hematopoiesis.
In addition, whereas self-renewal seems a reasonable attri-
bute of any bona fide stem cell, by no means does it seem
reasonable to expect an identical ability to self-renew for
stem cells of tissues that by themselves are vastly different in
self-renewal. Whereas the epidermis turns over in its entirety
once every 30 days, the whole skeleton is turned over, in its
entirety, only three to five times in an adult life span. The
respective stem cells should not be expected to be identical to
one another in terms of self-renewal ability, if the tissues
where they belong are not.

Hematopoiesis and Angiopoiesis

In a way, demonstrating that bone marrow ‘‘MSCs’’ can
self-renew in vivo coincided with demonstrating that they are
able to establish the heterotopic microenvironment at het-
erotopic sites. Explanted as adventitial reticular cells, skeletal
stem cells can generate, besides differentiated skeletal tissues
such as bone and adipocytes, adventitial reticular cells. Ex-
planted as stromal cells residing amidst hematopoietic cells,
as part of the hematopoietic microenvironment, transplanted
skeletal stem cells self-renew into cells that establish the he-
matopoietic microenvironment. Explanted as CFU-Fs with a
defined surface phenotype, transplanted skeletal stem cells
self-renew into secondarily passaged CFU-Fs with the same
phenotype. This suggests that bone marrow-derived ‘‘MSCs’’
(also known as skeletal stem cells, adventitial reticular cells,
and CD146-expressing CFU-Fs) are capable of genuine self-
renewal in vivo and can for this reason be regarded not just as
multipotent progenitors of differentiated skeletal phenotypes
(which has long been known) but as bona fide stem cells.

Besides coinciding with the most obvious phenomenon,
that is, the ability of bone marrow stromal cells to self-renew
as stromal cells, the ability of bone marrow ‘‘MSCs’’ to
transfer the hematopoietic microenvironment to heterotopic
sites is highly relevant to two open questions. First, it pro-
vides evidence for a functional role not of mature osteoblasts,
as widely maintained (Calvi et al., 2003; Zhang et al., 2003;
Moore and Lemischka, 2006), but of osteoprogenitors, in
establishing the hematopoietic ‘‘niche.’’ Second, it highlights
a set of properties as yet only vaguely defined, which may
indeed posit the specific biological function of these cells.
Skeletal stem cells can guide and organize the formation of
vascular networks in vitro and in vivo (Sacchetti et al., 2007;
Au et al., 2008; Melero-Martin et al., 2008), and this function is
a prerequisite for the establishment of the hematopoietic
microenvironment. This function is quite distinct from either
angiogenesis or vasculogenesis, in that it neither entails the
growth of new vessels from preexisting ones, nor the de novo
differentiation of endothelial cells from mesenchyme.
Therefore, to mark the distinction of this process from both
angiogenesis and vasculogenesis, we suggest that this func-
tion is best referred to as ‘‘angiopoiesis.’’ On coculture
(Sacchetti et al., 2007) or cotransplantation (Au et al., 2008;

Melero-Martin et al., 2008) with endothelial cells, ‘‘MSCs’’ can
direct their assembly into vascular networks outside the
context of the formation of heterotopic ossicles. In addition,
bone marrow skeletal stem cells express all genes hitherto
regarded as functionally crucial in the homing, support, or
differentiation of hematopoietic progenitors (Sacchetti et al.,
2007). In particular, they are potent producers of CXCL12/
stromal cell-derived factor-1, which defines murine CXCL12-
abundant reticular (CAR) cells (Sugiyama et al., 2006), and
angiopoietin-1, the ligand of the tyrosine receptor kinase,
Tie-2, expressed in endothelial cells and HSCs. Angiopoietin-
1 is produced by embryonic pericytes and mesenchymal cells
(Suri et al., 1996), and contributes to keeping HSCs and en-
dothelial cells in a quiescent state, barring proliferation and
apoptosis (Arai et al., 2004). Stated in a simplistic way that
echoes traditional views of the hematopoietic microenvi-
ronment, bone marrow ‘‘MSCs’’ (skeletal stem cells) exert a
‘‘trophic’’ and ‘‘regulatory’’ function on cells of hematopoietic
(and immune, indeed, as B cells are formed in the bone
marrow) lineage, and on endothelial cells. Current interest in
similar effects exerted by ‘‘MSCs’’ on nonhematopoietic cell
types should not be oblivious to this fundamental fact, nor to
the notion that at the tissue level, part of any trophic effect
may indeed have to do with the organization of local vas-
cular networks subsequent to tissue damage. Here, the new
focus on novel properties of ‘‘MSCs’’ circles back to their
original function in the bone marrow, that is, to support
hematopoiesis and to stabilize blood vessels.

Pericytes

The observation that the archetypal ‘‘MSC’’ in the human
bone marrow coincides with MCAM (CD146)-expressing,
sinusoidal adventitial cells (mural cells, pericytes; Sacchetti
et al., 2007) in bone marrow identifies adventitial reticular
cells (Westen and Bainton, 1979) as the in situ counterpart of
explanted CFU-Fs and skeletal progenitors. A number of
previous in situ observations had suggested that adventitial
reticular cells, or a subset thereof, could indeed correspond
to explanted clonogenic stromal progenitors or bone marrow
stromal stem cells (Bianco and Boyde, 1993). For example,
adipogenesis proceeds from adventitial reticular cells in
human and rodent bone marrow (Weiss, 1976; Bianco et al.,
1988). Given their anatomical position, antigenic profile, and
transcriptome, adventitial reticular cells can be seen as a local
modulation of a vaguely defined cell type referred to, in all
other tissues, as pericytes or mural cells (Hirschi and
D’Amore, 1996, 1997; Jain, 2003; Jain and Booth, 2003), made
different in bone marrow by the different anatomy, size, and
blood flow velocity that characterize sinusoids compared
with capillaries. On the basis of a number of classical ob-
servations suggesting that pericytes in a variety of tissues
could represent tissue progenitors (Dı́az-Flores et al., 1990,
1991a,b, 1992), it was also suggested earlier that bone mar-
row stromal stem cells could represent a local subset of a
broader class of microvascular progenitors, identified as
pericytes in non-bone marrow tissues (Bianco and Gehron
Robey, 2000). Indeed, in skeletal muscle, myogenic progen-
itors can be found associated with the wall of microvessels
(Dellavalle et al., 2007); much like in embryonic develop-
ment, myogenic progenitors are associated with the wall of
the dorsal aorta (De Angelis et al., 1999). Interestingly,
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transplantation of quail dorsal aorta cells into the developing
chick wing leads to the generation of chimeric blood vessels
(Minasi et al., 2002). These vessels branch progressively,
while retaining a mural coat of donor cells, up to the distal-
most ramifications well within target tissues. Here, donor
cells are found that are indistinguishable from pericytes in
morphology and position.

The identification of markers suited to isolate vascular
wall cells from tissues, such as CD146, CD105, and others, is
now making it possible to test directly the differentiation
properties and putative progenitor nature of microvascular
cells in human tissues. Use of terms originally operationally
employed to denote murine embryonic cells (‘‘mesoangio-
blasts’’; Minasi et al., 2002) should not be extrapolated to
postnatal tissues (Sampaolesi et al., 2003) and least of all to
nonmurine tissues (Sampaolesi et al., 2006), unless rigorous
proof of identity of the denoted cell type, and protocols for
their isolation, can be obtained and detailed, respectively.
Likewise, pending definitive proof by rigorous assays, the
hastily drawn conclusion that all pericytes from all tissues
are ‘‘MSCs’’ (Caplan, 2008; Crisan et al., 2008; da Silva
Meirelles et al., 2008) should neither be entertained nor dis-
seminated. Pericytes are not a lineage in and of themselves.
Their nature and developmental origin are unclear, and their
equivalence across different developmental stages or post-
natal tissues, or species, is far from elucidated. Whereas it is
clear that mural cells exist in all tissues, and that cells with
clonogenic ability and generic ‘‘mesenchymal’’ habit (CFU-
Fs) can be explanted from probably all tissues (Bianco et al.,
2008), there is no rigorous or convincing proof that progen-
itors with identical potency exist across diverse mesoderm
derivatives. Alternative views have been proposed, such as
the diversity of microvascular wall-associated progenitors in
diverse tissues, as a result of local recruitment to a mural cell
fate of local, precommitted, tissue-specific progenitors
(Bianco et al., 2008). This view would explain, for example,
why bone marrow-derived ‘‘MSCs’’ bear the hallmark of
skeletogenic commitment, such as the constitutive expression
of the master gene of skeletogenesis, Runx2 (Satomura et al.,
2000).

Therapy beyond Tissue Engineering

For more than a decade, the notion that MSCs would
represent a handy variety of easily accessible, easily cultured
stem cells with wondrous differentiation abilities has fueled
the search for translational, applicative uses of these cells that
have spanned the entire range of incurable human disease in
all organ systems from brain to heart, from muscle to liver.
The common thread to most of these approaches was the
assumption that MSCs would differentiate into a number of
nonskeletal cell types. At this time, this view is on the wane,
as convincing evidence for unorthodox differentiation of
‘‘MSCs’’ has not been confirmed or reproduced. Conversely,
the original view that (bone marrow) ‘‘MSCs’’ would serve as
tools for skeletal repair or reconstruction has persisted,
backed as it is by solid evidence for the true osteogenic po-
tential in vivo of bone and bone marrow-derived ‘‘MSCs.’’
Whereas the clinical impact and commercial dimension of
this application alone would be significant and sufficient to
satisfy gigantic expectations, the hopes generated in a decade
of promises would be rather dismally downplayed if this

FIG. 2. Use of skeletal stem cells for modeling fibrous
dysplasia (FD) and its genetic correction. (A) Isolation of
mutated skeletal stem cells from FD bone marrow followed
by heterotopic transplantation in immunocompromised mice
generates miniature replicas of abnormal human FD bone
in vivo in the mouse. This approach borrows the principle of
heterotopic transplantation of normal skeletal progenitors to
create normal ‘‘ossicles,’’ and has provided insights into the
role of skeletal stem cells for generating bone lesions in FD
(Bianco et al., 1998). (B) Use of lentiviral vectors for transfer of
the FD disease gene (GNAS R201C) into normal human
skeletal stem cells creates an ample source of mutated pro-
genitors for experimental work, and reveals, specifically,
the early responses of stem cells to mutated Gsa, including
adaptive responses that can be exploited for designing
pharmacological intervention (Piersanti et al., 2010). The
same vectors used to create human transgenic stem cells can
then be used to create murine models of disease (P. Bianco,
unpublished data). (C) Genetic correction of FD requires
specific silencing of the mutated Gsa allele, which carries a
point mutation. This is feasible with lentivirally encoded
RNA-interfering sequences. In this way, the fundamental
cellular phenotype (excess production of cAMP) and certain
abnormalities in the differentiation properties of mutated
skeletal progenitors (loss of adipogenic potential) can be re-
verted in mutated skeletal stem cells. This establishes proof
of principle for a model of RNA interference-based gene
therapy in FD.
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were to be the only ultimate outcome of the huge global
effort in the past decade.

Indeed, the very notion of stem cells promises more than
surgical application or engineering of tissues. It also prom-
ises more than the newly cheered ‘‘trophic’’ or ‘‘immuno-
modulatory effects’’ (reviewed in Caplan and Dennis, 2006;
Le Blanc and Ringden, 2007; Prockop, 2007), which seem to
have replaced hopes for making neurons out of bone or
blood. These novel effects, in turn, seem to be destined to be
replaced, at least to a large extent, by the proper effects of the
proper chemical mediators once emergence from the sea
of serendipity puts the latter, not cells, at center stage and
under the dissecting microscope. The notion of stem cells
promises to reveal facets of disease mechanisms, and ap-
proaches to therapy, that would not be conceivable other-
wise. It promises to elucidate how lineage and differentiation
intertwine with disease and organ damage (as is the case,
e.g., in hematology). It promises to place before the investi-
gator miniature in vivo (in-stem cell) models of molecular
mechanisms. Curiously, the use of stem cells as disease
models is rapidly gaining popularity in the embryonic stem
cell field, but was in fact originally highlighted first in skel-
etal stem cells (Bianco et al., 1998). Transplantation of ge-
netically abnormal skeletal stem cells (bone marrow ‘‘MSCs’’)
has been used to generate in vivo replicas of human and
murine genetically abnormal bone (Holmbeck et al., 1999;
Riminucci et al., 2001). Likewise, their use in in vitro studies
has provided simple and informative disease models, and
revealed even major aspects of disease pathophysiology or
skeletal physiology. The notion that the skeleton functions as
a hormonal regulator of renal handling of phosphate (Ri-
minucci et al., 2003), for example, emanates from the study of
skeletal stem cells from fibrous dysplasia (FD) of bone. Fi-
brous dysplasia (OMIM #174800) is a crippling, occasionally
lethal genetic disease of the skeleton, caused by activating
missense mutations in of the gene encoding the a subunit of
the stimulatory G protein, Gs (reviewed in Riminucci et al.,
2006). In FD, analysis of in vivo and ex vivo properties and
behavior of skeletal stem cells has revealed important dy-
namics of disease pathogenesis. For example, the negative
impact of the causative mutation on the viability of skeletal
stem cells (Kuznetsov et al., 2008), or the occurrence of
mechanisms of allelic selection reflecting on clinical vari-
ability and yet unrelated to parental imprinting (Michienzi
et al., 2007), would not have been revealed if not by looking
at the properties of single clonogenic skeletal progenitors. Of
note, some of these mechanisms evoke conceivable modes of
intervention that would see stem cells within their in vivo
location as targets of pharmacological intervention (Rimi-
nucci et al., 2006), rather than as transplantable items.

Beyond disease modeling, and the conception of innova-
tive drug targets, skeletal stem cells are natural subjects of
attention in genetic diseases of the skeleton, and in fibrous
dysplasia in particular (Fig. 2). Here, cell therapy and gene
therapy are almost inevitably the lodestone of wishful
thinking. Success of these approaches in hematology en-
forces the wish, and at times weakens the thinking. For ex-
ample, direct borrowing of strategies for transplantation of
‘‘MSCs’’ (Horwitz et al., 1999, 2001) from those successful
with HSCs may lead to disappointing outcomes, and addi-
tional unfulfilled hopes. Efficient ways to (1) eradicate a
diseased physical substrate in the target tissue, and (2) sys-

temically target ‘‘MSCs’’ to the skeleton, still represent the
two major unsolved hurdles in the way of systemic cell or
gene therapy of genetic skeletal diseases. On the other hand,
a hasty desire for translation should not undermine the
pursuit of these strategies. It took no less than one century
for the notion of hematopoiesis as a bone marrow-centered
event to evolve into the exploitation of bone marrow cells for
treating hematological disease, or simply to recognize that
infusion in the blood stream, not per os administration as was
done at the end of nineteenth century, was the way to pro-
ceed. Pursuit of these strategies generates, in fact, knowledge
that becomes exploitable in unexpected ways over time, and
our lack of know-how concerning specific facets of the
medical problem should not prevent attempts to tackle
problems that current technologies allow to be tackled effi-
ciently. Gene correction in ‘‘MSCs’’ is, no doubt, one of these
areas. At this time, work in this field remains within the zone
of proof-of-principle, but even so, it does provide advances
and insight. Osteogenesis imperfecta (Chamberlain et al.,
2004, 2008) and fibrous dysplasia have been the focus of
attention in this area. We have shown, for example, that a
dominant gain-of-function point mutation in a ubiquitously
expressed, indispensable gene such as GNAS (encoding the
a-subunit of adenylate cyclase stimulatory G protein), can be
effectively and efficiently targeted, in skeletal stem cells,
using a combination of RNA interference and lentiviral
transduction technologies (Piersanti et al., 2006, 2010). Re-
versal of the fundamental disease phenotype at the cellular
level, and even reversal of some specific changes in the stem
cell behavior of skeletal stem cells carrying the disease gene,
can be accomplished in this way (Piersanti et al., 2010).
Translation to proper in vivo models is underway.
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