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The Induction of Bone Formation:
The Translation Enigma

Roland M. Klar*

Laboratory of Biomechanics and Experimental Orthopaedics, Department of Orthopaedic Surgery, Physical Medicine and
Rehabilitation, University Hospital of Munich (LMU), Munich, Germany

A paradigmatic shift in the way of thinking is what bone tissue engineering science
requires to decrypt the translation conundrum from animal models into human. The
deductive work of Urist (1965), who discerned the principle of bone induction from the
pioneering works of Senn, Huggins, Lacroix, Levander, and other bone regenerative
scientists, provided the basis that has assisted future bone tissue regenerative scientists
to extend the bone tissue engineering field and its potential uses for bone regenerative
medicine in humans. However, major challenges remain that are preventing the formation
of bone by induction clinically. Growing experimental evidence is indicating that bone
inductive studies are non-translatable from animal models into a clinical environment.
This is preventing bone tissue engineering from reaching the next phase in development.
Countless studies are trying to discern how the formation of bone by induction functions
mechanistically, so as to try and solve this enigmatic problem. However, are the correct
questions being asked? Why do bone inductive animal studies not translate into humans?
Why do bone induction principles not yield the same extent of bone formation as an
autogenous bone graft? What are bone tissue engineering scientists missing? By critically
re-assessing the past and present discoveries of the bone induction field, this review
article attempts to re-discover the field of bone formation by induction, identifying some
key features that may have been missed. These include a detailed library of all proteins
in bones and their arrangement in the 3D superstructure of the bone together with
some other important criteria not considered by tissue engineering scientists. The review
therefore not only re-iterates possible avenues of research that need to be re-explored but
also seeks to guide present and future scientists in how they assess their own research
in light of experimental design and results. By addressing these issues bone formation
by induction without autografts might finally become clinically viable.

Keywords: bone induction, biomaterials, gene and protein expression, compositional requirements, animal to
human translation, bone grafting, enigma

INTRODUCTION

“An individual unwilling to change is doomed” (Albert Einstein). Indeed much of science is based
upon the principle of change and adaptation with theories and paradigms prone to change and
alterations until complete perfection, a scientific unlikelihood, is attained. It is this basis that has
ensured that science and society as a whole has reached the technological standard that is so
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common in modern day life. However, before change is accepted
it takes decades if not centuries, as adapting current philosophies
remains difficult. Yet, without the necessary stimulus current
processes cannot attain the necessary quality to become beneficial
or useful and indeed the prospect of inducing bone formation
finally in humans is no different.

The paradigm of bone induction has come a long way. But
still this form of tissue regeneration is in its infancy. It may seem
like the field has progressed far but in reality prosthetics is more
advanced than any present form of regenerative tissue science.
After more than a century clinical bone repair and regenerative
procedures still rely on the autogenous bone graft, discovered
by Havers (1692), Ollier (1867), and Senn (1889). Whilst some
progress has been made in our understanding of the molecular
mechanisms and how bone formation can be induced (Huggins,
1931; Levander, 1938; Lacroix, 1945; Urist, 1965; Ripamonti,
1990, 1991; Wang et al., 1990; Reddi, 1994, 2000; Ripamonti et al.,
1997, 2000, 2008; Klar et al., 2014) including the requirements to
induce bone formation via the soluble and insoluble combination
paradigm (Sampath and Reddi, 1981), it still remains a vision
to successfully induce, form and attain the extent of new bone
formation similar to that of an autograft. The question one must
therefore ask is what has been missed?

As science bases itself on constantly adapting its principles,
it may be time to tackle the problem of the non-bone-inductive
clinical scenario in a different manner. To do this the literature
over the last century was re-assessed, looking at key discoveries
and present research to determine criteria that have either
been ignored or still need to be answered that so far have
not been considered yet. Only the most important material
was selected and drawn upon to design possible scenarios with
relevant answers that the author of this article strongly believes
are in his opinion the solutions that could finally answer the
translation enigma from animal to human and bone induction
in medicine as a whole. But much like Einstein gravitational
theory, proven by Eddington (1920), these hypotheses/theories
inevitably relies on the support of the scientific community to
accept and prove their validity. If not, bone regenerative science
in a clinical setting will remain but an intention instead of
becoming a viable clinically applicable and acceptable process in
medicine.

OSTEOGENESIS AND REMODELING

Bone, a hard and rigid constituent of the skeleton of vertebrates
is composed primarily of calcium salts and connective tissue.
Osteogenesis, or bone formation, is the process by which new
bone is formed. There are two major modes of bone formation.
The conversion of mesenchymal tissue, during embryogenesis,
into bone is termed intramembranous ossification (Gilbert,
2000). This process occurs primarily in the bones of the skull
and some parts of the face. On the other hand endochondral
ossification, a process by which most other skeletal bones are
formed, involves first the formation of a cartilage intermediate
that is then converted into bone by bone forming cells—
osteoblasts (Gilbert, 2000).

Once bone has fully developed the only mode to generate new
bone is via the remodeling or regeneration cycle. This fascinating
and continuous process becomes active once neonatal life
commences and remains metabolically operational until the end
of the vertebrate’s existence. The bone remodeling cycle was first
described by Eriksen (1986) and involves a series of specialized
cellular events. The mesenchymal osteoblastic lineage and the
hematopoietic osteoclastic lineage are the two major constituents
necessary for proper bone regeneration (Raisz, 1999). As such,
resorption and formation exist within a balanced homeostatic
equilibrium, in which timeworn bone is continuously replaced
by new osteogenic material, helping to not just maintain the
integrity and health of bone but also permit bone to adjust
to mechanical loads and strains (Frost, 1990). Though there is
still much debate on what exactly initiates the remodeling cycle,
calcium ion dissociation from the bone matrix (Boyle et al.,
2003; Caudarella et al., 2011; Hwang and Putney, 2011; Boyce
et al., 2012; Klar et al., 2013) and bone initiatory growth factor
release via osteocytes (Hadjidakis and Androulakis, 2006) within
the bone have been suggested to be key events linked to the
bone regeneration process. However, how they interact and the
chronological order that is followed as the signals interact with
each other still remains unclear.

Osteoclasts and osteoblasts closely cooperate with each other
in the remodeling process in what is called the basic multicellular
unit (BMU) (Hadjidakis and Androulakis, 2006). The BMUs are
organized differently throughout cortical and trabecular bone.
Within the cortical bone the BMU cuts a cylindrical canal of
approximately 2,000 um in length and 150-200 um in width
within the bone, at an estimated rate of 20 um per day. This
means that during 24 h, ~10 osteoclasts can excavate a circular
tunnel (Petryl et al, 1996), which is filled in with new bone
via several thousands of osteoblasts (Parfitt, 1994). Thus per
annum about 2-5% of cortical bone is remodeled. In contrast
to this, trabecular bone is more actively remodeled than cortical
bone. For trabecular bone the surface to volume percentage is
much greater (Hadjidakis and Androulakis, 2006). This means
that osteoclasts are capable of moving across the trabecular bone
surface at speeds of nearly 25 m per day, excavating concavity
like trenches at an approximate depth of 55 um (Hadjidakis and
Androulakis, 2006) allowing bone remodeling to occur efficiently
and effectively within a relative small amount of time.

The remodeling cycle consists of three main consecutive
phases: Resorption, reversal and formation. In the first stage
of remodeling/bone regeneration, partially differentiated pre-
osteoclasts migrate to the surface of the bone directed there
either by calcium ion release (Boyle et al., 2003; Caudarella et al.,
2011; Hwang and Putney, 2011; Boyce et al., 2012; Klar et al.,
2014) or growth factor stimuli released by dormant osteocytes
(Hadjidakis and Androulakis, 2006). Pre-osteoclasts complete
their transition into multinucleated giant cells and attach to the
bone surface that is to be resorbed. An acidic pH is created in
the zone of resorption by the osteoclasts which secrete hydrogen
ions together with lysosomal enzymes, primarily cathepsin K.
This acidic environment ensures that all of the components
that make up the bone matrix are dissolved (Vdanidnen et al,
2000). The resorption process by osteoclasts produces irregular
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scalloped cavities on the bone surface, which are referred to as
Howship lacunae, or cylindrical Haversian canals in the cortical
bone (Gilbert, 2000; Hadjidakis and Androulakis, 2006). After
the completion of osteoclastic resorption, the reversal phase
is entered. Osteoclasts enter apoptosis and mononuclear cells
appear on the bone surface. These cells polish the surface of
the resorbed area by stimulating further degradation of the
collagen matrix within bone. Various proteoglycans are deposited
onto the surface to form a cement line whilst at the same
time releasing and depositing growth factors such as BMPs and
transforming growth factor-f (TGF-p) isoforms (Parfitt, 1994;
Gilbert, 2000; Ripamonti et al., 2010), which together help initiate
the differentiation and proliferation of osteoblasts that deposit
new osteoid at the site of the osteoclastic cut concavities (Chen
et al, 2012). In the final formation phase osteoblasts, which
have differentiated from their mesenchymal precursors, deposit
osteoid that is then transformed into mineralised bone until the
concavity has been repaired. Once this stage has been completed
the surface of the site of new bone within pre-existing bone is
covered with a flattened lining of cells and a prolonged quiescent
phase begins until the regeneration cycle is re-initiated (Parfitt,
1994; Gilbert, 2000).

This unique feature of bone, capable of revitalizing itself, has
fascinated scientists for centuries. It is this one aspect, which
has led to the development of bone regenerative medicine and
the exploration to decipher this mechanism, such that damaged
tissue can be repaired or completely regenerated.

BONE AUTOGRAFTING

As early as 2630-2611BC the father of medicine, Imhotep,
described in the Edwin Smith Papyrus, that bone was able to
repair itself when damaged (Shehata, 2004). Later Hippocrates
(460-370BC) would add to this initial finding in discovering that
bone was capable of regenerating itself with no apparent scaring
(Lanza and Vegetti, 1971). These two fundamental discoveries
provided the foundations for the emergence of two important
scientific fields, i.e., that of tissue regeneration and subsequently
the emergence of biomaterial science.

The concept of using bone grafting arose from Havers
(1692), who deciphered the inner structures of bone, especially
the vascularization of the periosteum. Havers (1692) research
permitted other medical specialist to develop techniques in
which vertebrate bone, exogenous or endogenous, can be
utilized to repair a defect within a damaged area of the
skeleton.

Pioneering bone grafts where first performed by Ollier (1867).
Ollier conducted a great deal of research on how bone grows and
was the first to suggest that a possible way to regenerate bone
was to stimulate a patients own cartilage to ossify (Ollier, 1867).
Further pioneers to use bone grafting techniques, especially
within humans would be Sir William Macewen (1848-1924) and
Sir Robert Jones (1855-1924) (Khatiwada, 2012).

Bone grafting is defined as the transplantation of bone from
one site to another (Kaveh et al., 2010). Various bone grafting
procedures exits but the golden standard of bone grafting and

bone regeneration is the autogenous bone graft technique. The
autogenous bone graft involves the harvesting of bone, from
an individual, and transplanting it within a skeletal site of
the same individual (Fox, 1984; Bauer and Muschler, 2000;
Zamprogno, 2004). It is deemed the golden standard of bone
grafting as it possess key characteristics that whilst known are
not considered in their totality when it comes to replicating
this during bone induction. Autogenous bone grafts are known
to be successful because they contain the highest number of
viable osteoprogenitor cells, are comprised of non-collagenous
matrix proteins and growth factors that are osteoinductive.
Furthermore, the autogenous bone carries with it bone mineral
and collagen which provide the foundation for the means for
proper osteoconduction (Ladd and Pliam, 1999; Keating and
McQueen, 2001; Betz, 2002; Linovitz and Peppers, 2002). Once
the autogenous bone graft is transplanted it is incorporated
quickly as it is completely biocompatible, within the grafting
site and causes a minimal immunological response, which
leads to faster healing and recovery (Samartzis et al.,, 2005).
However, there are limitations regarding the autogenous bone
grafting.

Depending on where the initial bone is harvested from, in the
autogenous graft procedure, various complications are known to
develop which can compromise the health of the patient. Minor
complications that have been reported are persistent donor-site
pain (Summers and Eisenstein, 1989; Goulet et al., 1997; Schnee
et al., 1997; Ebraheim et al., 2001), superficial injury of nerves
(Smith et al., 1984), the formation of hematomas or seromas
(Arrington et al., 1996; Westrich et al, 2001) and infection
(Banwart et al., 1995; Arrington et al., 1996; Westrich et al.,
2001). Major complications that can arise when using autograft
protocols are the formation of deep hematomas, which lead to
deep infections (Banwart et al,, 1995; Arrington et al., 1996;
Goulet et al., 1997; Sasso et al., 1998) and necrosis of harvest site
when a large graft is utilized for transplantation (Barth, 1893).

These issues arising from autografting and other bone graft
procedures forced medicine with the help of science to try
and find alternatives to these techniques and were thus the
cornerstones that lead to the field of tissue induction and bone
engineering.

THE HISTORY OF BONE INDUCTION:
DISCOVERIES AND DEVELOPMENTS

Induction can be defined as an act that sets in motion some
course of events. In terms of osteogenesis the “induction” process
is defined as setting into motion the events of bone formation
within tissue sites not associated with the bone formation
event, i.e., muscle tissue not in the vicinity of skeletal bone or
organs.

Bone tissue engineering and regeneration has a rich
history (Urist, 1965; Reddi, 2000; Ripamonti, 2006). However,
foundations are critical as all developed theories, principles,
experiments and paradigms bear their origin from some
foundation. An incomplete foundation is most often the cause
why applications do not translate (Klar, 2011). As such only
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the most critical advances are described here as all principles
in the bone induction are derived from them but they are the
key that has shaped the field and predestined all other research,
to follow in the excitement, thereby negating critical systematic
steps crucial for science to generate answers, critical for medicine
to develop treatments from.

The earliest historical innovative record came from the
principle discovery of Senn (1889) nearly two centuries ago.
This perhaps is the most prominent discovery from which all
future bone induction research emanates from. By utilizing
decalcified antiseptic bone Senn (1889) performed a series of
implantations into skull defects of canines. Subsequently, to
his observations that these devices could stimulate new bone
formation, later to be phrased as induction (Levander, 1945),
he also serendipitously discovered that an embryonic-like tissue
often surrounded the implanted decalcified bone matrix. This
unique discovery by Senn (1889) indirectly already suggested
that the formation of new bone into these devices was the
recapitulation of osteogenesis as it occurred during embryonic
development (Levander, 1938).

Though one can dispute that Senn’s (1889) work was not
truly inductive as he implanted devices into bony sites, Huggins
(1931) uroepithelial bone induction studies showed that bone
formation could be “induced” within non-bony or heterotopic
extraskeletal sites. Later Levander (Levander, 1938; Levander and
Willestaedt, 1946) showed that partially extracted ethanol-treated
bone matrices implanted in heterotopic sites of rats could also
induced new bone formation. Levander (1945) and later again
Friedenstein (1968) suggested that there was some “substance”
that possessed bone forming capabilities, by initiating non-
mesenchymal tissue to differentiate and form new bone by either
the endochondral or membranous processes. Yet Levander’s
(Levander, 1938; Levander and Willestaedt, 1946) discovery
proved critical as he further substantiated Senn’s (1889) theory
that the induction of new bone formation in postnatal life was as a
result of the recapitulation of embryonic osteogenesis (Levander,
1938). Subsequently, Lacroix (1945) would aptly name Levander
(1938) “substance” as “osteogenin” which can be defines as a
substance or molecule that possesses the capability to induce new
bone formation.

Other discoveries of note are those of Moss (1958) who
reported on the osteogenic inductor in bone and Trueta (1963)
who discerned that angiogenesis was linked to successfully
achieving new osteogenesis. However, it would be the deductive
and pioneering work of Urist (1965), who discerned from the
pervious works of Senn, Huggins, Levander, Lacroix, Moss, and
Trueta together with his own visionary work, the foundations
and principles of bone induction (Urist, 1965; Urist et al., 1967).
However, as critical as the discoveries may have been they are
also indications as to why the induction of bone formation
still does not sufficiently form adequate bone in humans. As
visionary as Urist may have been, why he believed that only a
single molecule or family of molecules initiated or induced bone
formation remains a mystery.

In a series of heterotopic intramuscular implantations,
using allogeneic demineralized bone matrix, with the rodent
and lagomorph models including implantations within

calvarial orthotopic defect sites, Urist described to process
of autoinduction of bone (Urist, 1965). More importantly,
he discerned that there was a “bone morphogenetic protein”
complex present within the matrix of the bone that initiated
the creation of new bone or as he more commonly referred
to it bone morphogenesis. The subsequent experiments in
other animals models including Homo sapiens finally led to the
development and description of a new family of protein members
specifically referred to as “bone morphogenetic proteins (BMPs)”
(Urist et al., 1967; Urist and Strates, 1971), which were later
extracted and cloned by Wang et al. (1988) and Wozney et al.
(1988).

Subsequently, Friedenstein (1968) presented findings which
showed that certain organs could also be forced into a bone
inductive lineage. By transplanting into heterotopic sites, creating
surgical lesions in the wall or ligating the renal arteries of urinary
bladders this organ could be made to ossify. This further extended
the idea of the BMPs being present throughout the various animal
tissues, performing different functions during development that
could be directed to form new bone, provided certain conditions
were met. This work would further contribute to another major
discovery, which was the development of the “bone induction
principle” (Urist et al., 1967).

With the successful extraction of the BMPs from the
extracellular matrix (Reddi and Huggins, 1972; Sampath and
Reddi, 1981; Reddi, 1994) a further essential step to achieving
the successful induction of bone formation was the discovery
that only an extracellular matrix with their morphogens reservoir
could induce new bone formation (Sampath and Reddi, 1981).
The bone induction principle as it would become known,
stipulated that an insoluble matrix carrier and soluble molecular
signals in the form of morphogens were required in union to
achieve the successful induction of new bone in vivo (Sampath
and Reddi, 1981). Indeed experimentation in which Sampath
and Reddi (1981) dissociatively separated the soluble molecular
signals from the insoluble collagenous matrix of demineralized
bone, by using chaotropic agents specifically guanidinium
hydrochloride and/or urea, neither of the two components
separately induced new bone formation heterotopically (Sampath
and Reddi, 1981). Only when both components were recombined
was the inductive potential restored. Though this provided a
reproducible experimental way to test various morphogens for
their inductive potential, and indicated that bone was in part a
reservoir for BMPs, it is curious why it was assumed that it was
the presence of BMPs that induced the bone formation when
in fact bone is comprised of more than just BMPs (Klar, 2011).
Instead of identifying the total chemical composition, structural
and signaling proteins including the various elements present
in bone, research was committed to isolating, sequence and
clone out BMPs, which were further revealed to be a sub-group
of a larger supergene family, i.e., the TGF-B supergene family)
(Wang et al., 1988; Wozney et al., 1988; Ozkaynak et al., 1990;
Reddi, 2000; Ripamonti et al., 2004; Ripamonti, 2006) which
are considered the best protein group of inducing new bone
formation (Kaur et al., 2016).

Since then, the vast majority of experimental research has
tried to clinically induce bone formation in man, which though
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successful in various animal models, has unfortunately not yet
come close to replacing the golden standard for bone tissue
regeneration, the bone autograft. Perhaps the solution lies at
determining how bone induction functions mechanistically at
the gene and protein expression level. On the other hand,
there may be a gap in information related to the structural
and signaling milieu of proteins and other elements that
make up bone which have yet to be fully elucidated and
interpreted.

BIOMATERIALS

Biomaterials are defined as synthetic or natural materials that
are suitable for utilization in constructing artificial organs or
prostheses. Biomaterials can be derived either from nature or by
synthetic using a variety of chemical approaches. They are often
used and/or adapted for a medical application, and thus comprise
whole or part of a living structure or biomedical devices which
performs, augments, or replaces a natural function. Function may
be benign, such as being used for regenerating a bone segment or
may be more bioactive with a more interactive functionality such
as hydroxyapatite coated hip implants.

Biomaterials are generally formed by self-assembly. Self-
assembly is the most common term used to describe the
spontaneous aggregation of particles, without the influence of
any external force. Large groups of such particles are known to
assemble themselves into thermodynamically stable, structurally
well-defined arrays. Molecular self-assembly is found primarily
in biological systems and provides the basis for a wide variety of
complex biological structures. It is these self-assembled biological
structures which are most sought in biomaterials and how to
replicate their design since naturally derived composites to date
are still the most efficient when it comes to stimulating, initiating
or inducing regenerative processes. Though more than 190
different biomaterials exist to date, only a few can induce bone
formation via spontaneity; some of which are coralline derived
devices (Weber et al., 1971; Chiroff et al., 1975; White et al., 1975;
Ripamonti, 1990, 1991).

Corals share a somewhat similar structural, physical and
chemical characteristic as that of bone. This trait was first
observed by Chiroff et al. (1975). Members of the Porites
and Goniopora species both belonging to the Poratidae family
of corals, are the best suited at designing coralline calcium
phosphate/hydroxyapatite bone substitutes (Chiroft et al., 1975).
These corals are effective in promoting bone development within
their spaces/pores as the pore sizes, between 200 and 500 um
in diameter, are effective in directing cellular migration and
subsequent differentiation of cells associated with the bone
formation process. But before corals are able to do so they have to
undergo hydrothermal exchange (Roy and Linnehan, 1974) and
morphological alterations by replamineformation (White et al.,
1975). In the hydrothermal exchange process, coral exoskeletons
and phosphate are added in equal quantities to water (Roy and
Linnehan, 1974). Under extreme heat and pressure the carbonate
ions within the exoskeleton of the coral (calcium carbonate—
CaCO3) are substituted by phosphate, producing hydroxyapatite

(calcium phosphate—CaPQy). Varying the amount of phosphate
or time taken for the exchange to occur can yield varying
conversion, i.e., partial conversion of calcium carbonate to
hydroxyapatite, to complete conversion of calcium carbonate
to hydroxyapatite. This greatly affects bone formation within
the coral derived biomimetic device. Once the hydrothermal
exchange has been completed the coral is replamineformed
(White et al., 1975), whereby the surface morphology is altered
such that the device takes on the shape and structure of bone
which can vary anything from mandibular, cranial or long bones,
hence mimicking skeletal structures.

Though there are a various substitutes that have been tested
as alternatives to bone grafts, none have been more successful
at inducing bone formation than coral-derived macroporous
devices (Ripamonti, 1990, 1991). Corals have been shown to
be of clinical significance. Not only do coral derived devices
act similarly to bone grafts used in filling up bone voids
resulting from articular surface depressions in tibial plateau
fractures (Bucholz et al,, 1989) but they are also one of the
only biomaterials able to spontaneously induce bone formation
without the application of exogenous growth factors (Ripamonti,
1990, 1991; Ripamonti et al., 2010; Klar et al., 2013) and next
to the 190+ different biomaterials currently available, with
considerable more being added yearly, corals remain to date, in
this authors opinion, the best and only viable source of possible
bone inductive biomaterial, as it is both osteoconductive and
inductive, requires no morphogens to induce bone formation
at the site of implantation, irrespective of the defect size, and
IF the correct morphogen could be found then the solution to
healing bone defects comes that much closer to reality. However,
history has shown that even with such good qualities and
capabilities something is being missed, with supraphysiological
doses of morphogens not being a viable alleviation to the
problem.

TGF-8 SUPERFAMILY MEMBERS AND
BONE FORMATION

The work of Wozney et al. (1988) permitted the molecular
cloning of several BMPs/OPs, which were found to be members
of the TGF-B supergene family. Proteins were firstly isolated
after chromatographic purification methods (Urist et al., 1984;
Sampath et al., 1987; Wang et al., 1988; Luyten et al., 1989).
Amino acid sequence motifs from batches of purified proteins
were then used for molecular cloning of an entirely new family
of proteins initiators, collectively called the BMPs (Wozney et al.,
1988; Celeste et al., 1990; Ozkaynak et al., 1990; Hammonds
et al.,, 1991; Sampath et al., 1992). We have since then learned
that BMPs are a family of highly conserved secreted pleitropic
proteins that intiate cartilage and bone formation in vivo
(Wozney et al., 1988; Sampath et al, 1992; Reddi, 2000;
Ripamonti et al., 2004; Ripamonti, 2006).

BMPs have been shown to be involved in pattern formation
during embryonic organogenesis (Reddi, 2005). A remarkable
characteristic of BMPs gene products is that when implanted
heterotopically in animal models they can induce new
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endochondral bone formation (Reddi, 2000; Ripamonti et al.,
2004; Ripamonti, 2006).

BONE MORPHOGENETIC PROTEINS

Development, embryogenesis, pattern formation and organo-
and skeletogenesis require the action of BMPs (Alliston and
Derynck, 2000; Alliston et al., 2008). BMP signaling is regulated
via their localized expression, the action of specific antagonists
and a series of negative and positive feedback loops (Alliston and
Derynck, 2000; Alliston et al., 2008). During skeletal development
BMP-2 to -7 have an overlapping pattern of expression to
ensure development occurs in an ordered manner (Solloway
et al., 1998). Whilst BMP receptors type II and type I alpha
(BMPRII and BMPRIA), like most members of the TGF-f
family, are ubiquitously expressed (Kawabata et al., 1995), BMPR
type I beta (BMPRIB), as shown by Ishidou et al. (1995),
is principally transcribed only within developing bone and
cartilage. Only when bone, in adult life, is damaged are all BMP
receptors expressed (Onishi et al., 1998), as they facilitate part
of the activation of the bone regeneration cycle. Subsequently,
further research studies by Rickard et al. (1998), Mundy et al.
(1999) and Rawadi et al. (2003) has shown that additional
proteins, specifically statins, estrogen and wingless-type MMTV
integration site family member 3A (Wnt3a), are also capable of
activating the BMPs.

The activities of the BMPs are highly regulated by a series of
antagonists and agonists. Chordin, Follistatin, Gremlin, Noggin
and Sclerostin are specific antagonists known to inhibit the
BMP pathway activation and thus bone formation (Alliston
and Derynck, 2000; Alliston et al., 2008). Research studies have
revealed BMPs are also capable of activating the expression of
their inhibitors including Noggin and the intracellular BMP
pathway inhibitory Smad family members 6 and 7 (Smadé6 and
Smad7) (Gazzerro et al., 1998; Takase et al., 1998; Ishisaki et al.,
1999; Pereira et al., 2000; van Bezooijen et al., 2005). Additionally,
members of the entire BMP signaling pathway, including their
initiators and antagonist are subjected to further regulation by
a series of positive and negative feedback signaling loops that
interact with other signaling pathways (Alliston and Derynck,
2000; Alliston et al., 2008).

BMP signaling commences when a BMP ligand binds first to
either the BMPRIA or BMPRIB, after which it forms a receptor
complex with BMPRI], i.e., BMPRIA/B + BMPRII (Berk et al.,
1997; Hayashi et al., 1997; Imamura et al., 1997; Yoshida et al,,
2000; Sowa et al., 2004). This active complex then activates
the Smad transcription receptor complex to regulate nuclear
transcription factor activity (Berk et al., 1997; Hayashi et al., 1997;
Imamura et al., 1997; Yoshida et al., 2000; Sowa et al., 2004). It is
this spatial and temporal regulation of the various components of
the BMP pathway that ensure proper skeleto-and organogenesis
during embryo development as well as the maintenance of bone,
later in postnatal life (Alliston and Derynck, 2000; Alliston et al.,
2008).

Storm et al. (1994) revealed that growth differentiation
factor (GDF)-5, -6, and -7, also referred to as cartilage-derived

morphogenetic proteins (CDMP-1, -2, and -3) (Chang et al,,
1994; Storm et al., 1994) are involved in bone formation and
development in vivo (Mikic et al., 2002). GDF-5 to -7 have been
found, via gene knocked studies, to control the length of long
bone formation in limbs and regulate patterning of segments in
the digits, chondrogenesis and longitudinal bone growth (Storm
etal., 1994; Storm and Kingsley, 1996, 1999). GDFs have also been
shown to induce osteogenic differentiation within in vitro stem
cell differentiation studies (Erlacher et al., 1998; Yeh et al., 2005).

In term of bone formation by induction, the first of the BMPs
to be used in induction studies was the recombinant human
BMP-2 (rhBMP-2). In a time study, conducted by Wang et al.
(1990), rhBMP-2 increased the rate of cellular invasion and
induced chondrogenesis within the demineralized bone matrices
after just 5 days. Within 7 days the cartilage was beginning to be
ossified and after just 21 days the bone matrix had been ossified.
These findings thus established that BMP-2 was one of the signals
essential at initiating bone formation, be it within biomaterials
or native bone regeneration respectively. Subsequently other
BMPs were tested for their role in inducing bone formation.
BMP-4 induces bone formation but only when used at high
concentration (Hammonds et al.,, 1991), with BMP-5 inducing
bone at a reduced rate, irrelevant of application dose (Cox et al.,
1991; D’Alessandro et al., 1991). Subsequently BMP-6, osteogenic
protein-1 (OP-1/BMP-7) and BMP-9 all are known to induce
bone formation similar to that of BMP-2 (Riley et al., 1996). With
such a substantial background of BMPs being an osteoinductive
factor both in animal models and within subsequent clinical trials
(Boden et al., 2002) it was postulated that bone formation was
initiated and modulated only by the BMPs and their signaling
pathway, since osteoinductive experiments before 1997 testing
TGEF-p isoforms, in rodents and lagomorphs, failed to induce
bone formation (Roberts et al., 1986).

TRANSFORMING GROWTH FACTOR-§
ISOFORMS

The three mammalian TGF-f isoforms, TGF-f;, TGF-f,, and
TGF-f3 signal through receptor complexes of the TGEF-f
type II receptor (TSRII) and TRRI (Alliston et al, 2008).
In vitro research has shown that although each of the TGF-
B isoforms functions similarly at the cellular level (Alliston
et al., 2008) their contribution within embryonic osteogenesis
is quite different (Alliston et al., 2008). In knockout studies,
during murine development, each corresponding gene produces
unique phenotypic deviations, which reflect the TGF-f isoforms
different spatio-temporal distributions and roles. The silencing
of TGF-B; results in abnormal bone quality (Shull et al., 1992;
Kulkarni et al., 1993), whereas deletions of TGF-B, or TGF-
B3 impaires epithelial-mesenchymal trans-differentiation, cyto-
proliferation and palate formation of the skull (Kaartinen et al.,
1995; Proetzel et al., 1995; Sandford et al., 1997).

During bone formation in skeletogenesis, the expression
patterns from various TGF-f isoforms are further modulated
by a series of positive and negative feedback loops (Alliston
et al., 2008), including the various inhibitors. However, there are
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apparent differences between the mRNA and protein expression
patterns, which regulate TGF-f isoform storage in cartilage
and bone (Alliston and Derynck, 2000). Pelton et al. (1991)
indicated that the extracellular matrix proteins from bone
interact with certain of TGF-p isoforms, particularly TGF-B;,
allowing them to be deposited within bone. In the mesenchyme,
all TGF-p isoforms are expressed which is increased as the
mesenchyme condenses in preparation for osteogenesis (Alliston
et al., 2008). Experimental research has revealed that whilst
TGEF-B3 is expressed during the early development of cartilage
formation, TGF-B; and TGF-f, expression is hardly transcribed
(Pelton et al., 1990, 1991). As osteogenesis matures, TGF-B3 levels
diminish, whereas TGF-B; and TGF-B, levels increase (Pelton
et al.,, 1990). Primarily it seems that TGF-B3 levels are highest
in tissues associated with skeletogenesis and bone formation,
whereas TGF-B, more likely to be transcribed at sites of where
new bone mineralization occurs (Alliston et al., 2008).

In previous research studies of mouse cartilage, TGF-B3
expression is higher than in relation to the other TGF-f isoforms
(Pelton et al., 1990, 1991). Subsequently other research studies
on the mouse growth plate have found that whilst TGF-B, is
transcribed throughout all the regions of the developing plate,
TGF-p; and TGF-f3 are restricted to only the hypertrophic
and proliferative areas (Sandberg et al, 1988; Millan et al.,
1991; Thorp et al., 1992; Horner et al., 1998). The periosteums
of endochondral and intra-membranous bones shows high
levels of expression of TGF-B; and TGF-p, respectively, whilst
osteoclasts and osteoblast show varied expression patterns in
TGF-f isoforms (Pelton et al., 1991).

In developing bones the TBRI and TPRII are transcribed
throughout the developing embryonic skeleton (Horner et al.,
1998), but in hypertrophic chondrocytes and mineralized
osteophyte tissue their expression is reduced and lost,
respectively (Horner et al., 1998). The Smads, known regulators
of the TGF-B pathway, are also subject to regulation in skeletal
tissue (Sakou et al, 1999). In vitro cell culture experiments
Smad2, Smad3, and Smad4 including the inhibitory Smad6 and 7
are all differentially expressed within proliferating chondrocytes
and bone cells (Sakou et al., 1999; Alliston et al., 2008).

Inactivation and storage of TGF-p isoforms is facilitated by
latent TGF-B-binding proteins (LTBPs) (Shipley et al., 2000),
where all four isoforms of LTBPs-(1-4), except for LTBP-
2 associate with the TGF-B isoforms (Shipley et al., 2000).
Although all four LTBPs are broadly expressed and regulated,
LPBT-3 expression is the highest in bone, whereas LTBP-2
has been detected to be principally expressed in chondrogenic
condensations (Shipley et al., 2000). Although other studies have
shown that there are ways in which the formation and storage of
TGF-B complexes can be regulated (Oreffo et al., 1989; Oursler,
1994; Dallas et al., 2002; Kwok et al., 2005), bone formation by the
LTBPs isoforms is considered to be the primary mode by which
skeletal bone is developed.

With respect to bone formation by induction, TGF-f isoforms
were shown in well-established animal models, such as the rat,
to be non-osteoinductive (Roberts et al., 1986), instead tending
to form endothelial or vascular tissue. However, when TGF-f;
was loaded within a collagen-matrix carrier and implanted within

heterotopic extraskeletal muscle sites of the rectus abdominis
muscle, of Papio ursinus (Chacma baboon), bone formation was
induced (Ripamonti et al., 1997). In a series of systematic studies,
in this new animal model, Ripamonti et al. (2000, 2008) showed
that the principle concept of BMP induced bone formation to be
flawed, by showing that also TGF-f, and especially TGF-B3 could
induce bone formation with biomimetic devices in these animals.

Naturally this theory has since then been further adapted,
as more recent studies in non-human primates and monitoring
the gene expression over a period of 90 days has revealed that
the supposed induction of bone formation by TGF-f3 in fact is
not direct but regulatory. The TGF-B3 isoform seems to act as
a major regulator, a suggested signaling control center, which
regulates BMP signaling by down regulating inhibitory BMP
signals (Klar et al, 2014). Thus rather than directly affecting
the induction process within a heterotopic implantation model,
the TGF-f3 isoform modulates specialized molecular and cellular
cues and therefore can indirectly initiate the induction process by
allowing the over-expression of BMPs to occur, resulting in not
just increased induction rates but also quicker formation of bone
through heightened cellular differentiation and proliferation
(Klar et al., 2014). Subsequently, and more interesting, is the
fact that the signals of the TGF-f isoform family evolved or
mutated somewhere, between rats and primates as the effect of
TGEF-p isoforms seems to behave differently between these two
species (Ripamonti et al., 2016). This suggests that homogeneity
principles applied between animal models and humans must
also be inconsistent, which are indeed supported by the in-
translatability of bone studies from animals into humans. Could
this be part of the problem and solution or does this mean that
indeed all proteins, whilst inherently similar in structure function
differently the higher one goes in evolution? The issue remains
that of clinical translatability, where neither BMPs/OPs nor TGF-
B isoforms have shown any significant impact similar or better
than the autogenous bone graft.

THE ANIMAL TRANSLATION ENIGMA

Evidence has always indicated that in vitro to in vivo testing and
subsequently in vivo to human trials do not properly replicate
treatments within a clinical setting (Denayer et al., 2014). This
suggests that key factors are not considered in attempts to
translate animal experimentation principles into a clinical setting.

Major areas of concern are those of pathophysiology,
methodological design and sample size variations which are often
ignored when translating into the clinical aspect, whilst others
are limited to the extent of ethical concerns when experimenting
on humans. In their review Denayer et al. (2014) adequately list
critical determinants when it comes to translating to a human
model. Evans (2016) also highlights criteria such as maturity of
animals, scale-up from animal models to humans and differences
between bones, i.e., cranial vs. femur. Alternatively, it has to be
considered that present bone induction procedures are utilizing
allo-and xenografting principles, that have been shown to not
function in vivo (Ladd and Pliam, 1999; Keating and McQueen,
2001; Betz, 2002; Linovitz and Peppers, 2002), but are replicated
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in the form of biomaterials, utilizing autogenous bone grafting
principles.

Another critical mistake is that most studies overlook
the difference between animal and human genes that, whilst
structurally similar, have different expression patterns or
function. Often it is assumed that animal models, in particular
for inductive bone studies, are genetically compatible to each
other since osteogenesis appears to be similar between all
experimentally utilized animal models compared to humans.
Whilst there are homologous trends in the gene structure
of various animal models, with that of the human including
functionality in vivo, a fact often left out is that in most cases
subtle variations in gene structure can produce considerable
difference between species. The research of Ripamonti et al.
(1997, 2000, 2008, 2016) and TGF-B isoforms only inducing
bone formation in non-human primates opposed to other animal
models (Roberts et al., 1986), clearly reiterates this. However
the main causes for these conflicting results are perhaps related
more to the trend of not presenting unexpected results, together
with the use of outdated methods. A good example here would
be quantitative real-time reverse transcription polymerase chain
reaction (QRT-PCR).

qRT-PCR has become the leading analytic technique which
over the last two decade has made considerable progress (Mullis,
1990; Higuchi et al., 1993; Bustin, 2000, 2002; Vandesompele
et al., 2002; Bustin and Nolan, 2004; Bustin et al., 2009, 2010,
2013; Vermeulen et al,, 2011) at improving the accuracy of
gene expression data. Whilst some bone and cartilage research
groups have already utilized the new standards as set out by
Bustin et al. (2009) pioneering “Minimum Information for
Publication of Quantitative Real-Time PCR Experiments (MIQE)
guidelines” (Bustin et al., 2009; Klar et al., 2013, 2014; Ripamonti
et al., 2016), a considerable number of research groups in the
bone tissue engineering field still utilize outdated and highly
insufficient qRT-PCR techniques that, when combined with
frequent insufficient experimental detail, render replication of
many published findings challenging (Sanders et al., 2014) and
very questionable.

AUTOGENOUS BIOMATERIAL
COMPOSITION ENIGMA

Though much research has been conducted into understanding
how to induce new bone formation and which growth
factors show distinctive patterns to initiate, promote, regulate
and modulate new bone formation, single dosages of these
morphogens simply do not produce the necessary amount of
bone formation required to make these procedures standard
clinical practice.

To this day few studies have attempted to deviate from this
practice. To date Ripamonti et al. (1997, 2010) has been the only
study on bone formation by induction to show that two separate
but structurally similar TGF- supergene family members could
synergize with each other to increase bone formation quantities
in vivo compared to utilizing conventional single morphogen
applications of the same type. However, more needs to be

done. Taken in consideration with an autogenous bone graft the
following remains elusive.

First the autogenous bone graft contains a reservoir of
structural and signaling proteins; the second is that these proteins
are present at a physiological dose and in a “non-recombinant”
state. A possible reason why an autogenous bone graft works
is that it possesses complete and specific protein content. From
these are initiators, regulators, inhibitors, modulators including
all the structural molecules, arranged in a certain configuration
in the 3D superstructure of the graft which together interacts
with each other and subsequently with site to where the graft is
transplanted. The healing equilibrium is therefore maintained,
compared to being greatly limited if only a single morphogen
were present. Indeed, Wildemann et al. (2007) described this in
part, but the findings were restricted to only assessing the content
of proteins that were present at the highest concentrations. The
complete protein content of a fragment of bone from different
skeletal areas remains elusive.

Another determining factor, aside from the types of proteins,
is the exact protein quantity of each protein within a fragment
of bone. At the incorrect dosage, BMPs and TGF-fs in the
bone induction have been shown to stimulate the formation of
tumors and cancers (Riemenschneider et al., 2015; Skovrlj et al,,
2015). Zara et al. (2011) has shown that the correct amounts
of protein-induced bone formation exist at significantly lower
levels than is currently utilized to induce new formation of bone
within in vivo and clinical models. Subsequently, all forms of
proteins utilized in the scientific bone tissue engineering field
are recombinant proteins, which are not the same structure as
found natively within the bone matrix. Recombinant human
BMP-2, for example, is a dimeric protein whereas in its native
form is a heterodimer (Israel et al., 1996; Evans, 2016). It is
suggested that the heterodimer functions differently at inducing
bone formation than the recombinant molecule where the
heterodimeric structure resists total inhibition by modulators,
such as Noggin (Song et al, 2010) to permit for more
regulated bone formation. The autograft as such could be
working because the amounts and correct protein structures are
available in a configuration suitable for the natural physiological
program to decode, supporting the physiological response,
thereby allowing for proper re-formation of bone at the defect
site.

FUTURE RESEARCH
RECOMMENDATIONS

Whilst many relevant concepts and theories exist, their
implementation into a clinical scenario is based on how
accurate results are, irrelevant of the type of synthetic induction
model considered. When Urist, Reddi, Sampath and Wozney
(Urist, 1965; Sampath and Reddi, 1981; Wozney et al., 1988)
originally started deciphering the induction of bone formation,
the technology of molecular biology was very limited. Whilst
much has been done in the field of bone tissue engineering, it
is becoming clear that fundamental core foundations need to be
re-assessed (Evans, 2016) and updated.
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In order to reverse engineer a complex system, one must take
it apart into all of its components; assess the shape and function
of these constituents, how they integrate within each other and
how each component affects their neighbors. Following this,
cloned components can be engineered synthetically with most
of the original traits and reassembled to resemble the original
system in shape and function (Chikofsky and Gross, 1990; Eldad,
2005). Overlooking one component’s design feature will lead
to misbehaving replica, meaning a revision of theories and
paradigms until parts are adequately designed and work as they
are intended to. Taken into the context of the bone formation
by induction vs. autogenous bone grafting, the problem remains
evidently complex and multi-faceted, where there are many
solutions possible too numerous to contain all within a single
review.

Critical is that future research needs to accept that as
technology improves, old paradigms need to be updated
based on previous mistakes. Specifically toward solving bone
formation by induction, in the opinion of the author, a detailed
library of all micro-and macromolecules, which include also
other molecules such as miRNAs, nano-and macro-particles,
including how these are arranged within the superstructure of
all skeletal bones, needs to be established to permit accurate
synthetic replication of the healing processes within in vivo
clinical applications. Subsequently, while current animal models
have shown us some insights, they are unreliable and are
unsuitable for developing treatments for bone tissue engineering.
There is a clear need to develop more reliable non-in vivo
models that adequately replicate the human bone environment
in vitro allowing for faster and more accurate clinically
transducable treatments to be developed. Here, bioreactors
platforms, replicating bone as an organ, are the perfect alternative

REFERENCES

Alliston, T. N., and Derynck, R. (2000). “Transforming growth factor-p in skeletal
development and maintenance,” in Skeletal Growth Factors, ed E. Canalis
(Philadelphia, PA: Lippincot Williams and Wilkins), 233-249.

Alliston, T., Piek, E., and Derynck, R. (2008). “TGF-p family signalling in skeletal
development, maintenance and disease,” in The TGF-B Family, eds R. Derynck
and K. Miyazono (New York, NY: CHSL Press), 667-723.

Arrington, E. D., Smith, W. J., Chambers, H. G., Bucknell, A. L., and Davino, N. A.
(1996). Complications of iliac crest bone graft harvesting. Clin. Orthop. Relat.
Res. 329, 300-309.

Banwart, J. C., Asher, M. A, and Hassanein, R. S. (1995). Iliac crest
bone graft harvest morbidity: a statistical evaluation. Spine 9, 1055-1060.
doi: 10.1097/00007632-199505000-00012

Barth, A. (1893). Uber histologische Befunde nach Knochenimplantation. Arch.
Klin. Chir. 46:409.

Bauer, T. W., and Muschler, G. F. (2000). Bone graft materials: an
overview of the basic science. Clin. Orthop. Rel. Res. 371, 10-27.
doi: 10.1097/00003086-200002000-00003

Berk, M., Desai, S. Y., Heyman, H. C., and Colmenares, C. (1997). Mice
lacking the ski proto-oncogene have defects in neurulation, craniofacial,
patterning and skeletal muscle development. Genes Dev. 11, 2029-2039.
doi: 10.1101/gad.11.16.2029

Betz, R. R. (2002). Limitations of autograft and allograft: new synthetic solutions.
Orthop. 5, S561-S570.

to simulate the in vivo human environment (Martin et al,
2004; Plunkett and O’Brien, 2011), provided however that
the library of all micro- and macromolecules exists. Only by
critically re-evaluating the past in light of the future can bone
formation without autogenous bone grafting become feasible
clinically.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
approved it for publication.

ACKNOWLEDGMENTS

The concept to discover the solutions by the author of this
manuscript was born within the Bone Research Laboratory
at the University of Witwatersrand, South Africa under the
leadership of Professor Ugo Ripamonti. Countless of memorable
publications and material was produced under his tutorage but
more importantly it was here that critical elements to the failure
of bone inductive and regenerative processes was discovered.
Though much criticism of the theory was endured it was thanks
to the many inspirational hours and discussion held with the
technician of the lab, Mrs. Ruqayya Parak, who has passed away
in 2017, and my friend Dr. Raquel Duarte that truly inspired the
author to follow and develop this concept and dreams further.
The concept is slowly being developed and realized especially
through the constructive and caring input from new colleagues
and friends especially Daniel Seitz (Biomaterialist) and Dr. Yan
Chevalier (Division of Biomechanics) that are helping to make
the dream of total limb and bone regeneration in vitro a reality
for this author.

Boden, S. D., Kang, J., Sandhu, H., and Heller, A. (2002). Use of recombinant
human bone morphogenetic protein-2 to achieve posterolateral lumbar spine
fusion in humans: a prospective, randomized clinical pilot trial. Spine 23,
2662-2673. doi: 10.1097/00007632-200212010-00005

Boyce, B. F., Rosenberg, E., de Papp, A. E, and Duong Le, T. (2012).
The osteoclast, bone remodelling and treatment of metabolic bone
disease. Eur. J. Clin. Invest. 42, 1332-1341. doi: 10.1111/j.1365-2362.2012.
02717.x

Boyle, W.J., Simonet, W. S., and Lacey, D. L. (2003). Osteoclast differentiation and
activation. Nature 423, 337-342. doi: 10.1038/nature01658

Bucholz, R. W, Carlton, A., and Holmes, R. (1989). Interporous hydroxyapatite
as a bone graft substitute in tibial plateau fractures. Clin. Orthop. 240, 53-62.
doi: 10.1097/00003086-198903000-00008

Bustin, S. A. (2000). Absolute quantification of mRNA using real-time reverse
transcription polymerase chain reaction assays. J. Mol. Endocrinol. 25, 169-193.
doi: 10.1677/jme.0.0250169

Bustin, S. A. (2002). Quantification of mRNA using real-time reverse transcription
PCR (RT-PCR): trends and problems. J. Mol. Endocrinol. 29, 23-39.
doi: 10.1677/jme.0.0290023

Bustin, S. A., and Nolan, T. (2004). Pitfalls of quantitative real-time reverse
transcription polymerase chain reaction. J. Biomol. Tech. 15, 155-166.

Bustin, S. A., Beaulieu, J. F., Huggett, J., Jaggi, R., Kibenge, F. S., Olsvik, P. A,,
et al. (2010). MIQE précis: practical implementation of minimum standard
guidelines for fluorescent-based quantitative real-time PCR experiments. BMC
Mol. Biol. 11:74. doi: 10.1186/1471-2199-11-74

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

June 2018 | Volume 6 | Article 74


https://doi.org/10.1097/00007632-199505000-00012
https://doi.org/10.1097/00003086-200002000-00003
https://doi.org/10.1101/gad.11.16.2029
https://doi.org/10.1097/00007632-200212010-00005
https://doi.org/10.1111/j.1365-2362.2012.02717.x
https://doi.org/10.1038/nature01658
https://doi.org/10.1097/00003086-198903000-00008
https://doi.org/10.1677/jme.0.0250169
https://doi.org/10.1677/jme.0.0290023
https://doi.org/10.1186/1471-2199-11-74
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Klar

The Translation Enigma

Bustin, S. A., Benes, V., Garson, J. A, Hellermans, J., Huggett, J., Kubista, M.,
et al. (2009). The MIQE guidelines: minimum information for publication
of quantitative real-time PCR experiments. Clin. Chem. 55, 611-622.
doi: 10.1373/clinchem.2008.112797

Bustin, S. A., Benes, V., Garson, J., Hellemans, J., Huggett, J., Kubista, M., et al.
(2013). The need for transparency and good practices in the qPCR literature.
Nat. Methods 10, 1063-1067. doi: 10.1038/nmeth.2697

Caudarella, R., Vescini, F., Buffa, A., Rizzoli, E., Cecoli, L., and Francucci, C. M.
(2011). Role of calcium-sensing receptor in bone biology. J. Endocrinol. Invest.
34,13-17.

Celeste, A. J., Iannazzi, J. A., Taylor, R. C., Hewick, R. M., Rosen, V.,
Wang, E. A, et al. (1990). Identification of transforming growth factor f
family members present in bone inductive protein purified from bovine
bone. Proc. Natl. Acad. Sci. U.S.A. 87, 9843-9847. doi: 10.1073/pnas.87.2
4.9843

Chang, S. C., Hoang, B., Thomas, J. T., Vukicevic, S., Luyten, F. P., Ryba, N.
J., et al. (1994). Cartilage-derived morphogenetic proteins. New members
of the transforming growth factor-f superfamily predominantly expressed
in long bones during human embryonic development. J. Biol. Chem. 269,
28227-28234.

Chen, G., Deng, C, and Li, Y. P. (2012). TGF-p and BMP signalling in
osteoblast differentiation and bone formation. Int. J. Biol. Sci. 8, 272-288.
doi: 10.7150/ijbs.2929

Chikofsky, E. J., and Gross, J. H. (1990). Reverse engineering and design recovery:
taxonomy. IEEE Softw. 7, 13-17.

Chiroff, R. T., White, E. W., Weber, K. N, and Roy, D. M. (1975). Tissue
ingrowth of replamineform implants. J. Biomed. Mat. Res. 9, 29-45.
doi: 10.1002/jbm.820090407

Cox, K., Holtrop, M., D’Alessandro, J. S., Wang, E. A., Wozney, ]. M., and Rosen,
V. (1991). Histological and ultrastructural comparison of the in vivo activities
of rHBMP-2 and rhBMP-5. J. Bone Miner. Res. 6:5155.

D’Alessandro, J. S., Cox, K. A,, Israel, D. 1., LaPan, P., Moutsatsos, J. K., Nove, J.,
et al. (1991). Purification, characterisation and activities of recombinant bone
morphogenetic protein 5. J. Bone Miner Res. 6:S153.

Dallas, S. L., Rosser, J. L, Mundy, G. R, and Bonewald, L. F. (2002).
Proteolysis of latent transforming growth factor-p (TGF-B) - binding
protein-1 by osteoclasts. A cellular mechanism of release of TGF-f from
bone matrix. J. Biol. Chem. 277, 21352-21360. doi: 10.1074/jbc.M1116
63200

Denayer, T., Stohr, T., and van Roy, M. (2014). Animal models in translational
medicine: validation and prediction. New Horiz. Transl. Med. 1, 5-11.
doi: 10.1016/j.nhtm.2014.08.001

Ebraheim, N. A., Elgafy, H., and Stefancin, J. J. (2001). Intramedullary

fibular  graft for tibiotalocalcaneal arthrodesis.  Clin.  Orthop.
Rel. Res. 385, 165-169. doi: 10.1097/00003086-200104000-
00025

Eddington, A. (1920). Space, Time and Gravitation: An Outline of the General
Relativity Theory. Cambridge, UK: Cambridge University Press.

Eldad, E. (2005). Reversing: Secrets of Reverse Engineering. Hoboken, NJ: John
Wiley & Sons.

Eriksen, E. F. (1986). Normal and pathological remodelling of human trabecular
bone: three dimensional reconstruction of the remodelling sequence in
normal and in metabolic bone disease. Endocrinol. Rev. 7, 379-408.
doi: 10.1210/edrv-7-4-379

Erlacher, L., Ng, C. K, Ullrich, R., Krieger, S., and Luyten, F. P. (1998).
Presence of cartilage derived morphogenetic proteins in articular cartilage
and enhancement of matrix replacement in vitro. Arthr. Rheum. 41, 639-643.
doi: 10.1002/1529-0131(199802)41:2<263::AID-ART10>3.0.CO;2-5

Evans, C. H. (2016). Why does bone have TERM limits? Injury 47, 1159-1161.
doi: 10.1016/j.injury.2016.05.004

Fox, S. M. (1984). Cancellous bone grafting in the dog: an overview. J. Am. Anim.
Hosp. Assoc. 20, 840-848.

Friedenstein, A. Y. (1968). Induction of bone tissue by transitional epithelium.
Clin. Orthop. Relat. Res. 59, 21-37. doi: 10.1097/00003086-196807000-
00003

Frost, H. M. (1990). Skeletal structural adaptations to mechanical usage (SATMU):
2. Redefining Wolff’s Law: the remodelling problem. Anat. Rec. 226, 414-422.
doi: 10.1002/ar.1092260403

Gazzerro, E., Gangji, V., and Canalis, E. (1998). Bone morphogenetic proteins
induce the expression of Noggin, which limits their activity in cultured rat
osteoblasts. J. Clin. Invest. 102, 2106-2114. doi: 10.1172/JCI3459

Gilbert, S. F. (2000). Developmental Biology. 6th edition. Sunderland, MA: Sinauer
Associates. Osteogenesis; The Development of Bones.

Goulet, J. A., Senunas, L. E., DeSilva, G. L., and Greenfield, M. L. (1997).
Autogenous iliac crest bone graft. Complications and functional assessment.
Clin. Orthop. Relat. Res. 339, 76-81. doi: 10.1097/00003086-199706000-
00011

Hadjidakis, D. J., and Androulakis, J. I. (2006). Bone remodelling. Ann. N.Y. Acad.
Sci. 1092, 385-396. doi: 10.1196/annals.1365.035

Hammonds, R. G. Jr., Schwall, R., Dudley, A., Berkemeier, L., Lai, C., Lee, J., et al.
(1991). Bone inducing activity of mature BMP-2b produced from a hybrid
BMP-2a/2b precursor. Mol. Endocrinal. 5,149-155. doi: 10.1210/mend-5-1-149

Havers, C. (1692). Osteologia Nova Sive Novae Quaedam Observationes de Ossibus.
Francofurti (New York, NY); Lipsiae (Chicago, IL): GW Kithnium.

Hayashi, H., Abdollah, S., Qiu, Y., Cai, J., Xu, Y. Y., Grinnell, B. W., et al.
(1997). The MAD-related protein Smad7 associates with the TGF-B receptor
and functions as an antagonist of TGF-B signalling. Cell, 89, 1165-1173.
doi: 10.1016/50092-8674(00)80303-7

Higuchi, R., Fockler, C., Dollinger, G., and Watson, R. (1993). Kinetic PCR
analysis: real-time monitoring of DNA amplification reactions. Biotechnology
11, 1026-1030. doi: 10.1038/nbt0993-1026

Horner, A., Kemp, P., Summers, C., Bord, S., Bishop, N. J., Kelsall, A. W., et al.
(1998). Expression and distribution of transforming growth factor- isoforms
and their signalling receptors in growing human bone. Bone 23, 95-102.
doi: 10.1016/S8756-3282(98)00080-5

Huggins, G. (1931). The formation of bone
of epithelium of the wurinary tract. Arch.
doi: 10.1001/archsurg.1931.01160030026002

Hwang, S. Y., and Putney, J. W. Jr. (2011). Calcium signalling in osteoclasts.
Biochem. Biophys. Acta 1813, 979-983. doi: 10.1016/j.bbamcr.2010.11.002

Imamura, T., Takase, M., Nishihara, A., Oeda, E., Hanai, J., Kawababata, M.,
et al. (1997). Smadé6 inhibits signalling by the TGF-p superfamily. Nature 389,
622-626. doi: 10.1038/39355

Ishidou, Y., Kitajuma, I, Obama, H., Maruyama, I., Murata, F., Imamura,
T., et al. (1995). Enhanced expression of type 1 receptors for bone
morphogenetic proteins during bone formation. J. Bone Miner. Res. 10,
1651-1659. doi: 10.1002/jbmr.5650101107

Ishisaki, A., Yamato, K., Hashimoto, S., Nakao, A., Tamaki, K., Nonaka, K., et al.
(1999). Differential inhibition of Smadé and Smad7 on bone morphogenetic
protein-and activin-mediated growth arrest and apoptosis in B cells. J. Biol.
Chem. 274, 13637-13642. doi: 10.1074/jbc.274.19.13637

Israel, D. I, Nove, J., Kerns, K. M. Kaufman, R. J., Rosen, V. Cox,
K. A, et al. (1996). Heterodimeric bone morphogenetic proteins show
enhanced activity in vitro and in vivo. Growth Factors 13, 291-300.
doi: 10.3109/08977199609003229

Kaartinen, V., Voncken, J. W., Shuler, C., Warburton, D., Bu, D., Heisterkamp,
N, et al. (1995). Abnormal lung development and cleft palate in mice lacking
TGF-B3 indicates defects of epithelial-mesenchymal interaction. Nat. Genet. 11,
415-421. doi: 10.1038/ng1295-415

Kaur, S., Grover, V., Kaur, H., and Malhotra, R. (2016). Evaluation of bone
morphogenic proteins in periodontal practice. Indian ]. Dent. 1, 28-37.
doi: 10.4103/0975-962X.179379

Kaveh, K., Ibrahim, R., Bakar, M.d.Z. A., and Ibrahim, T.A. (2010). Bone
grafting and bone grafting substitutes. J. Anim. Vet. Adv. 6, 1055-1067.
doi: 10.3923/javaa.2010.1055.1067

Kawabata, M., Chytil, A., and Moses, H. L. (1995). Cloning of a novel
type II serine/threonine kinase receptor through interaction with the type
I transforming growth factor B receptor. J. Biol. Chem. 270, 5625-5630.
doi: 10.1074/jbc.270.10.5625

Keating, J. F., and McQueen, M. M. (2001). Substitutes for autologous
bone graft in orthopaedic trauma. J. Bonme Joint Surg. Br. 1, 3-8.
doi: 10.1302/0301-620X.83B1.0830003

Khatiwada, S. (2012). A review on bone grafting in veterinary patients. Nigerian
Biosci. 1, 1-8.

Klar, R. M. (2011). Bone induction: regeneration through chaos. Front. Physiol.
2:21. doi: 10.3389/fphys.2011.00021

influence
377-408.

the
22,

under
Surg.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

June 2018 | Volume 6 | Article 74


https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1038/nmeth.2697
https://doi.org/10.1073/pnas.87.24.9843
https://doi.org/10.7150/ijbs.2929
https://doi.org/10.1002/jbm.820090407
https://doi.org/10.1074/jbc.M111663200
https://doi.org/10.1016/j.nhtm.2014.08.001
https://doi.org/10.1097/00003086-200104000-00025
https://doi.org/10.1210/edrv-7-4-379
https://doi.org/10.1002/1529-0131(199802)41:2<263::AID-ART10>3.0.CO;2-5
https://doi.org/10.1016/j.injury.2016.05.004
https://doi.org/10.1097/00003086-196807000-00003
https://doi.org/10.1002/ar.1092260403
https://doi.org/10.1172/JCI3459
https://doi.org/10.1097/00003086-199706000-00011
https://doi.org/10.1196/annals.1365.035
https://doi.org/10.1210/mend-5-1-149
https://doi.org/10.1016/S0092-8674(00)80303-7
https://doi.org/10.1038/nbt0993-1026
https://doi.org/10.1016/S8756-3282(98)00080-5
https://doi.org/10.1001/archsurg.1931.01160030026002
https://doi.org/10.1016/j.bbamcr.2010.11.002
https://doi.org/10.1038/39355
https://doi.org/10.1002/jbmr.5650101107
https://doi.org/10.1074/jbc.274.19.13637
https://doi.org/10.3109/08977199609003229
https://doi.org/10.1038/ng1295-415
https://doi.org/10.4103/0975-962X.179379
https://doi.org/10.3923/javaa.2010.1055.1067
https://doi.org/10.1074/jbc.270.10.5625
https://doi.org/10.1302/0301-620X.83B1.0830003
https://doi.org/10.3389/fphys.2011.00021
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Klar

The Translation Enigma

Klar, R. M., Duarte, R., Dix-Peek, T., and Ripamonti, U. (2014). The induction of
bone formation by the recombinant human transforming growth factor- #3.
Biomaterials 35, 2773-2788. doi: 10.1016/j.biomaterials.2013.12.062

Klar, R. M., Duarte, R., Dix-Peek, T., Dickens, C., Ferretti, C., and Ripamonti,
U. (2013). Calcium ions and osteoclastogenesis initiate the induction of bone
formation by coral-derived macroporous constructs. J. Cell. Mol. Med. 11,
1444-1457. doi: 10.1111/jemm.12125

Kulkarni, A. B., Huh, C. G., Becker, D., Geiser, A., Lyght, M., Flanders, K. C,,
et al. (1993). Transforming growth factor-B1 null mutation in mice causes
excessive inflammatory response and early death. Proc. Natl. Acad. Sci. U.S.A.
90, 770-774. doi: 10.1073/pnas.90.2.770

Kwok, S., Qin, L, Portridge, N. C., and Selvamunigan, N. (2005). Parathyroid
hormone stimulation and PKA signalling of latent transforming growth factor
p binding protein-1 (LTBP-1) mRNA expression in osteoblastic cells. J. Cell.
Biochem. 95, 1002-1011. doi: 10.1002/jcb.20453

Lacroix, P. (1945). Recent investigations on the growth of bone. Nature 156:576.
doi: 10.1038/156576a0

Ladd, A. L, and Pliam, N. B. (1999). Use of bone graft
substitutes in distal radius fractures. J. Am. Acad. Orthop. Surg.
7:279. doi: 10.5435/00124635-199909000-00001

Lanza, D., and Vegetti, M. (1971). Opere Biologiche di Aristotele. A cura di Diego
Lanza e Mario Vegetti. Torino: UTET.

Levander, G. (1938). A study of bone regeneration. Surg. Gynec. Obstet. 67,
705-712.

Levander, G. (1945). Tissue induction. Nature 155, 148-149. doi: 10.1038/155148a0

Levander, G., and Willestaedt, H. (1946). Alcohol-soluble osteogenetic substance
from bone marrow. Nature 3992, 587. doi: 10.1038/157587b0

Linovitz, R. J., and Peppers, T. A. (2002). Use of an advanced formulation of beta-
tricalcium phosphate as a bone extender in interbody lumbar fusion. Orthop 5,
$585-5589.

Luyten, F. P., Cunningham, N. S., Ma, S., Muthukamaran, N., Hammonds, R.
G., Nevins, W. B,, et al. (1989). Purification and partial amino acid sequence
of osteogenin, a protein initiating bone differentiation. J. Biol. Chem. 264,
13377-13380.

Martin, 1., Wendt, D., and Heberer, M. (2004). The role of bioreactors in tissue
engineering. Trends Biotechnol. 22, 80-86. doi: 10.1016/j.tibtech.2003.12.001
Mikic, B., Battaglia, T. C., Taylor, E. A, and Clark, R. T. (2002).
The effect of growth/differentiation factor-5 deficiency on femoral
composition and mechanical behaviour in mice. Bone 30, 733-737.

doi: 10.1016/S8756-3282(02)00699-3

Millan, F. A., Denhez, F., Kondaiah, P., and Akhurst, R. J. (1991). Embryonic gene
expression patterns of TGF-B1, -B2 and -p3 suggest different developmental
functions in vivo. Development 111, 131-143.

Moss, M. L. (1958). Extraction of an osteogenic inductor factor from bone. Science
127, 755-756. doi: 10.1126/science.127.3301.755

Mullis, K. B. (1990). The unusual origin of the polymerase chain reaction. Sci. Am.
262, 56-61. doi: 10.1038/scientificamerican0490-56

Mundy, G., Garrett, R., Harris, S., Chan, J., Chen, D., Rossini, G., et al. (1999).
Stimulation of bone formation in vitro and in rodents by statins. Science 286,
1946-1949. doi: 10.1126/science.286.5446.1946

Ollier, L. (1867). Traité Expérimental et Clinique de la Régénération des os et de la
Production Artificielle du Tissu Osseux. 2, Vol. Paris: Victor Masson.

Onishi, T, Ishidou, Y., Nagamine, T., Yone, K., Imamura, T., Kato, M., et al. (1998).
Distinct and overlapping patterns of localization of bone morphogenetic
protein (BMP) family members and a BMP type II receptor during fracture
healing in rats. Bone 22, 605-612. doi: 10.1016/S8756-3282(98)00056-8

Oreffo, R. O., Mundy, G. R., Seyedin, S. M., and Bonewald, L. F. (1989). Activation
of the bone-derived latent TGF-B complex by isolated osteoclasts. Biochem.
Biophys. Res. Commun. 158, 817-823. doi: 10.1016/0006-291X(89)92795-2

Oursler, M. J. (1994). Osteoclast synthesis and secretion and activation of
latent transforming growth factor B. J. Bone Miner. Res. 9, 443-452.
doi: 10.1002/jbmr.5650090402

Ozkaynak, E., Rueger, D. C., Drier, E. A., Corbett, C., Ridge, R. J., Sampath, T. K.,
and Oppermann H (1990). OP-1 cDNA encodes an osteogenic protein in the
TGEF-p family. EMBO J. 9, 2085-2093.

Parfitt, A. M. (1994). Osteonal and hemi-osteonal remodelling: the spatial and
temporal framework for signalling traffic in adult human bone. J. Cell. Biochem.
55, 273-286. doi: 10.1002/jcb.240550303

Pelton, R. W., Dickinson, M. E., Moses, H. L., and Hogan, B. L. (1990). In situ
hybridization analysis of TGF-B3 RNA expression during mouse development:
comparative studies with TGF-B1 and B2. Development 110, 609-620.

Pelton, R. W., Saxena, B., Jones, M., Moses, H. L, and Gold, L. L
(1991). Immunohistochemical localization of TGF-81, TGF-2 and TGF-
B3 in mouse embryo: expression patterns suggest multiple roles during
embryonic development. J. Cell. Biol. 115, 1091-1105. doi: 10.1083/jcb.115.
4.1091

Pereira, R. C., Economides, A. N., and Canalis, E. (2000). Bone morphogenetic
proteins induce gremlin, a protein that limits their activity in osteoblasts.
Endocrinol. 141, 4558- 4563. doi: 10.1210/endo0.141.12.7851

Petryl, M., Hert, J., and Fiala, P. (1996). Spatial organization of the Haversian bone
in man. J. Biomech. 29, 161-169. doi: 10.1016/0021-9290(94)00035-2

Plunkett, N., and O’Brien, F. J. (2011). Bioreactors in tissue engineering. Tech.
Health Care 19, 55-69. doi: 10.3233/THC-2011-0605

Proetzel, G., Pawlowski, S. A., Wiles, M. V., Yin, M., Boivin, G. P., Howles, P. N.,
et al. (1995). Transforming growth factor-B3 is required for secondary palate
fusion. Nat. Genet. 11, 409-414. doi: 10.1038/ng1295-409

Raisz, L. G. (1999). Physiology and pathophysiology of bone remodelling. Clin.
Chem. 45, 1353-1358.

Rawadi, G., Vayssiere, B., Dunn, F., Baron, R., and Roman-Roman, S.
(2003). BMP-2 controls alkaline phosphatase expression and osteoblast
mineralization by a Wnt-autocrine loop. J. Bone Miner. Res. 18s, 1842-1853.
doi: 10.1359/jbmr.2003.18.10.1842

Reddi, A. H. (1994). Symbiosis of biotechnology and biomaterials: applications
in tissue engineering of bone and cartilage. J. Cell. Biochem. 56, 192-195.
doi: 10.1002/jcb.240560213

Reddi, A. H. (2000). Role of bone morphogenetic proteins in skeletal tissue
engineering of bone and cartilage: inductive signals, stem cells, and biomimetic
biomaterials. Tiss. Eng. 6, 351-359. doi: 10.1089/107632700418074

Reddi, A. H. (2005). BMPs: from bone morphogenetic proteins to body
morphogenetic proteins. Cytokine Growth Factor Rev. 16, 249-250.
doi: 10.1016/j.cytogfr.2005.04.003

Reddi, A. H. and Huggins, C. B. (1972). Biochemical sequences in the
transformation of normal fibroblasts in adolescent rats. Proc. Natl. Acad. Sci.
U.S.A. 69, 1601-1605. doi: 10.1073/pnas.69.6.1601

Rickard, D. J., Hofbauer, L. C., Bonde, S. K., Gori, F., Spelsberg, T. C., and
Riggs, B. L. (1998). Bone morphogenetic protein-6 production in human
osteoblastic cell-lines. Selective regulation by estrogen. J. Clin. Invest. 101,
413-422. doi: 10.1172/JCI119880

Riemenschneider, M. J., Hirblinger, M., Vollmann-Zwerenz, A., Hau, P,
Proescholdt, M. A., Jaschinski, F., et al. (2015). TGF-B isoforms in
cancer: immunohistochemical expression and Smad-pathway-activity-analysis
in thirteen major tumor types with a critical appraisal of antibody specificity
and immunohistochemistry assay validity. Oncotarget 6, 26770-26781.
doi: 10.18632/oncotarget.5780

Riley, E. H., Lane, J. M., Urist, M. R, Lyons, K. M., and Lieberman, J. R. (1996).
Bone morphogenetic protein-2: biology and applications. Clin. Orthop. Rel. Res.
324, 39-46. doi: 10.1097/00003086-199603000-00006

Ripamonti, U. (1990). Handbook of Bioactive Ceramics (Volume II: Calcium
Phosphate and Hydroxylapatite Ceramics); Inductive Bone Matrix and Porous
Hydroxyapatite Composites in Rodents and Non-Human Primates. Boca Raton,
FL: CRC Press.

Ripamonti, U. (1991). The morphogenesis of bone replicas of porous

hydroxyapatite ~obtained from conversion of calcium carbonate
exoskeletons of coral. J. Bone Joint Surg. Am. 73, 692-703.
doi: 10.2106/00004623-199173050-00007
Ripamonti, U. (2006). Soluble osteogenic ~molecular signals and
the induction of bone formation. Biomaterials 27, 807-822.

doi: 10.1016/j.biomaterials.2005.09.021

Ripamonti, U., Crooks, J., Matsaba, T., and Taskar, J. (2000). Induction of
endochondral bone formation by recombinant human transforming growth
factor-p2 in the baboon (Papio ursinus). Growth Factors 17, 269-285.
doi: 10.3109/08977190009028971

Ripamonti, U., Duneas, N., van den Heever, B., Bosch, C., and Crooks, J.
(1997). Recombinant transforming growth factor-p1 induces endochondral
bone in the baboon and synergizes with recombinant osteogenic

protein-1 (bone morphogenetic protein-7) to initiate rapid bone

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

June 2018 | Volume 6 | Article 74


https://doi.org/10.1016/j.biomaterials.2013.12.062
https://doi.org/10.1111/jcmm.12125
https://doi.org/10.1073/pnas.90.2.770
https://doi.org/10.1002/jcb.20453
https://doi.org/10.1038/156576a0
https://doi.org/10.5435/00124635-199909000-00001
https://doi.org/10.1038/155148a0
https://doi.org/10.1038/157587b0
https://doi.org/10.1016/j.tibtech.2003.12.001
https://doi.org/10.1016/S8756-3282(02)00699-3
https://doi.org/10.1126/science.127.3301.755
https://doi.org/10.1038/scientificamerican0490-56
https://doi.org/10.1126/science.286.5446.1946
https://doi.org/10.1016/S8756-3282(98)00056-8
https://doi.org/10.1016/0006-291X(89)92795-2
https://doi.org/10.1002/jbmr.5650090402
https://doi.org/10.1002/jcb.240550303
https://doi.org/10.1083/jcb.115.4.1091
https://doi.org/10.1210/endo.141.12.7851
https://doi.org/10.1016/0021-9290(94)00035-2
https://doi.org/10.3233/THC-2011-0605
https://doi.org/10.1038/ng1295-409
https://doi.org/10.1359/jbmr.2003.18.10.1842
https://doi.org/10.1002/jcb.240560213
https://doi.org/10.1089/107632700418074
https://doi.org/10.1016/j.cytogfr.2005.04.003
https://doi.org/10.1073/pnas.69.6.1601
https://doi.org/10.1172/JCI119880
https://doi.org/10.18632/oncotarget.5780
https://doi.org/10.1097/00003086-199603000-00006
https://doi.org/10.2106/00004623-199173050-00007
https://doi.org/10.1016/j.biomaterials.2005.09.021
https://doi.org/10.3109/08977190009028971
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Klar

The Translation Enigma

formation. J. Bone Miner. Res. 2, 1584-1595. doi: 10.1359/jbmr.1997.12.
10.1584

Ripamonti, U., Klar, R. M., Renton, L., and Ferretti, C. (2010). Synergistic
induction of bone formation by hOP-1, TGF-83 and inhibition by zoledronate
in macroporous coral-derived hydroxyapatites. Biomaterials 25, 6400-6410.
doi: 10.1016/j.biomaterials.2010.04.037

Ripamonti, U., Parak, R, Klar, R. M., Dickens, C., Dix-Peek, T., and
Duarte, R. (2016). The synergistic induction of bone formation by the
osteogenic proteins oft he TGF-f supergene family. Biomaterials 104, 279-296.
doi: 10.1016/j.biomaterials.2016.07.018

Ripamonti, U., Ramoshebi, L. N., Patton, J., Matsaba, T., Teare, J., and Renton, L.
(2004). “Chapter 15: Soluble signals and insoluble substrata: novel molecular
cues instructing the induction of bone,” in The Skeleton, eds E. J. Massaro and
J. M. Rogers (Totowa, NJ: Humana Press), 217-227.

Ripamonti, U., Ramoshebi, L. N., Teare, J., Renton, L., and Ferretti, C. (2008).
The induction of endochondral bone formation by transforming growth factor-
f3: experimental studies in the non-human primate Papio ursinus. J. Cell. Mol.
Med. 12, 1029-1048. doi: 10.1111/j.1582-4934.2008.00126.x

Roberts, A. B., Sporn, M. B., Assoian, R. K., Smith, J. M., Roche, N. S., Wakefield,
L. M., et al. (1986). Transforming growth factor type B: rapid induction
of fibrosis and angiogenesis in vivo and stimulation of collagen formation
in vitro. Proc. Natl. Acad. Sci. US.A. 83, 4167-4171. doi: 10.1073/pnas.83.
12.4167

Roy, D. M., and Linnehan, S. K. (1974). Hydroxyapatite formed from
coral skeletal carbonate by hydrothermal exchange. Nature 247, 220-222.
doi: 10.1038/247220a0

Sakou, T., Onishi, T., Yamamoto, T., Nagamine, T., Sampath, T., and ten
Dijke, P. (1999). Localization of Smads, the TGF-p family intracellular
signalling components during endochondral ossification. J. Bone Miner. Res.
14, 1145-1152. doi: 10.1359/jbmr.1999.14.7.1145

Samartzis, D., Khanna, N., Shen, F. H,, and An, H. S. (2005). Update on bone
morphogenetic proteins and their application in spine surgery. J. Am. College
Surg. 200, 236-243. doi: 10.1016/j. jamcollsurg.2004.09.046

Sampath, T. K., and Reddi, A. H. (1981). Dissociative extraction and reconstitution
of extracellular matrix components involved in local bone differentiation. Proc.
Natl. Acad. Sci. U.S.A. 78, 7599-7603. doi: 10.1073/pnas.78.12.7599

Sampath, T. K., Maliakal, J. C., Hauschka, P. V., Jones, W. K., Sasak, H., and Tucker,
R. F. (1992). Recombinant hOP-1 induces new bone formation in vivo with
specific activity comparable to natural bovine OP-1, and stimulates osteoblast
proliferation and differentiation in vitro. J. Biol. Chem. 267, 20352-20362.

Sampath, T. K., Muthukumaran, N., and Reddi, A. H. (1987). Isolation of
osteogenin, an extracellular matrix-associated, bone-inductive protein, by
heparin affinity chromatography. Proc. Natl. Acad. Sci. U.S.A. 84, 7109-7113.
doi: 10.1073/pnas.84.20.7109

Sandberg, M., Vuorio, T., Hirvonen, H., Alitalo, K., and Vuorio, E. (1988).
Enhanced expression of TGF-p and c-fos mRNA in the growth plates of
developing human long bones. Develop. 102, 461-470.

Sanders, R., Mason, D. J., and Foy, C. A. (2014). Considerations for accurate
gene expression measurement by reverse transcription quantitative PCR
when analysing clinical samples. Anal. Bioanal. Chem. 406, 6471-6483.
doi: 10.1007/s00216-014-7857-x

Sandford, L. P., Ormsby, I, Gittenberger-de Groot, A. C., Sariola, H., Friedman, R.,
Boivin, G. P,, et al. (1997). TGF2 knockout mice have multiple developmental
defects that are non-overlapping with other TGF-B knockout phenotypes.
Development 124, 2659-2670.

Sasso, R. C., Williams, J. I, Dimasi, N., and Meyer, P. R. Jr. (1998).
Postoperative drains at the donor site of iliac-crest bone grafts. A prospective,
randomized study of morbidity at the donor site in patients who had
a traumatic injury of the spine. J. Bone Joint Surg. Am. 80, 631-635.
doi: 10.2106/00004623-199805000-00003

Schnee, C. L., Freese, A., Weil, R. J., and Marcotte, P. J. (1997). Analysis of harvest
morbidity and radiographic outcome using autograft for anterior cervical
fusion. Spine 22, 2222-2226. doi: 10.1097/00007632-199710010-00005

Senn, N. (1889). On the healing of aseptic bone cavities by implantation
of antiseptic decalcified bone. Am. J. Med. Sci. 98, 219-243.
doi: 10.1097/00000441-188909000-00001

Shehata, M. (2004). The father of medicine: a historical reconsideration. J. Med.
Ethics 12, 171-176.

Shipley, J. M., Mecham, R. P., Maus, E., Bonadio, J., Rosenbloom, J., McCarthy,
R. T, et al. (2000). Developmental expression of latent transforming
growth factor B binding protein 2 and its requirement early in mouse
development. Mol. Cell Biol. 20, 4879-4887. doi: 10.1128/MCB.20.13.4879-488
7.2000

Shull, M. M., Ormsby, L, Kier, A. B., Pawlowski, S., Diebold, R. J., Yin, M.,
et al. (1992). Targeted disruption of the mouse transforming growth factor-
B1 gene results in multifocal inflammatory disease. Nature 359, 693-699.
doi: 10.1038/359693a0

Skovrlj, B., Koehler, S. M., Anderson, P. A., Qureshi, S. A., Hecht, A. C., Iatridis,
J. C., et al. (2015). Association between BMP-2 and carcinogenicity. Spine 40,
1862-1871 doi: 10.1097/BRS.0000000000001126

Smith, S. E., DeLee, J. C., and Ramamurthy, S. (1984). Ilioinguiinal neuralgia
following iliac bone grafting. Report of two cases and review of the literature. J.
Bone Joint Surg. Am. 66, 1306-1308. doi: 10.2106/00004623-198466080-00025

Solloway, M. J., Dudley, A. T., Bikoff, E. K., Lyons, K. M., Hogan, B. L., and
Robertson, E. J. (1998). Mice lacking BMP-6 function. Dev. Genet. 22, 321-339.
doi: 10.1002/(SICI)1520-6408(1998)22:4<321::AID-DVG3>3.0.CO;2-8

Song, K., Krause, C., Shi, S., Patterson, M., Suto, R., Grgurevic, L., et al. (2010).
Identification of a key residue mediating bone morphogenetic protein (BMP)-
6 resistance to noggin inhibition allows for engineered BMPs with superior
agonist activity. J. Biol. Chem. 285, 12169-12180. doi: 10.1074/jbc.M109.087197

Sowa, H., Kaji, H., Hendy, G. N., Canaff, L, Komori, T., Sugimoto, T.,
et al. (2004). Menin is required for bone morphogenetic protein 2 -
and transforming growth factor B - regulated osteoblastic differentiation
through interaction with Smads and Runx2. J. Biol. Chem. 279, 40267-40275.
doi: 10.1074/jbc.M401312200

Storm, E. E., and Kingsley, D. M. (1996). Joint patterning defects caused by single
and double mutations in members of the bone morphogenetic protein (BMP)
family. Development 122, 3969-3979.

Storm, E. E., and Kingsley, D. M. (1999). GDF co-ordinates bone and
joint formation during digit development. Dev. Biol. 209, 11-27.
doi: 10.1006/dbi0.1999.9241

Storm, E. E,, Huynh, T. V., Copeland, N. G., Jenkins, N. A., Kingsley, D.
M., and Lee, S. J. (1994). Limb alterations in brachypodism mice due to
mutations in a new member of the TGF-p superfamily. Nature 368, 639-643.
doi: 10.1038/368639a0

Summers, B. N., and Eisenstein, S. M. (1989). Donor site pain from the ilium (A
complication of the lumbar spine fusion). J. Bone Joint Surg. 71B, 667-680.
doi: 10.1302/0301-620X.71B4.2768321

Takase, M., Imamura, T., Sampath, T. K., Takeda, K., Ichijo, H., Miyazono, K., et al.
(1998). Induction of Smad6 mRNA by bone morphogenetic proteins. Biochem.
Biophys. Res. Commun. 244, 26-29. doi: 10.1006/bbrc.1998.8200

Thorp, B. H., Anderson, I, and Jakowlew, S. B. (1992). Transforming growth
factor-p1, -2 and -B3 in cartilage and bone cells during endochondral
ossification in the chick. Development 114, 907-911.

Trueta, J. (1963).The role of the vessels in osteogenesis. Bone Joint Surg. 45B,
402-418. doi: 10.1302/0301-620X.45B2.402

Urist, M. R. (1965). Bone: formation by autoinduction. Science 150, 1136-1138.
doi: 10.1126/science.150.3698.893

Urist, M. R,, and Strates, B. S. (1971). Bone morphogenetic protein. J. Den. Res. 50,
1392-1406. doi: 10.1177/00220345710500060601

Urist, M. R., Huo, Y. K, Brownell, A. G., Hohl, W. M., Buyske, J., Lietze,
A., et al. (1984). Purification of bovine bone morphogenetic protein by
hydroxyapatite chromatography. Proc. Natl. Acad. Sci. US.A. 2, 371-375.
doi: 10.1073/pnas.81.2.371

Urist, M. R, Silverman, B. F., Buiiing, K., Dubuc, F. L., and Rosenberg,
J. M. (1967). The bone induction principle. Clin. Orthop. 53, 243-283.
doi: 10.1097/00003086-196707000-00026

Vaidnanen, H. K., Zhao, H., Mulari, M., and Halleen, J. M. (2000). The cell biology
of osteoclast function. J. Cell. Sci. 113, 377-381.

van Bezooijen, R. L., Papapoulos, S. E., and Lowik, C. W. (2005). Bone
morphogenetic proteins and their antagonists: the sclerostin paradigm. J.
Endocrinol. Invest. 28, 15-17.

Vandesompele, J., de Preter, K., Pattyn, F., Poppe, B., van Roy, N., de Paepe,
A., et al. (2002). Accurate normalisation of real-time quantitative RT-PCR
data by geometric averaging of multiple internal control genes. Genome Biol.
3:RESEARCHO0034. doi: 10.1186/gb-2002-3-7-research0034

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

12

June 2018 | Volume 6 | Article 74


https://doi.org/10.1359/jbmr.1997.12.10.1584
https://doi.org/10.1016/j.biomaterials.2010.04.037
https://doi.org/10.1016/j.biomaterials.2016.07.018
https://doi.org/10.1111/j.1582-4934.2008.00126.x
https://doi.org/10.1073/pnas.83.12.4167
https://doi.org/10.1038/247220a0
https://doi.org/10.1359/jbmr.1999.14.7.1145
https://doi.org/10.1016/j.jamcollsurg.2004.09.046
https://doi.org/10.1073/pnas.78.12.7599
https://doi.org/10.1073/pnas.84.20.7109
https://doi.org/10.1007/s00216-014-7857-x
https://doi.org/10.2106/00004623-199805000-00003
https://doi.org/10.1097/00007632-199710010-00005
https://doi.org/10.1097/00000441-188909000-00001
https://doi.org/10.1128/MCB.20.13.4879-4887.2000
https://doi.org/10.1038/359693a0
https://doi.org/10.1097/BRS.0000000000001126
https://doi.org/10.2106/00004623-198466080-00025
https://doi.org/10.1002/(SICI)1520-6408(1998)22:4<321::AID-DVG3>3.0.CO;2-8
https://doi.org/10.1074/jbc.M109.087197
https://doi.org/10.1074/jbc.M401312200
https://doi.org/10.1006/dbio.1999.9241
https://doi.org/10.1038/368639a0
https://doi.org/10.1302/0301-620X.71B4.2768321
https://doi.org/10.1006/bbrc.1998.8200
https://doi.org/10.1302/0301-620X.45B2.402
https://doi.org/10.1126/science.150.3698.893
https://doi.org/10.1177/00220345710500060601
https://doi.org/10.1073/pnas.81.2.371
https://doi.org/10.1097/00003086-196707000-00026
https://doi.org/10.1186/gb-2002-3-7-research0034
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Klar

The Translation Enigma

Vermeulen, J., de Preter, K., Lefever, S., Nuytens, J., de Vloed, F., Derveaux, S.,
etal. (2011). Measurable impact of RNA quality on gene expression results from
quantitative PCR. Nucleic Acids Res. 39:63. doi: 10.1093/nar/gkr065

Wang, E. A, Rosen, V., D'Alessandro, J. S., Bauduy, M., Cordes, P,
Harada, T., et al. (1990). Recombinant human bone morphogenetic protein
induces bone formation. Proc. Natl. Acad. Sci. US.A. 87, 2220-2224.
doi: 10.1073/pnas.87.6.2220

Wang, E. A, Rosen, V., Cordes, P., Hewick, R. M., Kriz, M. J., Luxenberg,
D. P, et al. (1988). Purification and characterization of other distinct
bone-inducing factors. Proc. Natl. Acad. Sci. US.A. 85, 9480-9488.
doi: 10.1073/pnas.85.24.9484

Weber, J. N., White, E. W., and Lebiedzik, J. (1971). New porous biomaterials
by replication of echinoderm skeletal microstructures. Nature 233, 337-339.
doi: 10.1038/233337a0

Westrich, G. H., Geller, D. S., O’Malley, M. J., Deland, J. T., and Helfet,
D. L. (2001). Anterior iliac crest bone graft harvesting using the
corticocancellous reamer system. J. Orthop. Trauma 15, 500-506.
doi: 10.1097/00005131-200109000-00007

White, E. W., Weber, J. N, Roy, D. M., Owen, E. L., Chiroff, R. T., and White,
R. A. (1975). Replamineform porous biomaterials for hard tissue implant
applications. J. Biomed. Mat. Res. 9, 23-27. doi: 10.1002/jbm.820090406

Wildemann, B., Kadow-Romacker, A., Haas, N. P., and Schmidmaier, G. (2007).
Quantification of various growth factors in different demineralized bone matrix
preparations. J. Biomed. Mater. Res. A. 2, 437-442. doi: 10.1002/jbm.a.31085

Wozney, J. M., Rosen, V., Celeste, A. J., Mitsocks, L. M., Whitters, M. J., Kriz,
R. W,, et al.(1988). Novel regulators of bone formation: molecular clones and
activities. Science 242, 1528-1534. doi: 10.1126/science.3201241

Yeh, L. C, Tsai, A. D. and Lee, J. C. (2005), Cartilage-derived
morphogenetic proteins induce osteogenic gene expression in the C2CI12
mesenchymal cell line. J. Cell Biochem. 95, 173-188. doi: 10.1002/jcb.
20402

Yoshida, Y., Tanaka, S., Umemori, H., Minowa, O., Usui, M., Ikematsu, N., et al.
(2000). Negative regulation of BMP/Smad signalling by Tob in osteoblasts. Cell
103, 1085-1097. doi: 10.1016/50092-8674(00)00211-7

Zamprogno, H. C. D. D. M. (2004). Evaluation of Bone Grafting Materials in Cats:
A Comparison of Cancellous Autograft, Cancellous Allograft and Bio-Glass in a
Femoral Defect Model. Starkville, MS: Mississippi State University; College of
Veterinary Medicine.

Zara, J. N, Siu, R. K., Zhang, X., Shen, J., Ngo, R., Lee, M., et al. (2011). High
doses of bone morphogenetic protein 2 induce structurally abnormal bone and
inflammation in vivo. Tissue Eng. 17, 1389-1399. doi: 10.1089/ten.tea.2010.0555

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer AS and handling Editor declared their shared affiliation

Copyright © 2018 Klar. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

13

June 2018 | Volume 6 | Article 74


https://doi.org/10.1093/nar/gkr065
https://doi.org/10.1073/pnas.87.6.2220
https://doi.org/10.1073/pnas.85.24.9484
https://doi.org/10.1038/233337a0
https://doi.org/10.1097/00005131-200109000-00007
https://doi.org/10.1002/jbm.820090406
https://doi.org/10.1002/jbm.a.31085
https://doi.org/10.1126/science.3201241
https://doi.org/10.1002/jcb.20402
https://doi.org/10.1016/S0092-8674(00)00211-7
https://doi.org/10.1089/ten.tea.2010.0555
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	The Induction of Bone Formation: The Translation Enigma
	Introduction
	Osteogenesis and Remodeling
	Bone Autografting
	The History of Bone Induction: Discoveries and Developments
	Biomaterials
	TGF-β Superfamily Members and Bone Formation
	Bone Morphogenetic Proteins
	Transforming Growth Factor-β Isoforms
	The Animal Translation Enigma
	Autogenous Biomaterial Composition Enigma
	Future Research Recommendations
	Author Contributions
	Acknowledgments
	References


