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Abstract

Introduction—Bone marrow-derived mesenchymal stem cells (MSCs) can differentiate into
multiple cell types, including osteoblasts, chondrocytes, and adipocytes. These pluripotent cells
secrete hepatocyte growth factor (HGF), which regulates cell growth, survival, motility, migration,
mitogenesis and is important for tissue development/regeneration. HGF has four splice variants,
NK1, NK2, NK3, and NK4 which have varying functions and affinities for the HGF receptor,
cMET. HGF promotes osteoblastic differentiation of MSCs into bone forming cells, playing a role
in bone development, health and repair.

Areas Covered—This review will focus on the effects of HGF in osteogenesis, bone repair and
bone health, including structural and functional insights into the role of HGF in the body.

Expert Opinion—Approximately 6.2 million Americans experience a fracture annually, with 5—
10% being mal- or non-union fractures. HGF is important in priming MSCs for osteogenic
differentiation /n vitro and is currently being studied to assess its role during bone repair /n vivo.
Due to the high turnover rate of systemic HGF, non-classic modes of HGF-treatment, including
naked-plasmid HGF delivery and the use of HGF splice variants (NK1 & NK2) are being studied
to find safe and efficacious treatments for bone disorders, such as mal- or non-union fractures.
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1. Introduction

2.1 HGF

Mesenchymal stem cells possess the potential to differentiate into multiple cell types,
including osteoblasts, chondrocytes, and adipocytes. These pluripotent cells secrete
hepatocyte growth factor (HGF), a growth factor reported to have regulatory effects on cell
growth, survival, motility, migration, and mitogenesis 1-3. This cellular regulation by HGF
generates an associated role in tissue regeneration and development, proliferation, and — in
the case of tumor cells — invasion and metastasis®. Furthermore, the multi-domain protein,
HGF, predominantly mediates cells of epithelial origin > . All the aforementioned activities
are facilitated by HGF acting through its receptor, cMET 7. Moreover, HGF exists as four
splice variants as a function of alternative splicing, identified as NK1, NK2, NK3, and NK4;
all of which have varying functions on HGF/cMET signaling® °.

HGF is a potent growth factor that has been detected in a variety of tissues including the
skin, lungs, liver, bone, muscle, pancreas, gastrointestinal tract, salivary glands, thyroid,
brain, prostate, seminal vesicles, breast, uterus, placenta, and kidney 10. Within the brain
HGF is expressed in the hippocampal, cortex, and cerebellum neurons, and acts to increase
the growth of motor axons which function to transmit information through impulses 19, The
70 kb long human gene for HGF is positioned on chromosome 7q11.1-21, consisting of 18
exons and 17 introns 10- 11, The HGF precursor is produced as a biologically nonfunctional
single chain consisting of 728 amino acids, referred to as pro-HGF 4. After cleavage, the full
length functional HGF (~90kDa) consists of two polypeptide chains: the heavy chain (a.:
69kDa) and the light chain (B: 34kDa) (figure 1). The heavy chain contains the N-terminal
domain (n) and four kringle domains (k1, k2, k3, k4), which due to alternative splicing of
the full-length transcript (HGF) can lead to four alternative splice variants (NK1-NK4)
(figure 2) 10, Kringle domains are protein domains that form loops in a bridged structure and
are stabilized by three disulfide bonds 1. Within the light chain is a serine protease
homology domain 2.

Scatter factor (SF) was identified as a protein secreted by fibroblasts that promoted matrix
invasion and mobility in epithelial cells®: 12, two functions similar to the effects of HGF>.
When HGF and SF were purified individually they were found to be indistinguishable;
equivalently binding to the MET receptor and stimulating the MET tyrosine
phosphorylation, having nearly identical sequences, and equally functioning as a mitogen
when measured using bioassays °. Thus, full length HGF and SF are identical and are often
referred to as HGF/SF.

The function of HGF as a critical developmental growth factor was determined through
knock-out experiments in mice. HGF has a vital role in development of organs and
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disruption of HGF signaling can be embryonically lethal 7. For example, when the HGF
signaling pathway is interrupted, the embryonic liver is smaller in size and presents
widespread cell death’. Additionally, the essential mitogenic role of HGF was established
through targeted disruption of HGF signaling in the context of muscle formation. An
absence of HGF leads to reduced myogenic, or muscle cell migration during development,
resulting in unformed skeletal muscles ’.

2.2 HGF Activation

The precursor of the functional HGF protein is a biologically inactive pre-pro-peptide,
which is proteolytically cleaved near residue 31 before secretion as pro-HGF 19, Pro-HGF,
the immediate precursor of HGF, is secreted by mesenchymal stem cells into the
extracellular environment and remains inactive until activated through further proteolysis.
Pro-HGF is a single chain 92 KDa precursor peptide that binds to the cellular surface or
extracellular matrix following secretion 4. Upon binding, pro-HGF interacts with Urokinase-
type plasminogen activator (UPA), a serine protease . The association between product yield
of processed pro-HGF and total concentration of uPA has been demonstrated to be linear
when the concentration of the uPA enzyme was greater than the concentration of the pro-
HGF substrate. Consequently, it has been demonstrated that the concentration of the
accumulated product equaled approximately one-half the molar amount of the uPA

enzyme 13, Additionally, this reaction may be classified as a stoichiometric reaction due to
the dependence on the level of enzyme reactant in determining the effective product yield.
Under conditions of a greater amount of substrate compared to enzyme, as the concentration
of uPA greatly increased in comparison to the concentration of the substrate, the curve
plateaued, demonstrating that the concentration of the substrate, pro-HGF, is the limiting
factor in this reaction. The high affinity between uPA and pro-HGF is demonstrated in the
stable complex they form /n vitro and upon the membrane of target receptor cells.
Additionally, proteases such as plasma kallikrein, matriptase, hepsin, and HGF activator are
a part of the system responsible for the activation of the precursor HGF 7. HGF-A is a
kringle-containing serine protease that is predominantly synthesized by hepatocytes and
exists as the non-functional single chain form proHGF-A 7. ProHGF-A is activated by a
signaling cascade that is initiated in response to events that require the action of HGF, such
as tissue damage.

2.3 Homology

HGF maintains strong homology with plasminogen and prothrombin, factors involved in
blood coagulation and fibrinolysis 4. This homology is demonstrated by a 38% identity in
amino acid sequence between plasminogen and HGF, and additional similar structural
motifs 10. Similar to the synthesis pathway of HGF, plasminogen is secreted by the liver as
an inactive single polypeptide enzyme that is activated by the actions of a serine-protease
and is consequently converted into plasmin, a disulfide linked heterodimer 4. The
physiologic function of plasmin is the degradation of fibrin proteins present in blood

clots 15, Additionally, it is hypothesized that HGF, macrophage stimulating protein (MSP),
plasminogen, and apolipoprotein retain a shared genetic precursor. This premise is based
upon the common structural elements of these proteins: an N-terminal domain containing a
“loop within a loop” made up of four cysteine residues, multiple kringle domain copies, and
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a serine protease domain 4. MSP is the most related plasminogen protein to HGF with an
amino acid identity of 44% 10. While similarly structured to members of the plasminogen
family, HGF deviates in that it does not possess proteolytic activity 10,

In addition to the structural resemblance between multiple proteins, HGF shows strong
homology between species. HGF is highly conserved: humans and chimpanzees uphold
99.9% homology between primary sequences, and humans and rodents maintain 91%
homology 10. Moreover, it has been determined that the gene for HGF is conserved in the
dog?®, cowl?, chickenl® 19, zebrafish20, and frog?l. However, there is a divergence in the
homolog of humans and the previously mentioned species with an amino acid identity of
75% between human and chicken, and 50% between human and zebra fish 10,

2.4 HGF Splice Variants

HGF is differentially spliced into two predominant naturally occurring splice variants, NK1
(25kDa) and NK2 (35kDa). In mice, serum HGF and NK2 levels are about 3.9ng/ml%2 and
7.8ng/ml23 respectively. These natural isoforms consist of the N-terminal domain and the
first kringle domain (NK1) or first 2 kringle domains (NK2) 24. NK1 acts as a cMET (the
HGF receptor) agonist, promoting cMET activity through the formation of a head-to-tail
dimer complex with the receptor. Conversely, NK2 demonstrates antagonistic behavior,
inhibiting the activity of the cMET receptor.

The agonistic mechanism of NK1 is attributed to the structure of the isoform. Similar to full
length HGF, the truncated NK1 isoform creates a dimer complex and the interface between
the domains of the dimer is central to the functionality of NK1 as an activator of the cMET
signaling 2. The essential nature of the dimer interface of NK1 is exemplified through the
finding that when the interface is mutated, the activity of NK1 in relation to cMET is
transformed from agonistic to antagonistic 24. NK1/cMET dimerization is facilitated by
heparin 2%, with an approximate 800 fold increase in NK1-cMET binding affinity in the
presence of heparin (10.4+1.1nM) versus without heparin (8.5+4.6uM)%4. NK1 has a lower
binding affinity to cMET (10.4nM?24) as compared to HGF (0.2nM25). NK1 is a known
agonist of the HGF/cMET pathway and has been shown to induce a morphogenic response
in both epithelial and endothelial cells??, and mitogenic response in hepatocytes in culture2>.

NK2 differs from NK1 both structurally and operationally. The NK2 isoform exists in a
closed triangle formation, consisting of the N-terminal at the top and the two kringle
domains below 4. While the structure of the N-terminal domain and kringle domains are
analogous between NK1 and NK2, the structures differ at the linkage between the domains,
suggesting a functional importance of the links within the structure. The first kringle domain
of NK2 is rotated approximately 180° compared to the corresponding position in NK1. The
flexible link between the N-terminal domain and the first kringle domain enable this
rotation, occurring at residues 122-127, the area of NK1, which is significant to formation of
a dimer interface. NK2 is a known antagonist of the HGF/cCMET pathway®: 9 24, It is thought
that, unlike NK1, NK2 cannot dimerize with cMET and in turn does not induce cMET
activation. Additionally, NK2 does not require heparin to bind cMET and has a lower cMET
binding affinity as compared to NK1 or HGF; NK2 - 335nM versus NK1 - 10.4+1.1nM
versus HGF - 0.2nM, respectively?4 26. In review, unlike NK1, NK2 does not dimerize nor
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require heparin to bind cMET, acts as a competitive inhibitor for both NK1 and HGF-cMET
binding, and has been shown to directly oppose the effects of HGF in kidney?4, epithelial
and endothelial cells?7: 28,

NK3, an additional splice variant has been identified, but there is no significant data for it.
This is a new area of research and nothing is yet definitively known about its function.

NK4, which consists of the N-terminal domain and four kringle domains, acts as an inhibitor
of the HGF/CMET signaling pathway 7 2°. Due to the inhibitory activity of NK4, this splice
variant suppresses tumor growth and diminishes tumor blood vessels in a variety of tumor
types. /n vivo studies found that NK4 treatment inhibited gallbladder cancer growth and
invasion in mice /. Thus NK4 acts as a bifunctional molecule: both an HGF/cMET
antagonist and an angiogenesis inhibitor 2. The HGF splice variant NK4 is homologous to
angiostatin, an isoform of plasminogen that also acts as an inhibitor of angiogenesis 2°. The
dual functions of NK4 lend it to being a potential treatment for various types of cancers. In
the context of cell-cycle progression, the overexpression of NK4 resulted in an increase in
the number of cells in the G1 phase, and decreased the number of cells in the S and G2/M
phases 2°. This demonstrates that NK4 inhibits the progression of cells from the G1 phase to
the S phase, therefore causing arrest of cells at G1. Additionally, NK4 blocks the HGF/
cMET pathway through inhibition of the downstream PI3K/Akt pathway. This was
elucidated through the finding that treatment with NK4 prevented the tyrosine
phosphorylation of Akt 22, The inhibition of the PI3K/Akt pathway results in a decrease in
cell proliferation, migration, and invasion.

3.1 The cMET Receptor

HGF initiates cell signaling through binding to the MET tyrosine kinase receptor, also
referred to as the cellular MET receptor (cMET). HGF is the only known ligand to activate
cMET, and the cMET receptor is the only receptor of HGF 7. HGF can bind to cMET, a
membrane receptor, using either of the two HGF polypeptide chains at different affinities;
the a chain with high affinity and the B chain at low affinity 7. The binding of the a. chain
does not activate the cMET receptor, it acts as a binding domain for cMET, thus encouraging
the low affinity binding of the B chain, which then activates cMET 7. The cMET receptor, a
proto-oncogene, belongs to a family of heterodimeric tyrosine kinases including Ron, Ryk,
and Sea 4. The Ron receptor binds Macrophage stimulatory protein (MSP), which maintains
a sequence homology of 45% with HGF. Despite this similarity in sequences, MSP and HGF
do not demonstrate functionality on the converse receptor 4. Cells of epithelial and
endothelial origin — including those in the liver, kidney, prostate, pancreas, kidney, muscle,
and bone marrow — express cMET 30, The cMET receptor is also expressed in the brain and
the HGF/cMET pathway has been identified as a key neurotrophic factor for brain
development by advancing the survival and maturation of neurons 19: 31, Additionally, both
osteoclasts and osteoblasts produce a fully functional HGF receptor 32,

Following synthesis as an inactive polypeptide, the cMET receptor is cleaved producing two
disulfide-bonded chains; an extracellular a. chain and a transmembrane B chain 3°. The 900
amino acid extracellular domain of the cMET receptor, comprised of residues 25-932,
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contains the Sema domain, a cysteine-rich PSI domain, and four immunoglobulin-like IPT
domains 24 33, The Sema domain consists of 519 amino acids and acts as a ligand/receptor
recognition site. The 7-bladed p-propeller structure of the Sema domain is important for
both the homodimerization of the MET receptor and the recognition and binding of the HGF
ligand 33 34, Researchers determined that MET receptors lacking the Sema domain are
unable to crosslink, an action that is crucial to MET signaling33. The B chain encompasses
domains in the extracellular, transmembrane, and cytoplasmic areas. Intracellularly, cMET
contains the juxtamembrane and tyrosine kinase domains, which cause the cMET activity /.
The cMET receptor depends entirely upon the two-tyrosine docking sites. In conditions
where the docking tyrosines were transformed into phenylalanine, the receptor no longer
maintained its oncogenic potential 3°.

3.2 HGF/cMET Signaling Pathways

The interaction between HGF and the cMET receptor causes a downstream signaling
cascade that works through multiple pathways to produce a multiplicity of biological effects.
The binding of HGF to cMET generates two initial responses: receptor phosphorylation and
initiation of downstream signaling pathways. This is enacted through the
autophosphorylation of tyrosine residues Y1234 and Y1235 by the tyrosine kinase domain
of the cMET receptor 36. Subsequently, the phosphorylation of tyrosine residues Y1349 and
Y1356 causes the induction of downstream signals. The activation of the cMET receptor and
consequent pathways is cell-type specific and can result in such actions as: cell migration,
decreased proliferation, and loss of stem cell markers 1 37: 38, After activation, cMET is
degraded by MET-specific proteases. Furthermore, the cMET signal is negatively regulated
by the intracellular juxtamembrane domain of the cMET receptor. This domain, consisting
of 47 highly conserved amino acids, terminates the cMET signal when bound by the E3
ubiquitin ligase Cbl at the phosphorylation tyrosine in position Y1003 on the cMET
receptor /. Following the binding of Cbl to cMET, cMET is ubiquinated and degraded,
preventing a constant signal by HGF/cMET. The constitutive activation of cMET due to
degradation pathway deregulation or cMET overexpression results in increased cell motility
and the invasive characteristics of cancer 36. The HGF/cMET system primarily functions
through three prominent signaling pathways: ERK1/2, PI3K/Akt and p38-MAPK (figure 3).

3.2.1 The Ras-ERK1/2 Pathway—The Ras-dependent extracellular signal-regulated
kinase (Ras-ERK1/2) pathway has been shown to be influential in cell proliferation, and
specifically in the case of HGF/cMET this pathway predominantly promotes mitogenic and
morphogenic effects 1. The binding of HGF to the cMET receptor causes the response of the
signal transducers Src homology 2 domain containing protein (SHC) and Growth factor
receptor-bound protein 2 (GRB2) 1. Signaling by HGF/CMET leads to propagation of a
signal via the ERK1/2 pathway, signified by rapid phosphorylation of ERK1/2. In a study of
HGF-treated murine mesenchymal stem cells (MSC), HGF treatment led to a peak in
ERK1/2 phosphorylation within ten minutes . Furthermore, when HGF/cMET signaling
was blocked using an siRNA specific to cMET, the phosphorylation of ERK1/2 was
attenuated, indicating that HGF maintains a positive regulatory effect on the phosphorylation
and subsequent signal transduction of ERK1/2 1.
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3.2.2 The p38 MAPK Pathway—The mitogen-activated protein kinase (MAPK) is
known to direct a variety of cellular responses, including osteogenesis. The binding of HGF
to the cMET receptor initiates the activation of the small membrane-attached GTPase, Ras.
Ras activation leads to the activation of Raf, which induces activity of the MAP kinase/
Extracellular signal regulated kinase (MEK). The signaling cascade continues with the
phosphorylation of the p38 MAPK by MEK3/63 4. p38, a class of mitogen-activating protein
kinases most commonly thought of as being involved in stress-response consists of four
isoforms p38a., p38p, p386, and p38-y. Depending on cell type and the nature of stimuli,
different isoforms may have redundant, specific, or even opposing functions 39 40, Knockout
studies in mice have shown that p38a and p38p are required for skeletogenesis and bone
homeostasis 41. p38 has also been found to regulate the interaction of RUNX2 (early
activator of osteogenesis) and Osterix (a late stage marker of osteogenic

differentiation) 42 43, However, the specific p38 isoform(s) mediating the interaction
between RUNX2 and Osterix was not studied. Although the a and p isoforms of p38 are
believed to have different effects on osteogenesis, both p38a and p38p knock-out mice were
shown to have reduced bone mass*1, suggesting both isoforms maintain key roles in bone
growth.

HGF treatment leads to the rapid activation of the p38 pathway in mouse MSCs 1 44 and rat
hepatocytes 4°. Our group was the first to show that HGF treatment leads to the rapid
activation of total p38 in hMSC 37. Moreover, using phospho-p38a specific antibodies we
found that HGF treatment rapidly activated and phosphorylated p38a in hMSC in a dose-
and time-dependent manner 37. Interestingly, HGF treatment of hMSC also induced an
increase in protein levels of p38a, p38p, p386, and p38y, with the peak at 24hrs post-HGF
treatment 3. An increase in p38a, p38p and p38y RNA was also seen within 48hrs after
HGF treatment, in contrast to a decrease in p386 37. The data suggest that the HGF-induced
rapid phosphorylation of p38 leads to the downstream maintenance of p38 protein
expression. At the same time, HGF is activating a yet to be determined signal transduction
cascade leading to an increase or inhibition (p388) of the transcription of p38 isoforms.
Further follow-up siRNA knock-down of p38a and p38p demonstrated a reduced HGF
induction of key osteogenic markers 37. The combined effect of p38 on bone development
and maintenance, together with HGF activation of p38 in hMSC provides potential for
therapeutic treatment for osteoporosis and bone fractures.

3.2.3 The PISK/AKT Pathway—Phosphatidylinositol-3 kinase (P13K) in conjunction
with protein kinase B (AKT), together with additional signaling molecules, create a pathway
known to affect cellular survival, growth, and cycle regulation 46. This is consistent in the
context of HGF/cMET, to which PI3K/AKT demonstrates motogenic and anti-apoptotic
regulation 1. Following the binding of HGF to the cMET receptor and subsequent receptor
dimerization and auto-phosphorylation, the activated receptor recruits a signaling molecule,
Gab-1, which associates with PI3K. Gab-1 is critical to the HGF signaling pathway by virtue
of the strong interaction between the Gab-1 cMET binding site and the active
phosphorylated cMET receptor. In mouse models with knock-out Gab-1, the phenotype was
comparable to that of HGF/cMET knock-out mice 7. This suggests that Gab-1 is essential to
the function and signal produced by HGF, and a deficiency of Gab-1 diminishes the signal of
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the HGF/cMET pathway. The association with PI3K initiates the production of
phosphatidylinositol 3,4-biphosphate (PIP2) and phosphatidylinositol 3,4,5-triphosphate
(P1P3) and further generates the second messenger inositol-triphosphate (1P3) 4.
Downstream signaling from PI3K activates AKT, also known as Protein Kinase B, which
acts to prevent apoptosis through increased cell survival factors 4’

3.3 HGF cell cycle effects

It has been established that HGF promotes the differentiation of stem cells, thus reducing
stem cell like characteristics. In order to understand the potential of HGF as a pleiotrophic
growth factor, it is important to identify the effects of HGF on the cell’s progression through
the phases of the cell cycle. Proteins such as p21, p27, and p53 regulate cell cycle
progression. When treated with HGF, human mesenchymal stem cells (hMSCs) have higher
levels of these cell cycle regulators in both mRNA and protein than control cells 48
Furthermore, when the HGF/cMET pathway was disrupted through the use of a specific
SiRNA, the levels of p21, p27, and p53 decreased and the anti-proliferative effects were
reduced 48. This suggests HGF increases cell cycle regulatory proteins, resulting in a
decrease in cell proliferation. Despite an effect on p21, p27, p53, HGF treatment has not
been shown to have a significant effect on the levels of additional cell-cycle regulators such
as RB, cyclin D1, CDK2, CDK4, or CDK6 48. Using an apoptosis assay, it was determined
that HGF does not promote apoptosis in hMSCs 48. Accordingly, it appears HGF does not
regulate the cell cycle through induced senescence, but rather it supports the inhibitory
regulation by p21/p53.

4.1 Osteogenesis

The skeletal system maintains a dynamic homeostasis by virtue of a coupled process of bone
formation and bone resorption. Two types of cells balance this dynamic process, osteoblasts
(formation) and osteoclasts (resorption). Osteoblasts, which are found at the surface of bone,
primarily function to promote the synthesis of bone 4°. After their formation from the
maturation of proliferating MSCs, osteoblasts can be stimulated to further differentiate as
osteocytes. Furthermore, osteoblasts indirectly alter and regulate the differentiation of
osteoclasts through paracrine signaling via the expression and release of receptor activator of
nuclear factor-xB ligand (RANKL) 4°. Osteoclasts are multinucleated cells derived from the
maturation of hematopoietic stem cells, mononuclear cells, which express the RANKL
receptor RANK. The signaling between RANKL and cell surface associated RANK, leads to
NF-xB signaling pathway activation which is involved in both the downstream positive (c-
Fos, NFAT) and negative (IRF8, RBP-J & TRAF3, p100) regulation of cytokine-mediated
development and activation of osteoclasts (figure 4) 50-52, In order to actively break down
bone, osteoclasts physically attach to the surface of bone. The membrane of the osteoclast
that is in contact with the bone surface becomes a ruffled membrane, producing an adhesive
seal between the osteoclast and the bone surface 33. The ruffled membrane of the osteoclast
produces H*-adenosine triphosphatase which acts like a proton pump to acidify the
resorptive pit, a chamber created between bone surface and the membrane of the

osteoclast 33. The acidic environment in the resorptive pit dissolves bone minerals. Further
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enzymatic digestion of type I collagen and associated proteins completes this process known
as bone resorption, which concludes with the apoptosis of osteoclasts.

Under hypocalcemia — low serum calcium conditions — parathyroid hormone (PTH)
indirectly induces bone resorption through the development of new osteoclasts. PTH binds
to a receptor on osteoblasts and signals for the expression of RANKL, which promotes the
degradation of bone by activating osteoclastic differentiation 38. Conversely, osteoblasts
produce a protein to protect against rampant bone resorption, appropriately named
Osteoprotegrin (OPG), which acts as a “decoy” receptor to the RANKL, thus preventing it
from binding to its receptor RANK 2. It is believed that the RANKL/OPG ratio —
measured in the serum — is demonstrative of bone mass/resorption in individuals 4. In the
context of the skeletal system, HGF is recognized to stimulate proliferation of osteoblasts
and migration of osteoclasts 38, modulate the proliferation, differentiation and/or apoptosis
of growth plate chondrocytes?, as well as promote skeletal muscle formation 5.

4.2 Effects of HGF in the context of osteogenesis

There is growing evidence both /n vivoand in vitro establishing that HGF promotes
osteogenesis®®, and has been demonstrated /n vitro by the increase in expression of primary
osteogenic markers such as osteocalcin (OCN), osterix (OSX), osteoprotegerin (OPG), bone
sialoprotein 2 (BSP2), and collagen 1al (COL1al) in hMSC 37 (figure 5). After treatment
with HGF (40 ng/mL), these five markers all experienced a significant increase in expression
by day 2, supporting the action of HGF to promote osteogenesis. While HGF is known to
have effects on osteogenesis as a whole, it functions differently in the context of osteoclasts
versus osteoblasts. In human osteoclastic cells, the binding of HGF to its receptor promotes
an increase in the intracellular concentration of calcium, due to the associated induced
signaling of phospholipase C-y # 32, The relationship between HGF and the intracellular
calcium level is dose-dependent, and has been found to hold true in osteoclasts and
osteoclast-like cells of several species32. The increase in calcium levels functions both to
induce further signaling events and to act as a form of negative regulation for the HGF
receptor. An increase in the calcium level due to treatment with HGF was not found in
osteoblasts. Additionally, HGF elicits a change in the morphology of osteoclasts, while
having no effect on the shape of osteoblasts. Under HGF treatment, osteoclasts undergo
modifications, being converted from flat to spindle shaped, thought to encourage functional
motility and effective migration to the bone matrix to perform bone resorption 32,
Furthermore, HGF causes an increase in DNA synthesis in osteoclasts and osteoblasts 32 57,
Using an HGF-neutralizing antibody to block HGF signaling, a recent study found a
significant dose-dependent decrease in mineralization with increasing concentrations of the
HGF-neutralizing antibody 37. The reduction in mineralization due to the disruption of HGF
signal transduction suggests that HGF plays a crucial role in the formation of bone.
Additionally, treatment by HGF stimulates the production of osteopontin (OPN), a
phosphoglycoprotein secreted by osteoblasts 38. OPN is a factor shown to be involved in
proliferation and apoptosis, and an increase in OPN expression due to HGF treatment
promotes osteogenesis. In regards to inhibition of skeletal HGF production, one study found
that NF-xB activation (required for osteoclast formation) suppressed HGF expression and
activity, thus decreasing skeletal muscle repair and levels of circulating HGF °°. This NF-xB
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— HGF inhibitory mechanism is further supported by a promoter analysis study in adipose
tissue demonstrating that NF-xB inhibited the HGF gene promoter through suppression of
PPAR 7y %8 suggesting that NF-xB (RANKL/RANK) signaling may inhibit tissue specific
levels of HGF.

In vivo studies have shown that HGF treatment promotes osteogenic processes. The local
expression of HGF in the microenvironment of a bone fracture showed enhanced healing of
the bone fracture in rabbits 59, Furthermore, a rabbit model of a bone defect showed that
HGF in combination with p-tricalcium phosphate (B-TCP) and collagen was more effective
than the B-TCP and collagen treatments alone or the untreated control 0. B-TCP is used as a
bone substitute when repairing bone defects due to its resorbability and biocompatibility,
allowing it to enable surface bone growth. Increased B-TCP resorption indicates greater
repair of the bone defect. After eight weeks a slight amount of bone formation was visible in
the untreated controls, while both treatment groups showed a substantial increase in bone
density and volume 60, Additionally, the group treated with the combination of B-TCP,
collagen, and HGF had a larger area of new bone formation at weeks 2, 4, and 6 and smaller
area of B-TCP, suggesting more B-TCP was resorbed and replaced by newly formed bone 60,
HGF also significantly improved tissue self-repair in an animal model of traumatic
osteonecrosis of the femora 81; however these studies did not explore the mechanism
mediating HGF’s effects.

In contrast, several papers have reported that HGF inhibits osteogenic differentiation. For
example, a supra physiological dose of HGF (100ng/ml) inhibited BMP induced ALP and
mineralization52. Moreover, a recent article reported that high levels of HGF found in
osteoarthritis patients decreased BMP2 activity and osteogenic capacity of osteoblasts53.
While interesting these studies fail to identify the effect of supraphysiological levels of HGF
on cMet levels and downstream signaling pathways. Additionally, these studies fail to
discuss the role of chronic high levels of HGF. For example, a recent study reported a dose-
dependent effect of HGF treatment, with higher doses of HGF decreasing cMet levels and
MAPK and PI3K signaling pathways %4. Moreover, the timing of HGF treatment can affect
its role on BMP activity. HGF treatment before BMP2 administration does not affect BMP-
induced ALP®. Additionally, the role of HGF on hMSC osteogenic differentiation may be
dependent on the stage of hMSC, the less mature the hMSC the more likely that HGF will
promote osteogenic differentiation®. Therefore, endogenous and physiological levels of
HGF, when given appropriately appear to promote osteogenic differentiation.

5.1 The Role of HGF in Cancer

HGF/cMET signaling has been linked to many types of cancer in humans. While we
appreciate the vast amount of research being done on the role of HGF/CMET in cancer
progression and as a therapeutic target for cancer treatment, the main focus of this review is
to bring to light the research findings and recent endeavors’ concerning HGF in bone
development, repair and its potential therapeutic applications. However, in brief review,
cancers such as hepatocellular carcinoma are associated with an overexpression of HGF10,
Despite this established link between HGF/cMET and hepatocellular carcinoma, there are
inconsistent results as to whether HGF serum level is correlated to survival time or
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pathological factors 10. Conversely, the HGF levels within the tumors of breast cancer
patients are associated with survival time; high HGF levels are associated with significantly
shorter survival times than low levels of HGF 10, Additionally, one-third of breast cancer
patients, in comparison to cancer-free individuals, had higher levels of serum HGF 10, Upon
surgical removal of the tumor, serum HGF levels decreased, evidence suggesting that the rise
in HGF levels is directly associated with the tumor.

Cancers are not only linked to the levels of HGF, but also associated with the cMET
receptor. One mechanism in which cMET is involved in human cancers is through a
mutation in the cMET gene®768. In a recent clinical retrospective review 8, five unique
cMET point mutations were identified from 134 tumors (6—7% of total tumors studied). Of
those with cMET point mutations, 44% had co-mutations in 1-2 other known proto-
oncogenes: p53, KRAS, NRAS, BRAF, PIK3CA, IDHL1, KIT, AKT or EGFR. When
comparing the survival outcomes of patients with surgically resected metastatic colorectal
cancers containing (1) exclusively a cMET mutation versus (2) no mutation in cMET or
other proto-oncogene detected, survival was slightly better in the patients with the cMET
mutation present. This study suggested that the HGF/cMET pathway plays a role in cancer
progression, possibly through the regulation of cancer stem cells.

As researchers gain a greater understanding of the HGF/cMET pathway, there is an
opportunity for the use of this signaling pathway as a targeted cancer treatment 36: 69, |n
contrast to the above results suggesting that cMET mutations alone do not negatively impact
survival, there are numerous HGF/cMET inhibitors currently in ongoing clinical trials to
potentially be developed as cancer therapies / (http://clinicaltrials.gov/ct2/results?
term=met).

5.2 Therapeutic implications

Due to the role of HGF in prevention of apoptotic cell death, HGF has been explored as a
possible strategy for treatment of a variety of diseases. In animal models HGF has been
demonstrated as an effective treatment for liver cirrhosis, chronic kidney disease, dilated
cardiomyopathy, and lung fibrosis 7. HGF enables the reorganization of tissues, promoting
the recovery of chronic fibrotic diseases. Despite these findings in animals, HGF has not yet
been found effective in the therapeutic treatment of chronic fibrotic diseases in humans 7.
However, HGF is being investigated as a possible treatment for renal failure due to its role as
a mitogenic and motogenic factor, which may help stimulate kidney regeneration 70. Studies
in a mouse model of Duchenne muscular dystrophy demonstrated that HGF is being
suppressed by NF-xB signaling, and that knock-out of the NF-xB gene, or use of NF-xB
chemical inhibitors leads to an increase in HGF transcription and skeletal HGF levels
stimulating HGF-induced muscle repair 2. Additionally, a recent human phase | clinical
trial used intramuscular injections of plasmid encoded HGF (pUDK-HGF) to treat and
ameliorate the symptoms of critical limb ischemia. While the study was small (21-patients)
and shows varied degrees of symptom reduction between patients, it does set the stage for
further phase 1l trials using plasmid-based HGF'2,

There are potential limits to the applicability of HGF as a therapeutic agent due to the
possibility of exceeding appropriate doses of HGF, which may have negative effects. In

Expert Opin Ther Targets. Author manuscript; available in PMC 2017 September 01.


http://clinicaltrials.gov/ct2/results?term=met
http://clinicaltrials.gov/ct2/results?term=met

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frisch et al.

Page 12

order to use HGF as a treatment it is important to understand the regulatory clearance of
HGF from the body. HGF has a relatively short half-life in plasma of 3—4 minutes, and full
degradation is shown to occur within about 15 minutes 7% 72 73 thus rendering IV HGF
administration problematic. The chief organ for the clearance of HGF is the liver 70. There
are two identified elimination mechanisms for HGF: receptor-mediated endocytosis through
HGF/cMET, and endocytosis through heparin on the cell surface 7°. However, the use of
plasmid DNA delivery of HGF has been and is being successfully used in clinical

models’L: 74 75, There are also reports of HGF being administered via hydrogels%: 76. 77 and
using small molecule mimetics of HGF’8 to produce positive effects in vitroand in vivo.
One such small HGF-like molecule called BB3 (Refanalin) is currently in phase 3 clinical
trials to treat delayed graft function in renal transplant patients (clinicaltrials.gov;
NCT01561599), is under development for a phase 2 clinical trial to prevent acute kidney
injury following cardiac surgery, and has recently been shown to improve neurological
function in a preclinical model of cerebral ischemia in rats and mice’8. Non-traditional
modes of drug delivery have been found to be clinical beneficially for HGF treatment.

6.0 Conclusions

The HGF/cMET signaling system is vital to many cellular processes such as
chondrogenesis, osteogenesis, tissue regeneration, and cell proliferation. The high molecular
weight, multi-domain protein HGF mediates these processes through its interactions with the
membrane bound cMET receptor. However, overexpression of HGF or cMET, mutation of
cMET, and increased signaling has the potential to create cancer(s). After secretion by
mesenchymal cells, HGF requires activating cleavage in order to function. Additionally,
HGF has been identified to exist as four splice variants — NK1, NK2, NK3, and NK4 — as
a function of alternative splicing. The splice variants are not well understood, but increasing
research has demonstrated there is a difference in the function of each splice variant due to
the structural distinctions between them.

HGF is a growth factor that has potential as a targeted therapeutic treatment for a variety of
diseases and conditions due to the extensive effects of the HGF/CMET pathway. As the base
of knowledge on HGF grows in different contexts — including the skeletal system, tumor
formation, and kidney disease — HGF could become a strong player in the development of
pharmaceuticals. Additionally, future research targeted towards the structure, functions and
effects of the various HGF splice variants could allow drugs to target the intrinsic agonistic
or antagonistic roles of NK1 and NK2, respectively, and potentially promote our
understanding of the activities of NK3 and NK4. Further research into the mechanisms of
HGF will contribute greatly to various fields of biomedical research and the use of the HGF/
cMET pathway will prove valuable to benefiting human health.

7. Expert Opinion

Therapeutic targeting of HGF signaling pathway in bone repair and health

It is estimated that 6.2 million Americans experience a fracture annually and of those
fractures 5-10% are mal- or non-union fractures 7°. Bone regeneration and repair
necessitates the production/activation of proteins or cells specific to the promotion of
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osteogenesis. Therefore, using growth factors or osteogenic cells to induce bone
regeneration is a possible therapeutic technique for use on bone defects due to trauma or the
removal of a tumor. A novel approach to treat fractures, particularly mal- or non-union bone
fractures, includes the use of the growth factor HGF. HGF has robust effects on hMSC;
blocking HGF bioactivity reduces hMSC migration 8 and blocking cMET diminishes both
proliferation and differentiation®®. While previous studies have found an important role for
HGF in priming hMSCs for osteogenic differentiation in an /n vitro model of bone repair,
recent research has established a definitive role of HGF during osteogenic differentiation and
bone repair 37: 59, 61,

Naked-HGF-Plasmid

Recent work supports the role of HGF in the bone repair using a rabbit model 5961; however
these studies did not explore the mechanism mediating HGF’s effects. In a human /n vitro
model of hMSC osteogenic differentiation and mineralization, HGF promoted the
transcription of key osteogenic markers. Moreover, blocking HGF signaling through
chemical inhibition of the cMET receptor or using antibodies to neutralized HGF reduced
hMSC mineralization and alkaline phosphatase activity (ALP) in differentiated cells 37.
These results along with /n vivo studies of bone repair solidify the potential therapeutic role
of HGF in osteogenic differentiation and promoting bone repair.

The use of HGF for treatment in animal models and in the clinical setting has been limited
by its rapid metabolism and degradation in the liver. Therefore, to maintain a therapeutic
level of hHHGF a new approach has been developed using a naked-plasmid-based delivery of
hHGF, systemically increasing HGF levels, which appears to be a safe, effective /in vivo
method 8183, Plasmid-based delivery of hHHGF should promote (through the p38 pathway)
hMSC osteogenic differentiation and offers a safe and effective therapeutic treatment for
bone repair. This new technology is currently being used in phase Il clinical trials and is
shown to be safe and therapeutically beneficial 71 81, 83-85 Animal models using naked-
plasmid hHGF delivery show safe and efficient transient delivery of exogenous HGF,
leading to activation of growth-related signal transduction events and promotion of cell
proliferation 8 in a mouse model of liver regeneration. Naked-plasmid HGF delivery in
combination with hMSC has yet to be examined in bone repair models, and offers a unique
method for a safe and efficacious treatment modality for bone disorders. Moreover,
understanding and utilizing the role of the HGF/p38 pathway during hMSC differentiation
and bone repair will have important translational implications for the treatment of bone
diseases and promotion of bone homeostasis.

HGF Variants: NK1 & NK2

Increasing the stability and bioavailability of HGF would allow for implementation of
localized or systemic recombinant HGF-mediated therapies. The naturally occurring splice
variants NK1 and NK2 are both known to bind cMET, yet have opposing agonistic (NK1)
and antagonistic (NK2) 8 28 effects, respectively 27. Though lower then HGF (0.2nM25),
NK1 has a higher affinity (10.4nM24) then NK2 (335nM?24) for the cMET receptor.
Suggestively, NK1 or an NK1-derived peptide could be administered IP/IV, or by local
injection, and due to its greater stability, provide increased systemic or local levels of
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NK188, Thus an NK1-based treatment would still target cMET-expressing cells activating
downstream pro-osteogenic HGF/CMET signaling pathways, such as p38 MAPK, and
overcome the stability hurdle and high turn-over rate of endogenous and recombinant HGF.

Even though the utilization of the more stable HGF variant NK1 circumvents the stability
and high turn-over rate issues of HGF/SF, NK1 would still affect other cMET-expressing
somatic tissues (such as liver, kidney) as well as any malignant tissues which also express
cMET. For this reason, prior to utilizing these therapeutic modalities to increase systemic or
local HGF levels, clinicians would need to take into account a patient’s predisposition to
cancer. In these cases, injection of HGF, NK1 or naked-HGF-plasmid directly into the site of
damage, such as into the muscle around or bone-callus within a mal- or non-union fracture,
might mitigate the risk of off-target HGF effects while still promoting bone repair. Further
research needs to be done to determine 1) the effects of the HGF splice variants, NK1, NK2
and NK4 on hMSC osteogenic differentiation, 2) serum half-life of HGF as compared to its
variants NK1 and NK2, as well as 3) the efficacy of using a naked-plasmid-based system for
HGF overexpression /n vivo.
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Article Highlights

Accumulating evidence supports the concept that HGF promotes bone
maturation and is involved in maintenance and osteoblastic
differentiation of bone derived mesenchymal stem cells.

Hepatocyte Growth Factor (HGF) consists of full-length HGF (also
known as scatter factor), along with alternative splice variants;
endogenously expressed NK1 and NK2, together with NK3 and NK4.

The reported increased stability and low turn-over rate of NK1 suggest
that NK1 could provide novel therapeutic modalities in combination
with stem cells for treatment of bone diseases.

Local expression of HGF in the microenvironment of a bone fracture
showed enhanced healing of the bone fracture in animal models.

To maintain a therapeutic level of HGF a new approach has been
developed using a naked-plasmid-based delivery of HGF, systemically
increasing HGF levels, which appears to be a safe, effective /n vivo
method — currently being used in phase Il clinical trials for critical limb
ischemia.
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B-chain

Figure 1.
Structure of HGF. NK1: high-affinity Met binding and dimerization domain. g-chain: low-

affinity Met binding and activation domain. Reused with permission from 7.
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Schematic diagram of HGF splice variants; NK1, NK2, NK3 and NK4.
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Schematic diagram of HGF signaling pathways; A) Representative structures, CMET binding
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antagonists. B) HGF signaling pathways known to be involved in bone maturation; Ras-
Rafl-MEK-ERK1/2 pathway, Ras-Rafl-MEK-p38 MAPK pathway, and PI13K/Akt pathway.
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Figure 4.

Schematic diagram of osteoclastogenesis. A) Osteoblasts, bone forming cells, also regulate
the differentiation of osteoclasts through the RANKL/RANK signaling system. Osteoclasts
cause bone resorption through the creation of a resorptive pit and production of an acidic
environment (Adapted from °2). B) RANKL/RANK signaling pathway involved in
osteoclastogenesis and osteoclast activation.
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Figure 5.
HGF treatment increases the expression of key osteogenic markers. Expression of mMRNA

was assessed using RT-gPCR using primer pairs for osteocalcin, osterix, osteoprotegerin,
collagen-1al (Collal) and bone sialoprotein (BSP2), and normalized against RPL13a.
Reproduced with permission from 37.
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	Abstract
	1. Introduction
	2.1 HGFHGF is a potent growth factor that has been detected in a variety of tissues including the skin, lungs, liver, bone, muscle, pancreas, gastrointestinal tract, salivary glands, thyroid, brain, prostate, seminal vesicles, breast, uterus, placenta, and kidney 10. Within the brain HGF is expressed in the hippocampal, cortex, and cerebellum neurons, and acts to increase the growth of motor axons which function to transmit information through impulses 10. The 70 kb long human gene for HGF is positioned on chromosome 7q11.1-21, consisting of 18 exons and 17 introns 10, 11. The HGF precursor is produced as a biologically nonfunctional single chain consisting of 728 amino acids, referred to as pro-HGF 4. After cleavage, the full length functional HGF (~90kDa) consists of two polypeptide chains: the heavy chain (α: 69kDa) and the light chain (β: 34kDa) (figure 1). The heavy chain contains the N–terminal domain (n) and four kringle domains (k1, k2, k3, k4), which due to alternative splicing of the full-length transcript (HGF) can lead to four alternative splice variants (NK1-NK4) (figure 2) 10. Kringle domains are protein domains that form loops in a bridged structure and are stabilized by three disulfide bonds 10. Within the light chain is a serine protease homology domain 2.Scatter factor (SF) was identified as a protein secreted by fibroblasts that promoted matrix invasion and mobility in epithelial cells6, 12, two functions similar to the effects of HGF5. When HGF and SF were purified individually they were found to be indistinguishable; equivalently binding to the MET receptor and stimulating the MET tyrosine phosphorylation, having nearly identical sequences, and equally functioning as a mitogen when measured using bioassays 5. Thus, full length HGF and SF are identical and are often referred to as HGF/SF.The function of HGF as a critical developmental growth factor was determined through knock-out experiments in mice. HGF has a vital role in development of organs and disruption of HGF signaling can be embryonically lethal 7. For example, when the HGF signaling pathway is interrupted, the embryonic liver is smaller in size and presents widespread cell death7. Additionally, the essential mitogenic role of HGF was established through targeted disruption of HGF signaling in the context of muscle formation. An absence of HGF leads to reduced myogenic, or muscle cell migration during development, resulting in unformed skeletal muscles 7.2.2 HGF ActivationThe precursor of the functional HGF protein is a biologically inactive pre-pro-peptide, which is proteolytically cleaved near residue 31 before secretion as pro-HGF 10. Pro-HGF, the immediate precursor of HGF, is secreted by mesenchymal stem cells into the extracellular environment and remains inactive until activated through further proteolysis. Pro-HGF is a single chain 92 KDa precursor peptide that binds to the cellular surface or extracellular matrix following secretion 4. Upon binding, pro-HGF interacts with Urokinase-type plasminogen activator (uPA), a serine protease 7. The association between product yield of processed pro-HGF and total concentration of uPA has been demonstrated to be linear when the concentration of the uPA enzyme was greater than the concentration of the pro-HGF substrate. Consequently, it has been demonstrated that the concentration of the accumulated product equaled approximately one-half the molar amount of the uPA enzyme 13. Additionally, this reaction may be classified as a stoichiometric reaction due to the dependence on the level of enzyme reactant in determining the effective product yield. Under conditions of a greater amount of substrate compared to enzyme, as the concentration of uPA greatly increased in comparison to the concentration of the substrate, the curve plateaued, demonstrating that the concentration of the substrate, pro-HGF, is the limiting factor in this reaction. The high affinity between uPA and pro-HGF is demonstrated in the stable complex they form in vitro and upon the membrane of target receptor cells. Additionally, proteases such as plasma kallikrein, matriptase, hepsin, and HGF activator are a part of the system responsible for the activation of the precursor HGF 7. HGF-A is a kringle-containing serine protease that is predominantly synthesized by hepatocytes and exists as the non-functional single chain form proHGF-A 7. ProHGF-A is activated by a signaling cascade that is initiated in response to events that require the action of HGF, such as tissue damage.2.3 HomologyHGF maintains strong homology with plasminogen and prothrombin, factors involved in blood coagulation and fibrinolysis 4. This homology is demonstrated by a 38% identity in amino acid sequence between plasminogen and HGF, and additional similar structural motifs 10. Similar to the synthesis pathway of HGF, plasminogen is secreted by the liver as an inactive single polypeptide enzyme that is activated by the actions of a serine-protease and is consequently converted into plasmin, a disulfide linked heterodimer 14. The physiologic function of plasmin is the degradation of fibrin proteins present in blood clots 15. Additionally, it is hypothesized that HGF, macrophage stimulating protein (MSP), plasminogen, and apolipoprotein retain a shared genetic precursor. This premise is based upon the common structural elements of these proteins: an N-terminal domain containing a “loop within a loop” made up of four cysteine residues, multiple kringle domain copies, and a serine protease domain 4. MSP is the most related plasminogen protein to HGF with an amino acid identity of 44% 10. While similarly structured to members of the plasminogen family, HGF deviates in that it does not possess proteolytic activity 10.In addition to the structural resemblance between multiple proteins, HGF shows strong homology between species. HGF is highly conserved: humans and chimpanzees uphold 99.9% homology between primary sequences, and humans and rodents maintain 91% homology 10. Moreover, it has been determined that the gene for HGF is conserved in the dog16, cow17, chicken18, 19, zebrafish20, and frog21. However, there is a divergence in the homolog of humans and the previously mentioned species with an amino acid identity of 75% between human and chicken, and 50% between human and zebra fish 10.2.4 HGF Splice VariantsHGF is differentially spliced into two predominant naturally occurring splice variants, NK1 (25kDa) and NK2 (35kDa). In mice, serum HGF and NK2 levels are about 3.9ng/ml22 and 7.8ng/ml23 respectively. These natural isoforms consist of the N-terminal domain and the first kringle domain (NK1) or first 2 kringle domains (NK2) 24. NK1 acts as a cMET (the HGF receptor) agonist, promoting cMET activity through the formation of a head-to-tail dimer complex with the receptor. Conversely, NK2 demonstrates antagonistic behavior, inhibiting the activity of the cMET receptor.The agonistic mechanism of NK1 is attributed to the structure of the isoform. Similar to full length HGF, the truncated NK1 isoform creates a dimer complex and the interface between the domains of the dimer is central to the functionality of NK1 as an activator of the cMET signaling 24. The essential nature of the dimer interface of NK1 is exemplified through the finding that when the interface is mutated, the activity of NK1 in relation to cMET is transformed from agonistic to antagonistic 24. NK1/cMET dimerization is facilitated by heparin 25, with an approximate 800 fold increase in NK1-cMET binding affinity in the presence of heparin (10.4±1.1nM) versus without heparin (8.5±4.6μM)24. NK1 has a lower binding affinity to cMET (10.4nM24) as compared to HGF (0.2nM26). NK1 is a known agonist of the HGF/cMET pathway and has been shown to induce a morphogenic response in both epithelial and endothelial cells27, and mitogenic response in hepatocytes in culture25.NK2 differs from NK1 both structurally and operationally. The NK2 isoform exists in a closed triangle formation, consisting of the N-terminal at the top and the two kringle domains below 4. While the structure of the N-terminal domain and kringle domains are analogous between NK1 and NK2, the structures differ at the linkage between the domains, suggesting a functional importance of the links within the structure. The first kringle domain of NK2 is rotated approximately 180° compared to the corresponding position in NK1. The flexible link between the N-terminal domain and the first kringle domain enable this rotation, occurring at residues 122-127, the area of NK1, which is significant to formation of a dimer interface. NK2 is a known antagonist of the HGF/cMET pathway8, 9, 24. It is thought that, unlike NK1, NK2 cannot dimerize with cMET and in turn does not induce cMET activation. Additionally, NK2 does not require heparin to bind cMET and has a lower cMET binding affinity as compared to NK1 or HGF; NK2 - 335nM versus NK1 - 10.4±1.1nM versus HGF - 0.2nM, respectively24, 26. In review, unlike NK1, NK2 does not dimerize nor require heparin to bind cMET, acts as a competitive inhibitor for both NK1 and HGF-cMET binding, and has been shown to directly oppose the effects of HGF in kidney24, epithelial and endothelial cells27, 28.NK3, an additional splice variant has been identified, but there is no significant data for it. This is a new area of research and nothing is yet definitively known about its function.NK4, which consists of the N-terminal domain and four kringle domains, acts as an inhibitor of the HGF/cMET signaling pathway 7, 29. Due to the inhibitory activity of NK4, this splice variant suppresses tumor growth and diminishes tumor blood vessels in a variety of tumor types. In vivo studies found that NK4 treatment inhibited gallbladder cancer growth and invasion in mice 7. Thus NK4 acts as a bifunctional molecule: both an HGF/cMET antagonist and an angiogenesis inhibitor 29. The HGF splice variant NK4 is homologous to angiostatin, an isoform of plasminogen that also acts as an inhibitor of angiogenesis 29. The dual functions of NK4 lend it to being a potential treatment for various types of cancers. In the context of cell-cycle progression, the overexpression of NK4 resulted in an increase in the number of cells in the G1 phase, and decreased the number of cells in the S and G2/M phases 29. This demonstrates that NK4 inhibits the progression of cells from the G1 phase to the S phase, therefore causing arrest of cells at G1. Additionally, NK4 blocks the HGF/cMET pathway through inhibition of the downstream PI3K/Akt pathway. This was elucidated through the finding that treatment with NK4 prevented the tyrosine phosphorylation of Akt 29. The inhibition of the PI3K/Akt pathway results in a decrease in cell proliferation, migration, and invasion.
	2.1 HGF
	2.2 HGF Activation
	2.3 Homology
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	3.1 The cMET ReceptorHGF initiates cell signaling through binding to the MET tyrosine kinase receptor, also referred to as the cellular MET receptor (cMET). HGF is the only known ligand to activate cMET, and the cMET receptor is the only receptor of HGF 7. HGF can bind to cMET, a membrane receptor, using either of the two HGF polypeptide chains at different affinities; the α chain with high affinity and the β chain at low affinity 7. The binding of the α chain does not activate the cMET receptor, it acts as a binding domain for cMET, thus encouraging the low affinity binding of the β chain, which then activates cMET 7. The cMET receptor, a proto-oncogene, belongs to a family of heterodimeric tyrosine kinases including Ron, Ryk, and Sea 4. The Ron receptor binds Macrophage stimulatory protein (MSP), which maintains a sequence homology of 45% with HGF. Despite this similarity in sequences, MSP and HGF do not demonstrate functionality on the converse receptor 4. Cells of epithelial and endothelial origin — including those in the liver, kidney, prostate, pancreas, kidney, muscle, and bone marrow — express cMET 30. The cMET receptor is also expressed in the brain and the HGF/cMET pathway has been identified as a key neurotrophic factor for brain development by advancing the survival and maturation of neurons 10, 31. Additionally, both osteoclasts and osteoblasts produce a fully functional HGF receptor 32.Following synthesis as an inactive polypeptide, the cMET receptor is cleaved producing two disulfide-bonded chains; an extracellular α chain and a transmembrane β chain 30. The 900 amino acid extracellular domain of the cMET receptor, comprised of residues 25-932, contains the Sema domain, a cysteine-rich PSI domain, and four immunoglobulin-like IPT domains 24, 33. The Sema domain consists of 519 amino acids and acts as a ligand/receptor recognition site. The 7-bladed β-propeller structure of the Sema domain is important for both the homodimerization of the MET receptor and the recognition and binding of the HGF ligand 33, 34. Researchers determined that MET receptors lacking the Sema domain are unable to crosslink, an action that is crucial to MET signaling33. The β chain encompasses domains in the extracellular, transmembrane, and cytoplasmic areas. Intracellularly, cMET contains the juxtamembrane and tyrosine kinase domains, which cause the cMET activity 7. The cMET receptor depends entirely upon the two-tyrosine docking sites. In conditions where the docking tyrosines were transformed into phenylalanine, the receptor no longer maintained its oncogenic potential 35.3.2 HGF/cMET Signaling PathwaysThe interaction between HGF and the cMET receptor causes a downstream signaling cascade that works through multiple pathways to produce a multiplicity of biological effects. The binding of HGF to cMET generates two initial responses: receptor phosphorylation and initiation of downstream signaling pathways. This is enacted through the autophosphorylation of tyrosine residues Y1234 and Y1235 by the tyrosine kinase domain of the cMET receptor 36. Subsequently, the phosphorylation of tyrosine residues Y1349 and Y1356 causes the induction of downstream signals. The activation of the cMET receptor and consequent pathways is cell-type specific and can result in such actions as: cell migration, decreased proliferation, and loss of stem cell markers 1, 37, 38. After activation, cMET is degraded by MET-specific proteases. Furthermore, the cMET signal is negatively regulated by the intracellular juxtamembrane domain of the cMET receptor. This domain, consisting of 47 highly conserved amino acids, terminates the cMET signal when bound by the E3 ubiquitin ligase Cbl at the phosphorylation tyrosine in position Y1003 on the cMET receptor 7. Following the binding of Cbl to cMET, cMET is ubiquinated and degraded, preventing a constant signal by HGF/cMET. The constitutive activation of cMET due to degradation pathway deregulation or cMET overexpression results in increased cell motility and the invasive characteristics of cancer 36. The HGF/cMET system primarily functions through three prominent signaling pathways: ERK1/2, PI3K/Akt and p38-MAPK (figure 3).3.2.1 The Ras-ERK1/2 Pathway—The Ras-dependent extracellular signal-regulated kinase (Ras-ERK1/2) pathway has been shown to be influential in cell proliferation, and specifically in the case of HGF/cMET this pathway predominantly promotes mitogenic and morphogenic effects 1. The binding of HGF to the cMET receptor causes the response of the signal transducers Src homology 2 domain containing protein (SHC) and Growth factor receptor-bound protein 2 (GRB2) 1. Signaling by HGF/cMET leads to propagation of a signal via the ERK1/2 pathway, signified by rapid phosphorylation of ERK1/2. In a study of HGF-treated murine mesenchymal stem cells (MSC), HGF treatment led to a peak in ERK1/2 phosphorylation within ten minutes 1. Furthermore, when HGF/cMET signaling was blocked using an siRNA specific to cMET, the phosphorylation of ERK1/2 was attenuated, indicating that HGF maintains a positive regulatory effect on the phosphorylation and subsequent signal transduction of ERK1/2 1.3.2.2 The p38 MAPK Pathway—The mitogen-activated protein kinase (MAPK) is known to direct a variety of cellular responses, including osteogenesis. The binding of HGF to the cMET receptor initiates the activation of the small membrane-attached GTPase, Ras. Ras activation leads to the activation of Raf, which induces activity of the MAP kinase/Extracellular signal regulated kinase (MEK). The signaling cascade continues with the phosphorylation of the p38 MAPK by MEK3/63 4. p38, a class of mitogen-activating protein kinases most commonly thought of as being involved in stress-response consists of four isoforms p38α, p38β, p38δ, and p38γ. Depending on cell type and the nature of stimuli, different isoforms may have redundant, specific, or even opposing functions 39, 40. Knockout studies in mice have shown that p38α and p38β are required for skeletogenesis and bone homeostasis 41. p38 has also been found to regulate the interaction of RUNX2 (early activator of osteogenesis) and Osterix (a late stage marker of osteogenic differentiation) 42, 43. However, the specific p38 isoform(s) mediating the interaction between RUNX2 and Osterix was not studied. Although the α and β isoforms of p38 are believed to have different effects on osteogenesis, both p38α and p38β knock-out mice were shown to have reduced bone mass41, suggesting both isoforms maintain key roles in bone growth.HGF treatment leads to the rapid activation of the p38 pathway in mouse MSCs 1, 44 and rat hepatocytes 45. Our group was the first to show that HGF treatment leads to the rapid activation of total p38 in hMSC 37. Moreover, using phospho-p38α specific antibodies we found that HGF treatment rapidly activated and phosphorylated p38α in hMSC in a dose- and time-dependent manner 37. Interestingly, HGF treatment of hMSC also induced an increase in protein levels of p38α, p38β, p38δ, and p38γ, with the peak at 24hrs post-HGF treatment 37. An increase in p38α, p38β and p38γ RNA was also seen within 48hrs after HGF treatment, in contrast to a decrease in p38δ 37. The data suggest that the HGF-induced rapid phosphorylation of p38 leads to the downstream maintenance of p38 protein expression. At the same time, HGF is activating a yet to be determined signal transduction cascade leading to an increase or inhibition (p38δ) of the transcription of p38 isoforms. Further follow-up siRNA knock-down of p38α and p38β demonstrated a reduced HGF induction of key osteogenic markers 37. The combined effect of p38 on bone development and maintenance, together with HGF activation of p38 in hMSC provides potential for therapeutic treatment for osteoporosis and bone fractures.3.2.3 The PI3K/AKT Pathway—Phosphatidylinositol-3 kinase (PI3K) in conjunction with protein kinase B (AKT), together with additional signaling molecules, create a pathway known to affect cellular survival, growth, and cycle regulation 46. This is consistent in the context of HGF/cMET, to which PI3K/AKT demonstrates motogenic and anti-apoptotic regulation 1. Following the binding of HGF to the cMET receptor and subsequent receptor dimerization and auto-phosphorylation, the activated receptor recruits a signaling molecule, Gab-1, which associates with PI3K. Gab-1 is critical to the HGF signaling pathway by virtue of the strong interaction between the Gab-1 cMET binding site and the active phosphorylated cMET receptor. In mouse models with knock-out Gab-1, the phenotype was comparable to that of HGF/cMET knock-out mice 7. This suggests that Gab-1 is essential to the function and signal produced by HGF, and a deficiency of Gab-1 diminishes the signal of the HGF/cMET pathway. The association with PI3K initiates the production of phosphatidylinositol 3,4-biphosphate (PIP2) and phosphatidylinositol 3,4,5-triphosphate (PIP3) and further generates the second messenger inositol-triphosphate (IP3) 4. Downstream signaling from PI3K activates AKT, also known as Protein Kinase B, which acts to prevent apoptosis through increased cell survival factors 47.3.3 HGF cell cycle effectsIt has been established that HGF promotes the differentiation of stem cells, thus reducing stem cell like characteristics. In order to understand the potential of HGF as a pleiotrophic growth factor, it is important to identify the effects of HGF on the cell’s progression through the phases of the cell cycle. Proteins such as p21, p27, and p53 regulate cell cycle progression. When treated with HGF, human mesenchymal stem cells (hMSCs) have higher levels of these cell cycle regulators in both mRNA and protein than control cells 48. Furthermore, when the HGF/cMET pathway was disrupted through the use of a specific siRNA, the levels of p21, p27, and p53 decreased and the anti-proliferative effects were reduced 48. This suggests HGF increases cell cycle regulatory proteins, resulting in a decrease in cell proliferation. Despite an effect on p21, p27, p53, HGF treatment has not been shown to have a significant effect on the levels of additional cell-cycle regulators such as RB, cyclin D1, CDK2, CDK4, or CDK6 48. Using an apoptosis assay, it was determined that HGF does not promote apoptosis in hMSCs 48. Accordingly, it appears HGF does not regulate the cell cycle through induced senescence, but rather it supports the inhibitory regulation by p21/p53.
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	4.1 OsteogenesisThe skeletal system maintains a dynamic homeostasis by virtue of a coupled process of bone formation and bone resorption. Two types of cells balance this dynamic process, osteoblasts (formation) and osteoclasts (resorption). Osteoblasts, which are found at the surface of bone, primarily function to promote the synthesis of bone 49. After their formation from the maturation of proliferating MSCs, osteoblasts can be stimulated to further differentiate as osteocytes. Furthermore, osteoblasts indirectly alter and regulate the differentiation of osteoclasts through paracrine signaling via the expression and release of receptor activator of nuclear factor-κB ligand (RANKL) 49. Osteoclasts are multinucleated cells derived from the maturation of hematopoietic stem cells, mononuclear cells, which express the RANKL receptor RANK. The signaling between RANKL and cell surface associated RANK, leads to NF-κB signaling pathway activation which is involved in both the downstream positive (c-Fos, NFAT) and negative (IRF8, RBP-J & TRAF3, p100) regulation of cytokine-mediated development and activation of osteoclasts (figure 4) 50–52. In order to actively break down bone, osteoclasts physically attach to the surface of bone. The membrane of the osteoclast that is in contact with the bone surface becomes a ruffled membrane, producing an adhesive seal between the osteoclast and the bone surface 53. The ruffled membrane of the osteoclast produces H+-adenosine triphosphatase which acts like a proton pump to acidify the resorptive pit, a chamber created between bone surface and the membrane of the osteoclast 53. The acidic environment in the resorptive pit dissolves bone minerals. Further enzymatic digestion of type I collagen and associated proteins completes this process known as bone resorption, which concludes with the apoptosis of osteoclasts.Under hypocalcemia — low serum calcium conditions — parathyroid hormone (PTH) indirectly induces bone resorption through the development of new osteoclasts. PTH binds to a receptor on osteoblasts and signals for the expression of RANKL, which promotes the degradation of bone by activating osteoclastic differentiation 38. Conversely, osteoblasts produce a protein to protect against rampant bone resorption, appropriately named Osteoprotegrin (OPG), which acts as a “decoy” receptor to the RANKL, thus preventing it from binding to its receptor RANK 52. It is believed that the RANKL/OPG ratio — measured in the serum — is demonstrative of bone mass/resorption in individuals 54. In the context of the skeletal system, HGF is recognized to stimulate proliferation of osteoblasts and migration of osteoclasts 38, modulate the proliferation, differentiation and/or apoptosis of growth plate chondrocytes3, as well as promote skeletal muscle formation 55.4.2 Effects of HGF in the context of osteogenesisThere is growing evidence both in vivo and in vitro establishing that HGF promotes osteogenesis56, and has been demonstrated in vitro by the increase in expression of primary osteogenic markers such as osteocalcin (OCN), osterix (OSX), osteoprotegerin (OPG), bone sialoprotein 2 (BSP2), and collagen 1a1 (COL1a1) in hMSC 37 (figure 5). After treatment with HGF (40 ng/mL), these five markers all experienced a significant increase in expression by day 2, supporting the action of HGF to promote osteogenesis. While HGF is known to have effects on osteogenesis as a whole, it functions differently in the context of osteoclasts versus osteoblasts. In human osteoclastic cells, the binding of HGF to its receptor promotes an increase in the intracellular concentration of calcium, due to the associated induced signaling of phospholipase C-γ 4, 32. The relationship between HGF and the intracellular calcium level is dose-dependent, and has been found to hold true in osteoclasts and osteoclast-like cells of several species32. The increase in calcium levels functions both to induce further signaling events and to act as a form of negative regulation for the HGF receptor. An increase in the calcium level due to treatment with HGF was not found in osteoblasts. Additionally, HGF elicits a change in the morphology of osteoclasts, while having no effect on the shape of osteoblasts. Under HGF treatment, osteoclasts undergo modifications, being converted from flat to spindle shaped, thought to encourage functional motility and effective migration to the bone matrix to perform bone resorption 32. Furthermore, HGF causes an increase in DNA synthesis in osteoclasts and osteoblasts 32, 57. Using an HGF-neutralizing antibody to block HGF signaling, a recent study found a significant dose-dependent decrease in mineralization with increasing concentrations of the HGF-neutralizing antibody 37. The reduction in mineralization due to the disruption of HGF signal transduction suggests that HGF plays a crucial role in the formation of bone. Additionally, treatment by HGF stimulates the production of osteopontin (OPN), a phosphoglycoprotein secreted by osteoblasts 38. OPN is a factor shown to be involved in proliferation and apoptosis, and an increase in OPN expression due to HGF treatment promotes osteogenesis. In regards to inhibition of skeletal HGF production, one study found that NF-κB activation (required for osteoclast formation) suppressed HGF expression and activity, thus decreasing skeletal muscle repair and levels of circulating HGF 55. This NF-κB – HGF inhibitory mechanism is further supported by a promoter analysis study in adipose tissue demonstrating that NF-κB inhibited the HGF gene promoter through suppression of PPAR γ 58, suggesting that NF-κB (RANKL/RANK) signaling may inhibit tissue specific levels of HGF.In vivo studies have shown that HGF treatment promotes osteogenic processes. The local expression of HGF in the microenvironment of a bone fracture showed enhanced healing of the bone fracture in rabbits 59. Furthermore, a rabbit model of a bone defect showed that HGF in combination with β-tricalcium phosphate (β-TCP) and collagen was more effective than the β-TCP and collagen treatments alone or the untreated control 60. β-TCP is used as a bone substitute when repairing bone defects due to its resorbability and biocompatibility, allowing it to enable surface bone growth. Increased β-TCP resorption indicates greater repair of the bone defect. After eight weeks a slight amount of bone formation was visible in the untreated controls, while both treatment groups showed a substantial increase in bone density and volume 60. Additionally, the group treated with the combination of β-TCP, collagen, and HGF had a larger area of new bone formation at weeks 2, 4, and 6 and smaller area of β-TCP, suggesting more β-TCP was resorbed and replaced by newly formed bone 60. HGF also significantly improved tissue self-repair in an animal model of traumatic osteonecrosis of the femora 61; however these studies did not explore the mechanism mediating HGF’s effects.In contrast, several papers have reported that HGF inhibits osteogenic differentiation. For example, a supra physiological dose of HGF (100ng/ml) inhibited BMP induced ALP and mineralization62. Moreover, a recent article reported that high levels of HGF found in osteoarthritis patients decreased BMP2 activity and osteogenic capacity of osteoblasts63. While interesting these studies fail to identify the effect of supraphysiological levels of HGF on cMet levels and downstream signaling pathways. Additionally, these studies fail to discuss the role of chronic high levels of HGF. For example, a recent study reported a dose-dependent effect of HGF treatment, with higher doses of HGF decreasing cMet levels and MAPK and PI3K signaling pathways 64. Moreover, the timing of HGF treatment can affect its role on BMP activity. HGF treatment before BMP2 administration does not affect BMP-induced ALP65. Additionally, the role of HGF on hMSC osteogenic differentiation may be dependent on the stage of hMSC, the less mature the hMSC the more likely that HGF will promote osteogenic differentiation66. Therefore, endogenous and physiological levels of HGF, when given appropriately appear to promote osteogenic differentiation.
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	5.1 The Role of HGF in CancerHGF/cMET signaling has been linked to many types of cancer in humans. While we appreciate the vast amount of research being done on the role of HGF/cMET in cancer progression and as a therapeutic target for cancer treatment, the main focus of this review is to bring to light the research findings and recent endeavors’ concerning HGF in bone development, repair and its potential therapeutic applications. However, in brief review, cancers such as hepatocellular carcinoma are associated with an overexpression of HGF10. Despite this established link between HGF/cMET and hepatocellular carcinoma, there are inconsistent results as to whether HGF serum level is correlated to survival time or pathological factors 10. Conversely, the HGF levels within the tumors of breast cancer patients are associated with survival time; high HGF levels are associated with significantly shorter survival times than low levels of HGF 10. Additionally, one-third of breast cancer patients, in comparison to cancer-free individuals, had higher levels of serum HGF 10. Upon surgical removal of the tumor, serum HGF levels decreased, evidence suggesting that the rise in HGF levels is directly associated with the tumor.Cancers are not only linked to the levels of HGF, but also associated with the cMET receptor. One mechanism in which cMET is involved in human cancers is through a mutation in the cMET gene6768. In a recent clinical retrospective review 68, five unique cMET point mutations were identified from 134 tumors (6–7% of total tumors studied). Of those with cMET point mutations, 44% had co-mutations in 1–2 other known proto-oncogenes: p53, KRAS, NRAS, BRAF, PIK3CA, IDH1, KIT, AKT or EGFR. When comparing the survival outcomes of patients with surgically resected metastatic colorectal cancers containing (1) exclusively a cMET mutation versus (2) no mutation in cMET or other proto-oncogene detected, survival was slightly better in the patients with the cMET mutation present. This study suggested that the HGF/cMET pathway plays a role in cancer progression, possibly through the regulation of cancer stem cells.As researchers gain a greater understanding of the HGF/cMET pathway, there is an opportunity for the use of this signaling pathway as a targeted cancer treatment 36, 69. In contrast to the above results suggesting that cMET mutations alone do not negatively impact survival, there are numerous HGF/cMET inhibitors currently in ongoing clinical trials to potentially be developed as cancer therapies 7 (http://clinicaltrials.gov/ct2/results?term=met).5.2 Therapeutic implicationsDue to the role of HGF in prevention of apoptotic cell death, HGF has been explored as a possible strategy for treatment of a variety of diseases. In animal models HGF has been demonstrated as an effective treatment for liver cirrhosis, chronic kidney disease, dilated cardiomyopathy, and lung fibrosis 7. HGF enables the reorganization of tissues, promoting the recovery of chronic fibrotic diseases. Despite these findings in animals, HGF has not yet been found effective in the therapeutic treatment of chronic fibrotic diseases in humans 7. However, HGF is being investigated as a possible treatment for renal failure due to its role as a mitogenic and motogenic factor, which may help stimulate kidney regeneration 70. Studies in a mouse model of Duchenne muscular dystrophy demonstrated that HGF is being suppressed by NF-κB signaling, and that knock-out of the NF-κB gene, or use of NF-κB chemical inhibitors leads to an increase in HGF transcription and skeletal HGF levels stimulating HGF-induced muscle repair 55. Additionally, a recent human phase I clinical trial used intramuscular injections of plasmid encoded HGF (pUDK-HGF) to treat and ameliorate the symptoms of critical limb ischemia. While the study was small (21-patients) and shows varied degrees of symptom reduction between patients, it does set the stage for further phase II trials using plasmid-based HGF71.There are potential limits to the applicability of HGF as a therapeutic agent due to the possibility of exceeding appropriate doses of HGF, which may have negative effects. In order to use HGF as a treatment it is important to understand the regulatory clearance of HGF from the body. HGF has a relatively short half-life in plasma of 3–4 minutes, and full degradation is shown to occur within about 15 minutes 70, 72, 73, thus rendering IV HGF administration problematic. The chief organ for the clearance of HGF is the liver 70. There are two identified elimination mechanisms for HGF: receptor-mediated endocytosis through HGF/cMET, and endocytosis through heparin on the cell surface 70. However, the use of plasmid DNA delivery of HGF has been and is being successfully used in clinical models71, 74, 75. There are also reports of HGF being administered via hydrogels60, 76, 77 and using small molecule mimetics of HGF78 to produce positive effects in vitro and in vivo. One such small HGF-like molecule called BB3 (Refanalin) is currently in phase 3 clinical trials to treat delayed graft function in renal transplant patients (clinicaltrials.gov; NCT01561599), is under development for a phase 2 clinical trial to prevent acute kidney injury following cardiac surgery, and has recently been shown to improve neurological function in a preclinical model of cerebral ischemia in rats and mice78. Non-traditional modes of drug delivery have been found to be clinical beneficially for HGF treatment.
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