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ABSTRACT: Contributions from multidisciplinary investigations
have focused attention on the potential of tissue engineering to yield
novel therapeutics. Congenital malformations, including cleft palate,
craniosynostosis, and craniofacial skeletal hypoplasias represent ex-
cellent targets for the implementation of tissue engineering applica-
tions secondary to the technically challenging nature and inherent
inadequacies of current reconstructive interventions. Apropos to the
search for answers to these clinical conundrums, studies have focused
on elucidating the molecular signals driving the biologic activity of
the aforementioned maladies. These investigations have highlighted
multiple signaling pathways, including Wnt, fibroblast growth factor,
transforming growth factor-�, and bone morphogenetic proteins, that
have been found to play critical roles in guided tissue development.
Furthermore, a comprehensive knowledge of these pathways will be
of utmost importance to the optimization of future cell-based tissue
engineering strategies. The scope of this review encompasses a
discussion of the molecular biology involved in the development of
cleft palate and craniosynostosis. In addition, we include a discussion
of craniofacial distraction osteogenesis and how its applied forces
influence cell signaling to guide endogenous bone regeneration.
Finally, this review discusses the future role of cell-based tissue
engineering in the treatment of congenital malformations. (Pediatr
Res 63: 545–551, 2008)

The surgeon’s scalpel has over the years served as the
mainstay of therapy for cleft palate, craniosynostosis, and

hypoplasias of the craniofacial skeleton. As a result of ad-
vances in the fields of molecular biology, developmental
biology, stem cell biology, and material sciences, the potential
for alternative or adjunctive therapies to surgical treatment of
these congenital malformations has become a realistic possi-
bility. This possibility exists in the form of tissue engineering.
This review focuses on these three congenital malformations
because of the tremendous potential for tissue engineering
applications to provide more effective and minimally invasive
treatment modalities for these conditions.
Furthermore, a focused discussion of each one of these

congenital malformations serves to illustrate how an under-
standing of the biologic underpinnings of the pathology can
lead to targeted interventions at the molecular level. Although
much of these efforts remain in animal models, they lay the
important foundation for development of future clinical treat-

ments. In the discussion of cleft palate, we focus on Wnt
signaling. We used a novel system that has been used to
dissect out the role of glycogen synthase-kinase 3 beta (GSK-
3�), a key player in Wnt signaling, in regulating palatal
development. Our discussion of craniosynostosis centers
around fibroblast growth factor (FGF) signaling, the predom-
inantly aberrant pathway in syndromic forms of the condition,
and how an understanding of its signaling mechanisms has led
to investigations of targeted molecular treatments. Our review
will also discuss the correction of craniofacial skeletal hyp-
oplasias with distraction osteogenesis (DO), a modality that is
a form of endogenous tissue engineering. Finally, we will
conclude with a discussion of how cell-based therapies stand
poised to benefit from all of the molecular lessons previously
gleaned.

CLEFT PALATE

Cleft palate is a relatively common congenital malforma-
tion with an incidence of between one and two in 1000 live
births (1). The severity is variable and ranges from occult to
overt; the causes are numerous and range from syndromic/
genetic to teratogenic/environmental to isolated/idiopathic;
the management is often complex and ranges from straight-
forward surgical closure to multidisciplinary surgical and cleft
team care. Furthermore, the socioeconomic burden posed by
orofacial clefting is significant; according to the Healthcare
Cost and Utilization Project, these costs often exceed $100
million annually (2).
Surgical repair of cleft palate is currently the clinical stan-

dard of care. In these cases, affected children often require
multiple physiologically challenging operations to address not
only palate closure, but also associated problems with speech,
dental occlusion, fluid buildup within the ears, and maxillary
growth deficiency. As such, recent research has made strides
at elucidating both the biology underlying normal palate de-
velopment and the pathogenesis of cleft palate in attempts to
improve the way cleft palate is managed in the future.
The process of palatogenesis depends on highly coordi-

nated, anatomically specific and precisely timed molecular
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signals for normal development (3). Among them, cell migra-
tion, proliferation, fusion, apoptotic, and differentiation events
contribute to the complexity of craniofacial organization. In
addition, multiple signaling pathways including sonic hedge-
hog, FGF, and transforming growth factor-� (TGF-�) signal-
ing complement each other. Aberration from any of this
programming is likely to lead to pathogenesis of the palate,
namely cleft palate (4). Much of our knowledge of craniofa-
cial clefting arises from patient studies and selected animal
models. Study of these models has revealed a well orchestrated
sequence of events that has now been well documented (5).
Throughout the process of palatogenesis, molecular signal-

ing between the mesenchymal and epithelial layers guides
appropriate development. This paradigm of development is
not specific to the palate, but the pathways underlying these
interactions are temporally and spatially distinct and have not
been clearly elucidated in the past. Learning what molecules
are involved during the well-described classical stages of
palate development allows for identification of missteps that
may arise.
In an effort to further understand one aspect of the complex

biology underlying normal palatogenesis, we recently inves-
tigated the role of GSK-3� in the process (6). In this system,
we showed that cleft palate resulting from loss of GSK-3�
could be rescued by protein stabilization during a short,
specific window in embryogenesis in the mouse model. In this
series of experiments, a mutant mouse carrying alleles for
GSK-3�FRB* was injected with rapamycin to inducibly stabi-
lize GSK-3� during various 2-d windows in embryogenesis
within the timeline of palate development. This transgenic
mouse was engineered to carry alleles for GSK-3� such that
without drug addition the unstable FRB* tag would necessar-
ily cause protein degradation, and the mouse would exhibit a
null mutation phenocopy (i.e., cleft palate). Subsequent histo-
logic analysis revealed that without rapamycin, no GSK-
3�F*/F* embryos were able to rescue the cleft palate; however,
with rapamycin injection of the pregnant dam between E13.5
and E15.0, the majority of conditional GSK-3�F*/F* mutant
animals were able to be partially or completely rescued from
their cleft palate in utero. Rescue was not seen in other
injection windows during palatogenesis, suggesting a critical
role for GSK-3� function in normal palatogenesis between
E13.5 and E15.0 in the mouse model (6).
GSK-3� has been implicated as a key regulator of a wide

variety of developmentally important molecular pathways in-
cluding Wnt, nuclear factor of activated T-cells (NFAT), Hedge-
hog, and insulin signaling. These signaling pathways are essential
components of many biologic responses and associated diseases,
including embryonic development and cell fate determination,
diabetes, neurodevelopment and neurodegeneration, psychiatric
disorders, cell cycle regulation and cancer, hematopoiesis, and
immunity (7,8). GSK-3� has not previously been implicated in
the development of the mammalian palate. However, because it
is positioned at the “node” of so many significant developmental
pathways, analysis of GSK-3� function during palatogenesis will
likely provide important insight into this common birth defect. In
addition, because of the “promiscuous” nature of GSK-3�, it has
become a potentially important therapeutic target. Thus, many

potent and selective inhibitors of GSK-3� function are being
developed by the pharmaceutical industry (9).
Although GSK-3� mutations have not been documented to

be a cause of human orofacial clefting, our recent findings
suggest it is clinically relevant because of the potential to
devise methods for improved treatments, including in utero
rescue, for human orofacial clefting. Ongoing investigations
of GSK-3�’s role in palatogenesis promise future clinical
applicability, because it has the potential to reveal signaling
pathways underlying cleft formation and lay the groundwork
for potentially improved treatments using small molecules.
Within the last several years, there have also been numerous

reports of TGF-�3’s role in palatogenesis. In 2001, Koo et al.
first reported a novel mutant mouse that could potentially be
used as an animal model for the study of cleft palate (10). In
this report, they described a mutant mouse that was homozy-
gous null for TGF-�3 on both alleles. They reported 100%
clefting of the palate in the homozygous TGF-�3 knockout
pups. Changes in TGF-�3 have also been associated with
orofacial clefting in humans, further bolstering the signifi-
cance of Koo et al.’s report. Subsequent to the development of
the animal model for TGF-�3-mediated clefting, several re-
ports have demonstrated that restoration of TGF-� signaling
was sufficient to rescue at least part of the cleft phenotype. In
particular, Cui et al. demonstrated that downstream TGF-�
signaling element Smad2 expression in the palatal shelf me-
dial edge epithelia rescued much of the cleft secondary palate
in TGF-�3 null mice (11). Yang and Kaartinen have also
recently reported rescue by TGF-� signaling (12). In this
report, TGF-�1 was knocked into the TGF-�3 locus in
TGF-�3 null mice; the result was similar to the aforemen-
tioned report by Cui et al. in that a significant portion of the
secondary palate was rescued. Finally, Spivak et al. have
reported rescue of the cleft palate phenotype in TGF-�3 null
pups in utero by viral-mediated delivery of TGF-�3 during
palatogenesis with substantial success, perhaps setting the
stage for future in utero gene therapy for craniofacial disease
processes (13). In summary, TGF-� signaling has long been
recognized as a critical mediator of successful palatogenesis,
and it will be interesting to follow further research in this field
toward clinical translation into alternative strategies for the
management of cleft palate.
Finally, Wnt signaling has recently received considerable

attention for its role in craniofacial morphogenesis, including
orofacial clefting. Several reports discuss changes in Wnt
family member gene expression in association with cleft
palate, but only recently was loss of Wnt9b purported to be
causal in the etiology of cleft palate in a mouse model (14). In
this report, the authors confirmed that the previously described
mutation clf1 in A/WySn mice was a mutation of the Wnt9b
gene by a standard genetic test of allelism. The authors
conclude by suggesting future examination of Wnt9b loci in
humans with nonsyndromic cleft lip with or without cleft
palate. Indeed, it appears that modulation of Wnt signaling
holds promise for more effective management strategies in
cases of orofacial clefting in the future, and it will be exciting
to follow this line of research as it matures.
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CRANIOSYNOSTOSIS

Advances in genetics and the advent of transgenic mice
have contributed greatly to the fund of knowledge regarding
specific pathways that control both normal and abnormal
cranial suture fusion. Cranial sutures, which form as the bones
of the skull vault approximate one another during develop-
ment, serve as sites of bone growth. The patency of these bony
joints during development allows the cranial vault to expand
and accommodate the growing brain. Under physiologic con-
ditions, bone deposition at the cranial sutures is regulated by
molecular boundaries. Under pathologic conditions, these
boundaries become obscured and premature fusion of one or
more cranial sutures, or craniosynostosis, can occur. An un-
derstanding of the molecular mechanisms dictating these
events carries important implications for the development of
novel therapies for craniosynostosis. However, given that
premature suture fusion can be thought of in its most basic
terms as abnormal bone formation, the molecular lessons
gleaned from an understanding of cranial suture biology are
also broadly applicable toward skeletal tissue engineering
applications.
Craniosynostosis has a reported incidence of approximately

one in 2000 to 2500 live births world-wide (15,16). Premature
fusion of cranial sutures leads to a restriction of brain growth
and can result in a dysmorphic cranial vault, as well as a
multitude of serious functional and morphologic conse-
quences. Current surgical approaches to this disorder consist
primarily of performing linear craniotomies to excise the
synostosed suture or sutures and cranial vault remodeling
procedures, such as fronto-orbital advancement, early in life.
However, these procedures are physiologically challenging for
young children and are often associated with refusion of the
suture after surgical correction. In addition, these highly in-
vasive operations are associated with a number of complica-
tions such as infection, bleeding, and the need for frequent
blood transfusions (17,18). Thus, there is a great demand for
improved strategies for treating craniosynostosis. Ultimately,
the goal of tissue engineering in this context is to convert our
understanding of the molecular mechanisms controlling suture
biology into minimally invasive, molecular-based therapies to
correct and prevent premature cranial suture fusion.
Our laboratory has been particularly interested in noggin, a

secreted antagonist of bone morphogenetic proteins (BMP).
Upon evaluating levels of BMP in fusing and patent sutures of
mice, Warren et al. found no difference (19). However, a
screen of BMP antagonists revealed noggin to be expressed in
patent, but not fusing, cranial sutures. This differential expres-
sion suggested that the fate of a cranial suture, that is fusion or
maintenance of patency, might be controlled by the relative
amounts of antagonist to agonist, rather than by the absolute
amount of agonist. To test this hypothesis, Warren et al.
injected a noggin-expressing adenovirus into normally fusing
posterior frontal sutures in both an in vitro calvaria culture
system and an in vivo mouse model (19). In both models, the
injected sutures were found to be abnormally patent. Thus, the
mis-expression of noggin had profound consequences on cra-
nial suture fate, raising the possibility that noggin could be

exploited for therapeutic purposes. Recently, Cooper et al.
demonstrated the potential clinical application for noggin in
their rabbit model of familial nonsyndromic craniosynostosis
(20). After performing suturectomy on the fused sutures, the
authors implanted noggin-loaded gels into the suturectomy
sites. They subsequently found significantly decreased rates of
suture refusion in rabbits treated with noggin, compared with
sham-treated rabbits.
Interestingly, Warren et al. also found that noggin expres-

sion is suppressed by FGF-2 (19). Based on this finding,
Warren et al. proposed that syndromic, FGF receptor (FGFR)-
mediated craniosynostosis might be the result of inappropriate
down regulation of noggin expression. When examining the
known mutations of craniosynostosis, gain-of-function muta-
tions of the FGFR family have been shown to be the cause of
approximately 20% of all known craniosynostosis disorders,
including Crouzon, Apert, Pfeiffer, and Jackson-Weiss (21).
Mutations of the FGFRs in these syndromes have been de-
scribed to cause aberrant signaling via three main mecha-
nisms: receptor dimerization resulting in constitutive activa-
tion, increased ligand affinity, and removal of inhibition (22).
As an example, Crouzon syndrome can be the result of
constitutive activation of FGFR-2 through receptor dimeriza-
tion of its free cysteines (23).
Given the prevalence of FGFR mutations, several investi-

gators have attempted to manipulate this receptor in animal
models to nonsurgically mitigate the premature fusion of
sutures associated with FGFR mutations. In an organ culture
model, Eswarakumar et al. described the application of
PLX052, a small-molecule inhibitor of FGFR, to calvaria
harvested from embryonic day 18.5 Crouzon-like mutant mice
and wild-type mice (24). PLXO52 is a novel inhibitor created
by chlorination and a chemical substitution. With the addition
of this drug, the autophosphorylation of Fgfr2c is inhibited,
which in turn blocks the phosphorylation of Frs2�, ultimately
preventing dimerization of the mutant receptor. After 2 wk of
exposure to PLXO52 in organ culture, the authors found the
premature fusion of sutures in calvaria of Crouzon-like mice
to be prevented, whereas the growth of the wild-type calvaria
was unaffected. Although performed in an organ culture
system, these results highlight specific, small-molecule in-
hibitors that can be used to pinpoint signaling elements
involved in the pathologic state. Such information will be
critical for future development of targeted molecular ther-
apies of craniosynostosis.
This point was further demonstrated by Perlyn et al. who

used a similar pharmacological strategy, using PD173074, a
selective FGFR tyrosine kinase inhibitor, as a treatment for
craniosynostosis syndromes caused by constitutive FGFR ac-
tivation (22). The authors also used a mouse whole calvaria
culture system to compare skulls of mutant mice with a
Crouzon-like phenotype versus skulls of wild-type mice in the
presence of the inhibitor for 2 wk. Upon histologic analysis,
they found that mutant calvaria exposed to PD173074 dem-
onstrated patency of the coronal sutures with its characteristic
overlapping pattern.
Parallel to efforts aimed at disrupting aberrant FGF signal-

ing at the receptor level, efforts have also been directed at
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investigating strategies that block abnormal signaling at the
gene transcript level. With the recent explosion of RNA
interference technology, this tool has now been applied to
craniosynostosis. Shukla et al. generated a small hairpin RNA
targeted at the mutant form of Fgfr2 (Fgfr2S252W), which is
responsible for the Apert-like craniosynostosis syndrome in
mice (25). When transgenic mice expressing this small hairpin
RNA were crossed with mutant mice carrying the constitu-
tively activated form of FGFR2, the Apert-like phenotype in
the progeny was prevented. The authors also demonstrated
that in calvarial cultures from the mutant Fgfr2S252W mice,
greater amounts of phosphorylated extracellular signal-related
kinase (ERK)1/2, a downstream mediator of FGF signaling
(26–28), were present in comparison to calvarial cultures from
wild-type mice. As further confirmation that the aberrant FGF
signaling in these Fgfr2S252W mice was due to ERK1/2 sig-
naling, the authors administered U0126, a pharmacological
inhibitor of ERK phosphorylation. They found that adminis-
tration of the drug to the mice during embryonic and early
postnatal stages significantly repressed the craniosynostosis
phenotype in the FGFR2 mutant mouse model. This study
elegantly demonstrates both the utility of RNA interference
for probing specific signaling pathways and the potential for
its eventual application in the clinical realm.
Taken together, these experiments indicate the importance

of continued investigation of the complex pathways and rela-
tionships among the genes and mitogens responsible for cra-
niosynostosis. These studies may have potential for exploita-
tion in tissue engineering strategies to treat diseases caused by
specific mutations. For instance, noggin, or specific FGFR
inhibitors could be locally delivered to prevent premature
suture fusion and also refusion, commonly associated after
correction of synostosed sutures. Furthermore, an understand-
ing of the molecular pathways guiding cranial suture biology
can also provide insight into the mechanism that regulates
bone formation.

DISTRACTION OSTEOGENESIS

DO is now accepted as the standard for correction of a wide
range of craniofacial skeletal hypoplasias. DO can be viewed
as a form of endogenous tissue engineering, whereby the
discrete application of force vectors results in robust bone
formation. First described by Alessandro Codivilla in 1905
and later popularized by Gavril Ilizarov, DO was initially a
modality applied for the treatment of long bone deficits (29–
31). During the 1970s, studies were initiated to investigate the
application of DO to the craniofacial skeleton in animal
models. Translation of this work to the clinical arena was
finally realized in 1992 when McCarthy et al. reported the
application of DO to treat a hypoplastic mandible (32). DO, in
its most basic form, involves an osteotomy and application of
distraction hardware to the bone of interest. After the osteot-
omy, the two bone edges are left unperturbed during the
latency period, allowing an initial fracture callus to form and
the regional accumulation of cytokines and growth factors to
recruit and organize osteoblast and osteoclast activity (33).
This is followed by the activation phase, when the bony

segments are moved apart from one another, which usually
progresses at a rate of 0.5 to 2 mm per day, until the desired
degree of distraction is obtained (33). Complications arising
from an improper rate of distraction include fibrous union and
premature consolidation, depending on whether the process
was too expeditious or delayed, respectively (33). Activation
is finally followed by a period of consolidation, allowing for
maturation of the skeletal regenerate.
Today, DO has revolutionized the treatment of both syn-

dromic and nonsyndromic congenital craniofacial malforma-
tions. The technique has been successfully applied to the
treatment of skeletal hypoplasias involving the mandible
(hemifacial microsomia, Pierre Robbins Sequence, Treacher
Collins Syndrome, Stickler Syndrome, Nager Syndrome),
midface (cleft lip and palate, Crouzon Syndrome, Apert Syn-
drome, Pfeiffer Syndrome), upper face, orbits, and cranial
vault (craniosynostosis). The severity of anatomical derange-
ment and resultant functional sequelae of patients eligible for
craniofacial DO is highly variable. In cases of mandibular
hypoplasia, or situations in which the mandible is posteriorly
displaced from proper anatomic position, an increasing por-
tion of the tongue becomes resident in the oropharynx and
hypopharynx (33). This retroversion of oral soft tissue can
result in significant airway obstruction, often mandating tra-
cheostomy or endotracheal intubation (34). Additionally,
these anatomical irregularities are the source of considerable
feeding difficulties, leading to failure to thrive (35). Newborns
afflicted with craniosynostosis can experience multiple phys-
iologic and developmental derangements because of their
anatomical anomalies. Elevated intracranial pressures, visual
disturbances, as well as impaired cognitive maturation can
result, and the aim of surgical intervention is to alleviate these
symptoms, while restoring normal intracranial volume and
skeletal structure (34). Proponents of craniofacial DO argue
that it is both less invasive than traditional reconstructive
procedures and has the added advantage of gradually extend-
ing the accompanying soft tissue envelope along with the
underlying bone.
Research in the field of DO has most importantly served to

highlight the influence of mechanical forces on osteogenesis.
The observation made by Carter et al. that tensile forces drive
osteogenesis, whereas compressive forces promote chondro-
genesis, has provided a useful lens with which to view DO
(36). Expounding on this concept, Loboa et al. reported that
tensile strain ranging from 10 to 12.5% during distraction
yielded an environment advantageous for de novo bone regen-
eration (37). Subsequently, by implementing three-dimension
finite element analyses and making comparisons to histologic
patterning in bony regenerates, regional tissue responses to
tensile and hydrostatic forces across the regenerate were de-
fined (38). Loboa et al. found that regions exposed to tensile
strains of 13% or less corresponded to bone regeneration,
whereas low periosteal hydrostatic pressures were associated
with cartilaginous differentiation. In efforts to further dissect
the influence of mechanical forces on osteogenesis at a cellu-
lar level in vitro, Gabbay et al. used a microdistraction device
capable of applying linear forces in a three-dimensional envi-
ronment (39). MC3T3 preosteoblasts were suspended in three-
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dimensional collagen gels and exposed to either continuous
distraction, or cyclical distraction and compression. It was
observed that continuous distraction drove cellular prolifera-
tion, whereas cyclical distraction and compression encouraged
the progression to a differentiated phenotype.
Necessary to successful endogenous bone tissue engineer-

ing in the setting of DO is the transduction of biomechanical
forces into molecular signals that orchestrate bone regenera-
tion. Extending our knowledge of this intricate process, Rhee
et al. have identified signaling pathways that appear to func-
tion specifically in the process of translating mechanical strain
into guided osteogenesis (40,41). They observed that expres-
sion of both c-Src, a kinase in the integrin mediated signaling
pathway, as well as ERK1/2, a key modulator of mesenchymal
stem cell differentiation, were up-regulated during distraction.
Concurrently, expression of these factors was not significantly
elevated in the healing of critical and noncritical sized osteot-
omies. Additionally, elevated levels of both of these proteins
coincided with elevated levels of BMP 2/4, suggesting that
signaling pathways responsible for the mechanotransduction
of external forces resulting from DO may play a role in the
resultant process of organized skeletal regeneration.
The importance of angiogenesis, and the forces driving

circulating progenitor cells to localize to wounds and promote
neovascularization, has garnered considerable interest from
researchers. Sojo et al. were able to demonstrate that neovas-
cularization precedes osteogenesis (42). After femoral distrac-
tion in rats, vascular endothelial growth factor (VEGF) and
BMP immunohistochemical staining was performed, reveal-
ing that induction of angiogenesis occurred before bone re-
generation. Fang et al. further established the importance of
angiogenesis to endogenous bone regeneration by demonstrat-
ing that decreased angiogenesis led to impaired healing (43).
Subsequent to the administration of the angiogenic inhibitor
TNP-470, fibrous nonunion in rat mandibles undergoing dis-
traction was observed. In light of such findings, the potential
to derive enhanced osteogenesis by means of augmenting
angiogenesis will serve as a target for future studies.
Of note, recent work by Ceradini et al. has furthered our

understanding of the role of ischemic signals in eliciting
circulating progenitor cells in the setting of DO (44). In their
studies, they outlined the process by which progenitor cells are
recruited to areas of tissue ischemia through elevated expres-
sion of hypoxia-inducible factor-1 in endothelial cells. In-
creased hypoxia-inducible factor-1 induces expression of stro-
mal cell-derived factor-1, potentiating the conscription of
progenitor cells to hypoxic tissue. In an effort to elucidate
microenvironmental cues driving neovascularization during
DO, Cetrulo et al. examined whether endothelial progenitor
cells responded to local ischemia produced by distraction. The
authors found that by injecting fluorescently labeled endothe-
lial progenitor cells at the start of activation, it was revealed
that they are sequestered to the relatively ischemic environ-
ment of the regenerating tissue (45). This finding reinforces
the microniche created by a region of injury and identifies
specific factors that are required for successful bone formation.

A CELL-BASED APPROACH

Our discussion has heretofore focused on the molecular
mechanisms involved with the pathologic processes of cleft
palate and craniosynostosis or environmental factors dictating
successful bone formation. Arguably, however, application of
these factors toward a cell-based approach may offer the best
solution. As pediatric craniofacial surgeons treating cleft pal-
ates, craniosynostosis, and craniofacial skeletal hypoplasias
are commonly confronted with the challenge of replacing or
reconstructing tissue deficits, cell-based therapies offer a par-
adigm shift as to how these tissue deficits should be addressed.
Strategies that simply seek to repair or reconstruct missing
tissue are no longer adequate. Instead, the overarching goal is
to regenerate the missing tissue in a patient specific manner.
Advances in our understanding of multipotent cells over the

last half century have fueled a cell-based approach. At the core
of such a strategy is the ability to harvest a sufficient quantity
of progenitor cells, which when given the proper environmen-
tal cues are capable of regenerating the missing tissue such
that it functionally and structurally mimics endogenous tissue.
Because lineage-committed cells are often limited in quantity
and in their potential for expansion, attention has turned to
stem cells to fill this void. When considering stem cells, a
pyramid of cellular pluripotency exists, with embryonic stem
cells undoubtedly occupying the apex (46). Derived from the
inner cell mass of the blastocyst, embryonic stem cells possess
the ability to differentiate along endodermal, ectodermal, and
mesodermal lineages. However, because of the ethical and
political debate currently surrounding the use of embryonic
stem cells, substantial efforts have been directed at character-
izing alternative sources of stem cells, which maybe more
limited in their multilineage potential (47,48). These include
amniotic fluid, umbilical cord blood, bone marrow, subcuta-
neous (s.c.) fat, and dental pulp, among others (49–53). The
recent description by two independent groups, of induced
pluriopotency in adult, somatic cells by turning on select
genes, has added yet another exciting twist to the burgeoning
stem cell field (54,55).
Missing bone is a common challenge that spans all three of

the previously discussed congenital disorders, and our labo-
ratory has taken particular interest in a cell-based approach to
this problem. Although other tissue deficits, involving mu-
cosa, cartilage, and muscle exist, the broad lessons gleaned
from cell-based, skeletal tissue engineering can also be ap-
plied to regeneration of these other tissues. In cleft palate
patients, the surgeon is often confronted with bony defects of
the alveolus. Similarly, in syndromic forms of craniosynosto-
sis where complex remodeling procedures are performed,
sizeable calvarial defects can often result. The gold standard
material for reconstructing these defects remains autogenous
bone grafts. Autogenous bone grafts, however, are accompa-
nied by concerns for donor site morbidity and limited quan-
tities (56,57). A host of allogeneic and synthetic materials are
available as well, but they also have their inherent disadvan-
tages, including risk of infection, immunologic issues, struc-
tural integrity, and contouring abnormalities (57). Finally,
although DO has tremendously improved outcomes in the
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treatment of hypoplasias of the craniofacial skeleton, it is also
not without its own morbidities including soft tissue infection,
osteomyelitis, pin-tract loosening or infection, hardware fail-
ure, and patient discomfort (58).
In terms of skeletal tissue engineering in the craniofacial

region, substantial research has been directed at investigating
two cell sources, bone marrow and adipose tissue. Since
Pittenger et al.’s description of the multipotent nature of bone
marrow-derived mesenchymal cells, bone marrow has served
as the traditional source of skeletal progenitor cells (51).
When seeded on a variety of scaffolds in both endochondral
and membranous bone defects, bone marrow mesenchymal
cells have demonstrated the potential for regenerating skeletal
tissue.
Since Zuk et al.’s first description of multipotent cells

within s.c. adipose tissue, our laboratory and others have taken
interest in the potential of adipose-derived stromal cells (ASC)
for skeletal tissue engineering applications (52,59). Because
of the relative accessibility, safety of harvest, and abundance
of s.c. fat, ASC are an attractive candidate for cell-based
therapies. We have demonstrated as proof of principal the
ability of these cells to regenerate bone in critical-sized cal-
varial defects (60). Mouse-derived ASC were seeded on apa-
tite-coated, poly(lactic-co-glycolic acid) (PLGA) scaffolds
and implanted into 4 mm, parietal bone defects. By 12 wk,
substantial bone formation was observed in calvarial defects
treated with ASC, comparable to the amount of bone forma-
tion observed in groups treated with bone marrow stromal
cells and osteoblasts. This finding has recently been general-
ized to human-derived ASC in a nude mouse model. Yoon et
al. reported on greater calvarial healing in nude mice where
defects were implanted with human ASC-seeded PLGA scaf-
folds in comparison to mice treated with scaffolds alone (61).
The identification of postnatal sources of multipotent cells

has been instrumental in the development of cell-based ap-
proaches for tissue engineering. As evidenced by the recent
descriptions of induced pluripotency, this field continues to
evolve. Ultimately, efforts are geared toward understanding
what cues guide these multipotent cells along a given lineage.
Molecular lessons gleaned from studies in cleft palate, cranial
suture biology, and DO can be similarly applied to these
multipotent cells.

CONCLUSION

The potential contributions that tissue engineering proffers
for children afflicted with congenital craniofacial malforma-
tions are significant. Yet, the untapped potential of regenera-
tive medicine far surpasses the advances that have been
appreciated to date. Multidisciplinary efforts continue to high-
light the field of regenerative medicine as a realistic source of
novel therapeutics. Initiatives to decipher the molecular blue-
print guiding skeletal development and regeneration serve as a
template for regenerative efforts for other tissues. Critical to
the forward progress of such work is an understanding of the
molecular mechanisms that underlie both physiologic (e.g.,
palate fusion, suture patency) and pathologic (e.g., cleft palate,
craniosynostosis) processes. Elucidation of these mechanisms

provides the stepping-stone for developing novel, molecular-
based therapies for these congenital malformations. Further-
more, an understanding of the molecular mechanisms guiding
specific biologic processes also provides insight into the mo-
lecular cues needed for cell-based strategies. Although cleft
palates, craniosynostosis, and craniofacial skeletal hypopla-
sias continue to be corrected through surgery, ongoing inves-
tigations of these malformations bring us closer to tissue
engineering-based therapies.
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