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Abstract: To accelerate bone repair, one strategy is to deliver the cells that make bone. The current review focuses on
stem cell-based bone repair. Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) can self-renew
unlimitedly and differentiate into the bone forming cells - osteoblasts. Scientists have been actively investigating
culture conditions to stably and efficiently induce differentiation of these stem cells into osteoblasts. However, ESCs
have the issues of ethnics, immune response and both ESCs and iPSCs have tumorigenic potential. In contrast, bone
marrow stromal/stem cells (BMSCs) hold great potential to enhance bone formation. Use of BMSCs can avoid the
ethical issues and can obviate the immune response problem. However, BMSCs are a rare population with limited
self-renewal ability and their differentiation ability decreases in elderly individuals. Considering the unlimited self-
renewal ability, it is promising to develop protocols to differentiate ESCs into osteoblasts faithfully and efficiently. It is
important to eliminate undifferentiated ESCs or iPSCs because of their tumorigenic potential. Therefore, future stud-
ies need to identify BMSCs specific cell surface markers since the cell surface markers utilized currently are not spe-
cific to BMSCs. Future studies also need to enhance the osteogenic potential without using viral vectors for transgene

delivery to eliminate the risk of tumor generation.
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Introduction

Skeletal defects can result from trauma, tumor
resection, surgical correction of hereditary de-
fects or from diseases and congenital anoma-
lies [1]. Fracture is one of the most common
skeletal defects, yet one in five fractures is un-
able to heal satisfactorily [2]. Thus, the skeletal
defects markedly compromise mobility and
quality of life. Further, the reconstruction of
skeletal defects poses an enormous healthcare
burden, which is complicated by the increasing
cost and an aging population. Therefore, more
effective approaches to treat these bone de-
fects are needed.

Current available materials to reconstruct skele-
tal defects include autologous bone (from the
patient), allogeneic bone (from a donor), and
inorganic or alloplastic materials [1, 3]. The tra-
ditional gold standard for bone repair and re-
generation has been the autologous bone grafts
[4]. Autologous bone grafts, usually obtained
from the patient’s iliac crest, do not cause im-

mune rejection. Besides containing patient’s
own bone-forming cells, autologous bone grafts
might also recruit mesenchymal cells and direct
them to differentiation into bone forming cells
[3]. Although there are a number of advantages,
the major drawbacks of autologous grafts are
donor site pathology and limited graft supply [1,
3]. One alternative source for bone repair and
regeneration is the allogenic graft, usually
demineralized bone from cadaver. However,
compared to autografts, these allografts have
poor quality, with fewer cells, higher bone re-
sorption and lower new bone formation. In addi-
tion, allografts carry high potential for immune
rejection and disease transmission [1, 3]. An-
other source utilized are demineralised bone
matrices and synthetic biomaterials such as
metals, ceramics and polymers. These materials
also carry high risk of infection and structural
failure [1].

Bone tissue engineering will probably overcome
the drawbacks of traditional bone graft materi-
als and offer an effective approach for bone
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repair and regeneration. Instead of implanting
materials to bridge the defects, bone tissue en-
gineering regenerates new bone [5]. One prom-
ising approach in bone tissue engineering uses
both stem cells and scaffold capable of promot-
ing robust bone formation. The current review
will focus on stem cells studied for bone repair
and regeneration. Embryonic stem cells (ESCs)
and adult stem cells particularly bone marrow
mesenchymal/stem cells (BMSC) are promising
cell sources for bone repair and regeneration.
Before discussing this topic, we will first intro-
duce some basics about bone formation.

Basics in bone formation

Bones can be thought as an organ of the skele-
tal system. They provide mechanical support to
soft tissues, and support muscle action and
hematopoiesis. They also contribute to mineral
homeostasis. These functions are accomplished
by continuous bone remodeling which is charac-
terized by bone resorption coupled to bone for-
mation [6, 7]. Bone resorption is carried out by
osteoclasts, which are derived from hematopoi-
etic lineage. Bone formation is carried by os-
teoblasts, which are mesenchyme-derived. Dif-
ferentiation of mesenchymal stem cells towards
osteoblasts is governed by a series of transcrip-
tion factors, including runt-related transcription
factor 2 (Runx2), osterix and activating tran-
scription factor 4 [8]. Osteoblasts will lay down
bone matrix proteins that will slowly mineralize.
An early marker of osteoblast differentiation is
type | collagen. Mature osteoblasts secrete os-
teocalcin, which is considered to be a late stage
osteoblast marker. Most osteoblasts die
through the process of apoptosis, but some os-
teoblasts become osteocytes embedded in
bone matrix and some osteoblasts become
bone-lining cells [9].

During development, two processes give rise to
the skeletal elements [10]. Flat bones that com-
prise the cranium and medial clavicles are
formed by intramembranous ossification. Long
bones that comprise the appendicular skeleton,
facial bones, vertebrae, and the lateral medial
clavicles are formed by endochondral ossifica-
tion. In the intramembranous ossification, a
group of mesenchymal cells forms a condensa-
tion by proliferating and differentiating directly
into osteoblast progenitors [10]. In the endo-
chondral ossification, mesenchymal cells first
differentiate into hypertrophic chondrocytes,
which then form hypertrophic cartilage [10]. The
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hypertrophic cartilage provides a template for
trabecular bone formation. The major difference
between the endochondral and intramembra-
nous ossification is the presence of the carti-
lage phase in the former but not the latter.

Scientists have been actively investigating what
is the ideal cell source to regenerate and repair
bone. Pluripotent stem cells have gained a lot of
attention because of the remarkable ability of
self-renewal and the ability to become tissue- or
organ specific cells with specific function. ESCs
and BMSCs have been actively studied for bone
repair.

Bone generation using pluripotent stem cells

ESCs are harvested from the inner cell mass of
the blastocyst. Their pluripotent characteristic
enables them to self-renew unlimitedly and dif-
ferentiate into all cell types in the body [11-13].
The unique properties of pluripotent cells to
generate large amounts of osteoblasts make
ESCs an attractive source for bone engineering.
Both in vitro and in vivo experiments have dem-
onstrated the ability of ESCs to differentiate into
osteoblasts that form bone.

Some approaches to drive ESC differentiation
into osteoblasts lead to the formation of cell
aggregates in non-adherent spheroids, called
embryoid bodies. Embryoid bodies recapitulate
many aspects of the embryo development in-
cluding cellular signals and events, which will
lead to differentiation of cells of the three germ
layers: endoderm, mesoderm and ectoderm.
This is similar to the process of gastrulation of
an epiblast-stage embryo in vivo [14].

Through the initiation of embryoid bodies, But-
tery et al demonstrated in 2001 that murine
ESCs are able to differentiate into osteoblasts
and form bone in vitro [15]. Later in 2004, But-
tery’s group reported in vitro differentiation and
in vivo mineralization of osteogenic cells from
human ESCs [16]. To selectively direct ES cells
to differentiation towards osteoblast lineage,
they used a differentiation medium containing
ascorbate 2-phosphate, beta-glycerophosphate
and dexamethasone. This differentiation
method has been established to differentiate
rodent and human primary osteoblasts. The
authors particularly investigated the effect of
the timing of dexamethasone supplementation
on osteogenic differentiation. They observed
that dexamethasone supplementation from day
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14 until day 28 of the culture led to the largest
amount of bone nodule formation. They as-
sessed in vitro differentiation by assaying Aliza-
rin red staining of mineralized bone nodules
and Runx2 expression in the differentiated cul-
tures. They further showed that these in vitro
differentiated osteoblasts are viable and func-
tional in vivo by seeding them onto a polymer
scaffold and implanting them in severe com-
bined immunodeficiency (SCID) mice. But other
studies demonstrated that ESCs are able to
form bone which includes bone lining cells and
osteocyte [17, 18].

In order to produce a large source of multipo-
tent progenitor cells that are able to differenti-
ate into bone lineage, investigators have been
trying to derive MSCs from ESCs before ESCs
differentiate into lineage specific cell types [18-
21]. These MSCs from ESCs share similar prop-
erties with BMSCs in term of their immunophe-
notype CD73+, STRO-1+ and CD45- [18]. These
ESCs derived MSCs are able to differentiate
towards osteoblast lineage in vitro and are ca-
pable of regenerating bone in calvarial defects
[18]. In addition, ESCs can efficiently generate
bone in an orthotopic bone defect model [17,
18].

Challenges for ESC-derived bone formation

While multiple lines of evidence including those
discussed above suggest that ESCs can form
bone in vivo [17, 18, 22], one report argued
that ESCs failed to form functional bone in vivo
[23]. The authors demonstrated [23] that, al-
though human or mouse ES cells can form bone
and osteoid via teratoma formation in SCID
mice, they cannot do so via the MSC intermedi-
ate step as reported [22]. Some studies show
that ESCs are capable of endochondral ossifica-
tion if the cells receive chondrogenic stimulation
before implantation [17]. Therefore, a repro-
ducible protocol to ensure ESC differentiation
into functional bone is needed.

The clinical application of ESC-derived tissues
faces two major hurdles. One is the ethical de-
bate over the use and destruction of human
embryos for human ESC derivation [24]. An-
other is the concern of immune response to
tissues generated by ESCs as they are usually
allogenic to recipient patients [24]. The discov-
ery of induced pluripotent stem (iPS) cells [25-
27] has opened a potential avenue to autolo-
gous therapy by overcoming both hurdles. iPS
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cells are morphologically and functionally like
ES cells, but derived via viral vector-mediated
reprogramming of somatic cells such as pa-
tient’'s skin fibroblasts. New strategies have
been reported to derive iPS cells by using virus-
or DNA-free methods [28, 29].

Another challenges to apply ES or iPS cells for
bone formation in patients is their tumorigenic
potential. Both ES or iPS cells can form terato-
mas in vivo [30], because of their pluripotent
characteristic. Therefore, it is critical to remove
any remaining undifferentiated ES or iPS cells
from their derivatives before implantation into
patients [30]. Molecular imaging has been used
to track implanted ESCs and detect early tumor
formation in animals [30, 31]. Meanwhile, fur-
ther research is needed to develop efficient
methods to direct ES/iPS cells into therapeuti-
cally desired cell lineages such as osteoblast
while eliminating any remaining pluripotent
cells.

Bone regeneration using mesenchymal stem/
stromal cells (MSCs)

Although pluripotent stem cells including ESCs
and iPS cells have remarkable ability of self-
renewal and potential to become a specific
functional cell type, the issues regarding the
ethics, immune response and tumorigenic po-
tential need to be addressed before their appli-
cation for bone regeneration in humans. In con-
trast, adult stem cells including mesenchymal
stem/stromal cells (MSCs) can avoid the ethical
issue and they can be autologous. MSCs are
capable of differentiating into multiple cell line-
ages, including osteoblasts [32]. For bone re-
generation, the most studied MSCs are bone
marrow-derived mesenchymal stem/stromal
cells (BMSCs) [5].

As early as 1987, Friedestein et al. [33] demon-
strated the existence of fibroblast colony-
forming cells or MSCs in the bone marrow.
Later, Pittenger, et al. described in detail that
BMSCs can differentiate into osteoblasts and
other cell types [32]. In 2001, Quarto et al. re-
ported the first clinical trial to repair large bone
defects using autologous BMSCs [34].

Isolation and characterization of BMSCs
The traditional method to isolate BMSCs is to

collect the low-density mononuclear cell fraction
from bone marrow aspirates based on the
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higher adherence of the mononuclear cells to
the plastic surface than the hematopoietic cells
[35]. BMSCs isolated via this method are het-
erogeneous, containing both stem cells and
progenitor cells. The current standard for the
stemness of BMSCs is to examine their ability to
form ectopic bone and bone marrow in SCID
mice [36]. Around 30% of the colonies isolated
by the adherence method are truly stem cells
and the rest are other cells with varying prolif-
eration and differentiation potentials [37].

To better purify and identify MSCs, investigators
have searched for a cell-surface antigen profile.
However, so far there is no definitive and exclu-
sive marker for MSCs, although there is a myr-
iad of reported positive markers. Researchers
often use different sets of markers to identify
MSCs [38]. Currently, the best-known human
MSC marker is Stro-1 [38]. Stro-1 positive cells
are capable of differentiating into multiple mes-
enchymal lineages including osteoblasts, adipo-
cyte, chondryocytes, smooth muscle cells and
hematopoetic-supporting fibroblasts [39]. Con-
sistent with this finding, Stro-1 negative cells
are not capable to form colony forming units
[38]. However, we cannot use Stro-1 as an ex-
clusive marker for MSCs as expression of stro-1
was identified in some adipose tissue and blood
vessels [40]. In addition, MSCs lose Stro-1 ex-
pression during culture expansion [38], and Stro
-1 does not have its mouse counterpart. Future
studies are needed to address whether Stro-1
negative MSCs have already lost the multipoten-
tial of differentiation. Researchers now often
define and isolate MSCs by using Stro-1 to-
gether with some other positive markers, e.g.,
CD106 (vascular cell adhesion molecule-1),
CD73 (lymphocyte-vascular adhesion protein 2)
[38] and negative markers, e.g., CD11b (an im-
mune cell marker), glycophorin-A (an erythroid
lineage marker), and CD45 (a marker for all
hematopoietic cells) [38].

Favorable characteristics of human BMSCs for
bone generation

First, BMSCs can be easily collected from hu-
man body by using a relatively simple aspiration
procedure [3]. Second, BMSCs can be easily
expanded in vitro while maintaining genetic sta-
bility. Third, human BMSCs are less immuno-
genic as they do not express co-stimulatory
molecules, express low levels of major histo-
compatibility complex (MHC) class Il molecules
and intermediate levels of MHC class | mole-
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cules [41, 42]. Thus, BMSCs may be feasible for
allogenic transplantation.

Animal studies on bone generation from BMSCs

Many studies have proved that BMSCs are ca-
pable of differentiating into osteoblasts, and
produce bone matrix, and repair bone defects in
rodent models [22, 43-50]. For example, Men-
des, et al. demonstrated in vivo bone formation
using human BMSCs in nude mice [45]. They
loaded human BMSCs into porous particles of
calcium phosphate material. After a period of
one week of in vitro culture, they implanted the
constructs subcutaneously into nude mice. After
4 weeks, they found new bone formation using
histology analysis [45]. In the newly formed
bone, they found osteocytes embedded in the
bone matrix, and bone marrow containing blood
vessels, hematopoietic cells, and fat [45].

The majority of studies have shown that BMSCs
can generate bone tissue by direct osteoblastic
differentiation, a process resembling intramem-
branous ossification. However, most bones are
formed through endochondral ossification by
remodeling hypertrophic cartilaginous tem-
plates. Scientists reported endochondral bone
formation using chick embryonic mesenchymal
cells [51] and human adult BMSCs [46]. Scotti,
et al. also recapitulated endochondral bone
formation using human BMSCs [46]. Only when
the BMSCs develop into hypertrophic cartilagi-
nous tissue structures, can they form endo-
chondral bone tissue [46]. The authors also
compared bone-forming capacity of the early
and advanced maturation of hypertrophic carti-
lage tissues formed by human BMSCs. They
found that late hypertrophic cartilage tissues
result in accelerated bone formation as re-
vealed by quantitative microtomography analy-
sis. Furthermore, the investigators demon-
strated the presence of the delivered human
BMSCs within the newly formed bone tissue by
testing human Alu repeat sequences. However,
future studies need to address whether the im-
planted BMSCs or the recruited host cells in-
duce the endochondral ossifications of the new
bone.

Clinical studies on bone generation from
BMSCs

To date, more than 300 articles [3] on bone

generation using stem cells in animal models
have been published. As early as 2001, Quarto
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et al reported the first clinical trial of repair of
large bone defects using autologous bone mar-
row stromal/stem cells [34]. However, as of
today, there are only a few studies (around 10
papers) in humans [3, 5, 35].

Challenges and future directions for bone
generation using BMSCs

Despite the great potential of BMSCs in bone
generation, there are limitations for their clinical
application. First, in human bone marrow,
BMSCs are a rare population of clonogenic non-
hematopoietic stem cells, approximately 1 in
100,000 of the bone marrow mononuclear cells
[35]. Second, bone marrow aspiration causes
pain in the donor sites. Therefore, searching for
MSCs from other sources are necessary. Adi-
pose tissue stem cells represent an attractive
source because of their osteogenic potential
[52, 53] and relative abundance (1% to 5% of
isolated nucleated cells) [54]. Third, the osteo-
genic potential of BMSCs declines substantially
in the elderly people [55-57]. Lastly, BMSCs
have senescent features including limited self-
renewal and gradual loss of the osteogenic po-
tential [58]. It has been shown that ectopic ex-
pression of telomerase in BMSCs can extend
their life-span and maintain their osteogenic
potential [59, 60]. However, it is important to
address how to efficiently express the transgene
without using viral vectors and assure the elimi-
nation of the tumorigenic potential of BMSCs
[28, 61, 62].

Summary and future directions

Overall, great progress has been made in the
field of bone regeneration. ESCs, iPS cells and
BMSCs are promising cell sources for bone re-
generation. ESCs and iPS cells have a great ad-
vantage of unlimited division and pluripotency.
Multiple lines of evidence support that ESCs
and iPS can form bone in vivo. However, a re-
producible protocol to ensure ESCs to differenti-
ate into functional bone needs to be developed.
In addition, ESCs studies need to overcome the
ethical issues, immune response and tu-
morgenic potential. In contrast, BMSCs can
avoid the ethical issues and they can be autolo-
gous. Further, scientists have developed proto-
cols to differentiate BMSCs into osteoblasts
faithfully. The disadvantage of BMSCs is their
limited available cell number for therapy. In ad-
dition, BMSCs from elderly patient lose osteo-
genic potential substantially. Several strategies
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have been proposed to overcome the disadvan-
tage of ESCs and BMSCs. One strategy is to de-
velop a protocol to differentiate ESCs into os-
teoblasts faithfully. Since non-differentiated
ESCs have the tumorigenic potential, it is critical
to eliminate the non-differentiated ESCs from
the differentiated MSCs. One study enriched
MSCs differentiated from ESCs by fluorescent-
activated cell sorting for alkaline phosphatase
expressing cells [18]. However, alkaline phos-
phatase is not specific to MSCs, as ESCs also
express alkaline phosphatase. Although many
cell surface markers are utilized to isolate
BMSCs, these markers are not specific to
BMSCs. Therefore specific markers for BMSCs
need to be identified. One strategy to increase
the osteogenic potential of BMSCs is to express
genes including telemorase, and future strate-
gies need to accomplish this goal without using
viral vectors to eliminate tumorigenic potential.

Acknowledgement

This work was partially supported by NIH grant
AG021189 to Dr. Marja M. Hurley.

Address correspondence to: Dr. Yurong Fei, New York
University College of Denstry, New York, NY, USA. E-
mai: yf18@nyu.edu

References

[1] Slater BJ, Kwan MD, Gupta DM, Panetta NJ,
and Longaker MT. Mesenchymal cells for skele-
tal tissue engineering. Expert Opinion on Bio-
logical Therapy 2008; 8: 885-893.

[2] Verettas DA, Galanis B, Kazakos K, Hatziyian-
nakis A and Kotsios E. Fractures of the proxi-
mal part of the femur in patients under 50
years of age. Injury 2002; 33: 41-45.

[3] Meijer GJ, de Bruijn JD, Koole R and van Blit-
terswijk CA. Cell-based bone tissue engineering.
PLoS Medicine 2007; 4: e9.

[4] Kneser U, Schaefer DJ, Polykandriotis E and
Horch RE. Tissue engineering of bone: the re-
constructive surgeon's point of view. Journal of
Cellular and Molecular Medicine 2006; 10: 7-
19.

[5] Marolt D, Knezevic M and Novakovic GV. Bone
tissue engineering with human stem cells.
Stem Cell Research & Therapy 2010; 4: 10-20.

[6] Harada, S and Rodan, GA., Control of os-
teoblast function and regulation of bone mass.
Nature 2003; 423: 349-355.

[7] Raisz LG. Pathogenesis of osteoporosis: con-
cepts, conflicts, and prospects. Journal Clinical
Investigation 2005; 115: 3318-3325.

[8] HKarsenty G. Transcriptional control of skeleto-
genesis. Annual Review of Genomics and Hu-

Am J Stem Cell 2012;1(2):106-113



(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

111

Stem cell-based bone repair

man Genetics 2008; 9: 183-196.

Baron R. General Principles of Bone Biology.
Primer on the Metabolic Bone Diseases and
Disorders of Mineral Metabolism, ed. by Murray
J. Favus. The American Society for Bone and
Mineral Research, Washington, D.C., 2003; 1-
8.

Ornitz DM, Marie PJ. FGF signaling pathways in
endochondral and intramembranous bone de-
velopment and human genetic disease. Genes
and Development 2002; 16: 1446-1465.
Thomson JA, ltskovitz-Eldor J, Shapiro SS,
Waknitz MA, Swiergiel JJ, Marshall VS, Jones
JM. Embryonic Stem Cell Lines Derived from
Human Blastocysts. Science 1998; 282: 1145-
1147.

Martin, GR. Isolation of a pluripotent cell line
from early mouse embryos cultured in medium
conditioned by teratocarcinoma stem cells.
Proceedings of the National Academy of Sci-
ences of the United States 1981; 78: 7634-
7638.

Evans MJ and Kaufman MH. Establishment in
culture of pluripotential cells from mouse em-
bryos. Nature 1981; 292: 154-156.
ltskovitz-Eldor J, Schuldiner M, Karsenti D,
Eden A, Yanuka O, Amit M, Soreq H, Benvenisty
N. Differentiation of human embryonic stem
cells into embryoid bodies compromising the
three embryonic germ layers. Molecular Medi-
cine 2000; 6: 88-95.

Buttery LD, Bourne S, Xynos JD, Wood H,
Hughes FJ, Hughes SP, Episkopou V, Polak JM.
Differentiation of osteoblasts and in vitro bone
formation from murine embryonic stem cells.
Tissue Engineering 2001; 7: 89-99.

Bielby RC, Boccaccini AR, Polak JM, Buttery LD.
In vitro differentiation and in vivo mineralization
of osteogenic cells derived from human embry-
onic stem cells. Tissue Engineering 2004; 10:
1518-25.

Jukes JM, Both SK, Leusink A, Sterk LM, van
Blitterswijk CA, de Boer J. Endochondral bone
tissue engineering using embryonic stem cells.
Proceedings of the National Academy of Sci-
ences of the United States 2008; 105: 6840-
6845.

Arpornmaeklong P, Brown SE, Wang Z, Krebs-
bach PH. Phenotypic characterization, o0s-
teoblastic differentiation, and bone regenera-
tion capacity of human embryonic stem cell-
derived mesenchymal stem cells. Stem Cells
and Development 2009; 18: 955-968.

Choo A, Lim SK. Derivation of mesenchymal
stem cells from human embryonic stem cells.
Methods in Molecular Biology 2011; 690: 175-
182.

Brown SE, Tong W, Krebsbach PH. The deriva-
tion of mesenchymal stem cells from human
embryonic stem cells. Cells Tissues Organs
2009; 189: 256-260.

Olivier EN, Rybicki AC, Bouhassira EE. Differen-

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

[32]

(33]

tiation of Human Embryonic Stem Cells into
Bipotent Mesenchymal Stem Cells. Stem Cells
2006; 24: 1914-1922.

Tremoleda JL, Forsyth NR, Khan NS, Wojtacha
D, Christodoulou I, Tye BJ, Racey SN, Collishaw
S, Sottile V, Thomson AJ, Simpson AH, Noble
BS, McWhir J. Bone tissue formation from hu-
man embryonic stem cells in vivo. Cloning Stem
Cells 2008; 10: 119-132.

Both SK, van Apeldoorn AA, Jukes JM, Englund
MC, Hyliner J, van Blitterswijk CA, de Boer J.
Differential bone-forming capacity of osteo-
genic cells from either embryonic stem cells or
bone marrow-derived mesenchymal stem cells.
Journal of Tissue Engineering and Regenerative
Medicine 2011; 5: 180-190.

Polak DJ. Regenerative medicine. Opportunities
and challenges: a brief overview. Journal of the
Royal Society Interface 2010; 6: S777-781.
Takahashi K, Yamanaka S. Induction of pluripo-
tent stem cells from mouse embryonic and
adult fibroblast cultures by defined factors. Cell
2006; 126: 663-676.

Takahashi K, Tanabe K, Ohnuki M, Narita M,
Ichisaka T, Tomoda K, Yamanaka S. Induction
of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell 2007; 131:
861-872.

Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-
Bourget J, Frane JL, Tian S, Nie J, Jonsdottir GA,
Ruotti V, Stewart R, Slukvin Il, Thomson JA.
Induced pluripotent stem cell lines derived from
human somatic cells. Science 2007; 318:
1917-1920.

Zhou H, Wu S, Joo JY, Zhu S, Han DW, Lin T,
Trauger S, Bien G, Yao S, Zhu Y, Siuzdak G,
Scholer HR, Duan L, Ding S., Generation of
induced pluripotent stem cells using recombi-
nant proteins. Cell Stem Cell 2009; 4: 381-
384.

Park IH, Zhao R, West JA, Yabuuchi A, Huo H,
Ince TA, Lerou PH, Lensch MW, Daley GQ. Re-
programming of human somatic cells to pluri-
potency with defined factors. Nature 2008;
451: 141-146.

Kooreman NG, Wu JC. Tumorigenicity of pluripo-
tent stem cells: biological insights from molecu-
lar imaging. Journal of the Royal Society Inter-
face 2010; 7: S753-763.

Pomper MG, Hammond H, Yu X, Ye Z, Foss CA,
Lin DD, Fox JJ, Cheng L. Serial imaging of hu-
man embryonic stem-cell engraftment and tera-
toma formation in live mouse models. Cell Re-
search 2009; 19: 370-379.

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK,
Douglas R, Mosca JD, Moorman MA, Simonetti
DW, Craig S, Marshak DR. Multilineage poten-
tial of adult human mesenchymal stem cells.
Science 1999; 284: 143-147.

Friedenstein AJ, Chailakhyan RK, Gerasimov
UV. Bone marrow osteogenic stem cells: in vitro
cultivation and transplantation in diffusion

Am J Stem Cell 2012;1(2):106-113



[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

112

Stem cell-based bone repair

chambers. Cell & Tissue Kinetics 1987; 20:
263-272.

Quarto R, Mastrogiacomo M, Cancedda R, Ku-
tepov SM, Mukhachev V, Lavroukov A, Kon E,
Marcacci M. Repair of large bone defects with
the use of autologous bone marrow stromal
cells. The New Englang Journal of Medicine
2001; 344: 385-386.

Abdallah BM, Kassem M. The use of mesenchy-
mal (skeletal) stem cells for treatment of de-
generative diseases: current status and future
perspectives. Journal of Cell Physiology 2009;
218:9-12.

Abdallah BM, Haack-Sgrensen M, Burns JS,
Elsnab B, Jakob F, Hokland P, Kassem M. Main-
tenance of differentiation potential of human
bone marrow mesenchymal stem cells immor-
talized by human telomerase reverse transcrip-
tase gene despite of extensive proliferation.
Biochemical and Biophysical Research Commu-
nications 2005; 326: 527-538.

Post S, Abdallah BM, Bentzon JF, Kassem M.
Demonstration of the presence of independent
pre-osteoblastic and pre-adipocytic cell popula-
tions in bone marrow-derived mesenchymal
stem cells. Bone 2008; 43: 32-39.

Kolf CM, Cho E, Tuan RS. Mesenchymal stromal
cells. Biology of adult mesenchymal stem cells:
regulation of niche, self-renewal and differen-
tiation. Arthritis Research & Therapy 2007; 9:
204-214.

Dennis JE, Carbillet JP, Caplan Al, Charbord P.
The STRO-1+ marrow cell population is multipo-
tential. Cells Tissues Organs 2002; 170: 73-82.
Lin G, Liu G, Banie L, Wang G, Ning H, Lue TF,
Lin CS. Tissue distribution of mesenchymal
stem cell marker Stro-1. Stem Cells and Devel-
opment 2011; 20: 1747-1752.

Ramasamy R, Tong CK, Seow HF, Vidyadaran S,
Dazzi F. The immunosuppressive effects of
human bone marrow-derived mesenchymal
stem cells target T cell proliferation but not its
effector function. Cellular Immunology 2008;
251: 131-136.

Le Blanc K. Immunomodulatory effects of fetal
and adult mesenchymal stem cells. Cytotherapy
2003; 5: 485-489.

Yoshikawa T, Ohgushi H, Nakajima H, Yamada
E, Ichijima K, Tamai S, Ohta T. In vivo osteo-
genic durability of cultured bone in porous ce-
ramics: a novel method for autogenous bone
graft substitution. Transplantation 2000; 69:
128-134.

Both SK, van der Muijsenberg AJ, van Blit-
terswijk CA, de Boer J, de Bruijn JD. A rapid and
efficient method for expansion of human mes-
enchymal stem cells. Tissue Engineering 2007;
13: 3-9.

Mendes SC, Van Den Brink |, De Bruijn JD, Van
Blitterswijk CA. In vivo bone formation by hu-
man bone marrow cells: effect of osteogenic
culture supplements and cell densities. Journal

[46]

[47]

(48]

[49]

[50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

of Materials Science: Materials in Medicine
1998; 9: 855-858.

Scotti C, Tonnarelli B, Papadimitropoulos A,
Scherberich A, Schaeren S, Schauerte A, Lopez-
Rios J, Zeller R, Barbero A, Martin |. Recapitula-
tion of endochondral bone formation using
human adult mesenchymal stem cells as a
paradigm for developmental engineering. Pro-
ceedings of the National Academy of Sciences
of the United States 2010; 107: 7251-7256.
Blum JS, Barry MA, Mikos AG, Jansen JA. In vivo
evaluation of gene therapy vectors in ex vivo-
derived marrow stromal cells for bone regen-
eration in a rat critical-size calvarial defect
model. Human Gene Therapy 2003; 14: 1689-
1701.

Nather A, David V, Teng JW, Lee CW, Pereira
BP. Effect of autologous mesenchymal stem
cells on biological healing of allografts in critical
-sized tibial defects simulated in adult rabbits.
ANNALS Academy of Medicine Singapore 2010;
39: 599-606.

Bruder SP, Kraus KH, Goldberg VM, Kadiyala S.
The Effect of Implants Loaded with Autologous
Mesenchymal Stem Cells on the Healing of
Canine Segmental Bone Defects. The Journal of
Bone & Joint Surgery 1998; 80: 985-996.

van Gaalen SM, Dhert WJ, van den Muysenberg
A, Oner FC, van Blitterswijk C, verbout AJ, de
Bruijn JD. Bone tissue engineering for spine
fusion: an experimental study on ectopic and
orthotopic implants in rats. Tissue Engineering
2004; 10: 231-239.

Oliveira SM, Mijares DQ, Turner G, Amaral IF,
Barbosa MA, Teixeira CC. Engineering endo-
chondral bone: in vivo studies. Tissue Engineer-
ing Part A 2009; 15: 635-643.

Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW,
Katz AJ, Benhaim P, Lorenz HP, Hedrick MH.
Multilineage cells from human adipose tissue:
implications for cell-based therapies. Tissue
Engineering 2001; 7: 211-228.

Gimble JM, Katz AJ, Bunnell BA. Adipose-
Derived Stem Cells for Regenerative Medicine.
Circulation Research 2007; 100: 1249-1260.
Jurgens WJ, Oedayrajsingh-Varma MJ, Helder
MN, Zandiehdoulabi B, Schouten TE, Kuik DJ,
Ritt MJ, van Milligen FJ. Effect of tissue-
harvesting site on yield of stem cells derived
from adipose tissue: implications for cell-based
therapies. Cell and Tissue Research 2008;
332: 415-426.

Nishida S, Endo N, Yamagiwa H, Tanizawa T,
Takahashi HE. Number of osteoprogenitor cells
in human bone marrow markedly decreases
after skeletal maturation. Journal of Bone Min-
eral Metabolism 1999; 17: 171-177.
Stenderup K, Justesen J, Clausen C, Kassem M.
Aging is associated with decreased maximal life
span and accelerated senescence of bone mar-
row stromal cells. Bone 2003; 33: 919-926.
Mueller SM, Glowacki J. Age-related decline in

Am J Stem Cell 2012;1(2):106-113



(58]

(59]

[60]

113

Stem cell-based bone repair

the osteogenic potential of human bone mar-
row cells cultured in three-dimensional collagen
sponges. Journal of Cell Biochemistry 2001;
82: 583-590.

Bianco P, Riminucci M, Gronthos S, Robey PG.
Bone marrow stromal stem cells: nature, biol-
ogy, and potential applications. Stem Cells
2001; 19: 180-192.

Simonsen JL, Rosada C, Serakinci N, Justesen
J, Stenderup K, Rattan SI, Jensen TG, Kassem
M. Telomerase expression extends the prolif-
erative life-span and maintains the osteogenic
potential of human bone marrow stromal cells.
Nature Biotechnology 2002; 20: 592-596.

Shi S, Gronthos S, Chen S, Reddi A, Counter
CM, Robey PG, Wang CY. Bone formation by
human postnatal bone marrow stromal stem
cells is enhanced by telomerase expression.
Nature Biotechnology 2002; 20: 587-591.

[61]

(62]

Kim D, Kim C, Moon JI, Chung YG, Chang MY,
Han BS, Ko S, Yang E, Cha KY, Lanza R, Kim
KS. Generation of human induced pluripotent
stem cells by direct delivery of reprogramming
proteins. Cell Stem Cell 2009; 4: 472-476.
Warren L, Manos PD, Ahfeldt T, Loh YH, Li H,
Lau F, Ebina W, Mandal PK, Smith ZD, Meiss-
ner A, Daley GQ, Brack AS, Collins JJ, Cowan C,
Schlaeger TM, Rossi DJ. Highly Efficient Repro-
gramming to Pluripotency and Directed Differ-
entiation of Human Cells with Synthetic Modi-
fied mRNA. Cell Stem Cell 2010; 7: 618-630.

Am J Stem Cell 2012;1(2):106-113




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


