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KEYWORDS Abstract Bone tissue regeneration holds the potential to solve both osteoporosis and large
Bone tissue skeletal defects, two problems associated with significant morbidity. The differentiation of
engineering; mesenchymal stem cells into the osteogenic lineage requires a specific microenvironment
Mesenchymal stem and certain osteogenic growth factors. Neural EGF Like-Like molecule 1 (NELL-1) is a secreted
cells; glycoprotein that has proven, both in vitro and in vivo, to be a potent osteo-inductive factor.
NELL-1; Furthermore, it has been shown to repress adipogenic differentiation and inflammation. NELL-
NEL-like protein 1; 1 can work synergistically with other osteogenic factors such as Bone Morphogenic Protein
Osteogenic (BMP) —2 and —9, and has shown promise for use in tissue engineering and as a systemically
differentiation administered drug for the treatment of osteoporosis. Here we provide a comprehensive up-
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to-date review on the molecular signaling cascade of NELL-1 in mesenchymal stem cells and
potential applications in bone regenerative engineering.

Copyright © 2017, Chongging Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Introduction sequence homology, implying different function for the two

Bone defects often pose a difficult problem for physicians.
Autologous bone grafts are the gold standard of treatment
in orthopedic reconstruction but often fail, and treatment
for osteoporosis is difficult and unsatisfactory. Mesen-
chymal stem cells (MSC), progenitor stem-cells of osteo-
blasts, chondrocytes, adipocytes, and even myoblasts, are
a resource that may be able to solve some of these prob-
lems."® Human MSCs (hMSCs) can be derived from a variety
of locations including adipose and perivascular tissue, as
well as from the stromal cells of bone marrow.>®’ MSC
differentiation induces changes in gene expression that
lead to the phenotype of terminally differentiated cells.
MSCs can be induced to differentiate by a host of factors
including mechanical forces,® electrical currents,” and
various growth factors.” MSCs have been most extensively
studied for their ability to differentiate into adipocytes and
osteoblasts. The inherent potential of MSCs to become
adipogenic versus osteogenic is seemingly equal; their fate
is decided by their microenvironment, which includes
growth factors and cytokines.'® Signaling pathways
involving Bone Morphogenic Proteins (BMPs), Wnt/p-Cat-
enin, and Hedgehog (HH) push MSCs to an osteoblastic
lineage; while expression of transcription factors such as
PPAR-y and C/EBP induce adipogenesis.''™"” These path-
ways are implicated in many different pathological pro-
cesses, most importantly in osteoporosis, where cells
inappropriately become adipocytes rather than mature
bone cells.”® 2" With over 2 million annual factures caused
by osteoporosis, it is a disease that causes significant
physical, emotional, and financial consequences, with few
good treatments options available.?” Manipulating the Wnt
and BMP pathways could be an important key in finding
ways to reverse this disease process, increasing the depo-
sition of bone in osteoporotic patients.

Recent studies have shown that a novel protein, Neural
Epidermal Growth Factor-Like-Like 1 (NELL-1) can be a
potent osteogenic stimulator, work synergistically with
BMPs, and inhibit adipogenesis.?> 2 NELL-1 was originally
discovered when Ting et al isolated the protein from, and
found it to be upregulated in, surgically resected human
cranial bone tissues from patients with unilateral coronal
synostosis (UCS), which is a congenital cranial defect
defined by premature closure of the coronal suture in the
developing calvarium.?’ The NELL-1 protein includes
several motifs, including an N-terminal thrombospondin-1-
like (TSPN) domain, a coiled-coil (CC) domain, four von
Willebrand factor type C (VWC) domains, and six EGF-like
domains.?® A second homologous gene NELL-2 was also
identified with similar structural motifs, although NELL-1
and NELL-2 only share approximately 55% amino acid

proteins (Fig. 1).2%3°

Functionally, NELL-1 has demonstrated its effect as a
potent osteoinductive factor, i.e., its ability to recruit
immature cells and stimulate them to become pre-
osteoblasts.?*>?”31733 Much interest has been generated in
NELL-1 as a possible novel therapeutic in osteoporosis
because NELL-1 induces osteogenesis, but is distinguished
from BMP2 and BMP7 by its ability to simultaneously
downregulate adipogenesis.®* This review will focus on
NELL-1, its known role in cellular signaling, its theorized
mechanism of action in the osteogenic pathway, how it
interacts with BMP and other signaling pathways in osteo-
genesis and its potential use in tissue engineering and the
treatment of osteoporosis.

Osteogenic signaling in MSCs involves the complex
interaction of multiple pathways, some of which will be
discussed below. As previously mentioned, there is a fine
balance between the adipogenic and osteogenic fate of
MSCs; with the current consensus being that the upregula-
tion of transcription factor PPAR-y controls adipogenesis
while upregulation of the transcription factor Runx2 con-
trols osteogenesis.'”'""33% There is, however, cross talk
between pathways that contributes to the differentiation
of MSCs, and below we will focus on some of the pathways
known to interact with NELL-1 signaling, such as: Wnt,
Hedgehog and BMP, and their downstream targets in oste-
ogenic signaling, Runx2 and Osterix (Fig. 2).

Wnt signaling in osteogenesis

Wingless (Wnt) proteins are secreted glycoproteins that are
vital to osteoblast differentiation, as well as a variety of
other cellular and developmental functions.'®*¢3% wnt
signaling is transduced into the cell by the family of Friz-
zled (Fzd) receptors, seven pass membrane G-protein
coupled receptors, and co-receptors of the arrow/Lrp
family or a Ror/Ryk transmembrane tyrosine kinase.>’
Binding of a Wnt ligand to the Fzd receptor and co-
receptor can lead to both canonical/B-catenin and non-
canonical/B-catenin independent intracellular signaling,
here we will only discuss the canonical pathway.*
Canonical signaling induces complex formation of Fzd, low
density lipoprotein receptor-related protein 5/6 (LRP5/6) co-
receptor, and intracellular proteins of the disheveled (DSH)
family.*""** The formation of this complex activates DSH, and
activation of DSH inhibits an intracellular complex comprised
of Axin, Glycogen Synthase Kinase 3 (GSK3), and adenoma-
tosis polyposis coli (APC) protein.*>** GSK3 normally phos-
phorylates B-catenin leading to its ubiquitination and
degradation, but inhibition of the complex leads to the
buildup of B-catenin in the cytosol and later the nucleus.* B-
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NELL family members and functional domains. This schematic shows the proposed structure of the NELL-1 and NELL-2

proteins. Both contain N-terminal TSPN domains and then a CC domain connecting to multiple VWC and EGF domains. TSPN,
thrombospondin N-terminal domain; CC, Coiled Coil domain; VWC, von Willebrand factor, type C domain; EGF, EGF domain.
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Figure 2  Cellular signaling pathways through which NELL-1 works. These pathways include the canonical Wnt pathway, HH and
the MAPK pathway. Not included in the figure is the BMP pathway. NELL-1 binding to Intergrinf1 increases B-catenin nuclear
localization, which increases transcription of Runx2 and Osterix. NELL-1 can activate ERK1/2 and JNK which phosphorylate and
activate Runx2. NELL-1 also increases the levels of Gli1 which increases expression of Runx2 and Osterix. Runx2 activates

expression of NELL-1, while Osterix inhibits expression of NELL-1.

catenin heterodimerizes with lymphoid enhancer binding
factor (LEF-1) in the nucleus and elicits gene transcription
activity.*>*® Non-canonical Wnt signaling diverges after
activating DSH to elicit its effects independent of B-catenin.’

Wnt signaling has been shown to both promote osteo-
genesis and inhibit adipogenesis. Wnt ligands inhibit PPAR-y
and C/EBP, while loss of Wnt signaling leads to inhibition of
osteoblast differentiation.>”*®“° Wnt signaling temporally
regulates Runx2 gene expression and also activates Osterix
both directly and indirectly via FGF.">*%°° Runx2, the master
transcription factor of osteogenesis, is crucial in the
commitment of MSCs to an osteogenic fate and is importantin
many stages of bone development.®*°"°? Taken together,
these findings demonstrate the importance of the Wnt
signaling pathway in bone development and homeostasis.
Interestingly, NELL-1 was recently shown to activate the Wnt
pathway, which will be discussed further in later sections.>>

Hedgehog signaling in osteogenesis

Two of the three Hedgehog (HH) family proteins, Indian
Hedgehog (IHH) and Sonic Hedgehog (SHH) have been

shown to have vital roles in skeletal development.®*>° A
disruption of HH signaling in vivo leads to developmental
skeletal defects®® and SHH is both pro-osteogenic and anti-
adipogenic in various MSC cell lines.’*>”>*® All HH morpho-
gens follow a conserved signaling pathway: the insoluble HH
peptide is cleaved, forming a soluble multimeric protein,
then a cholesterol moiety is then added to the C-terminal
of this protein, and a palmitate moiety added to the N-
terminal. The modified protein is then exported from the
cell via Dispatched, a large transmembrane protein, and
binds to the Patched (PTCH) receptor on the receiving cell.
This relieves the inhibition of smoothened homologue (SMO)
and activates Human Glioma-Associated Oncogene Homolog
2 & 3 (Gli2/3) transcription factors, which normally act as
transcriptional repressors.>®:¢° Activation of Gli2/3 leads to
expression of Gli1, another transcription factor which is a
direct downstream target of Gli2/3.%" Gli1 is regulated by
mediators of the HH pathway such as Kinesin-like protein
(Kif7) and suppressor of fused homolog SuFu, which also
function as nuclear translocators for Gli1.°° Gli transcrip-
tion factors translocate to the nucleus where they control a
variety of genes including Runx2 and Osterix.®” HH signaling
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in osteogenesis requires the presence of BMP signaling and
the two pathways work in a positive feedback loop; Gli2
upregulates BMP2 transcription which in turn increases
transcription of Gli2.6%%

Interestingly, recent studies have shown that increased
HH signaling in osteoarthritis leads to decreased bone mass,
and HH inhibitors have been proposed as treatment.®®
However, HH activation has been shown to increase ma-
trix deposition in fracture healing, meaning chondrocytes
are laying down the framework for bone; as well as increase
the expression of Runx2 and Osterix.>”*® Furthermore, HH
agonists have shown to significantly reduce adipocyte
markers in MSCs such as leptin etc., and reduces the
expression of adipogenic transcription factors such as PPAR-
v and C/EBP, pushing MSCs away adipocyte formation.®”-¢®
Lastly, new studies have shown that NELL-1 increases the
expression of HH signaling molecules, suggesting that NELL-
1 may exert its anti-adipogenic effects through HH
signaling.? Specifically NELL-1 overexpression leads to
increased expression of lhh, Gli, and Ptch1.>* Also the
osteogenic effects of NELL-1 were diminished when adipose
derived stromal cells (ASC) were treated with a HH antag-
onist.”® The exact mechanism of action through which
NELL-1 interacts with the HH pathway has not yet been
clarified, and future research can elucidate this interac-
tion. This evidence shows that HH signaling plays a complex
role in bone metabolism, and may be a novel target for
future pharmacological interventions.

BMP signaling in osteogenesis

Bone Morphogenic Proteins (BMPs) are a group of 20
extracellular cytokines that are part of the TGF-beta su-
perfamily.®® They are thought to be indispensable in the
differentiation of MSCs into the osteogenic lineage.'”-7%~73
The downstream targets of the BMP pathway, specifically
Runx2 and Osterix, have been implicated in bone and
cartilage development in several studies.’””*’> Many
studies have demonstrated BMPs osteogenic induction, for
example: mice with altered BMP receptors show decreased
bone mass,’® overexpression of BMP inhibitors like Noggin
impair bone formation,”” and deletion of BMP inhibitors,
such as Gremlin, causes an increase in bone formation.”®
BMP2 and BMP7 are FDA approved for treatment in spinal
fusion surgery and BMP9 has recently shown promise as a
therapeutic agent for bone growth.”?”° The pathway starts
when BMP ligands bind to serine—threonine kinase cell
surface BMP type Il receptors (BMPRs), and BMPR type I
receptors then recruit, phosphorylate, and activate BMPR
type | receptors.®’ There are two type | BMP receptors that
play a role in MSC differentiation: BMPR-IA and BMPR-IB.%°

In addition to demonstrating pro-osteogenic function,
BMPs have also been observed to be pro-adipogenic,
reducing their utility as a therapeutic agent.®*' The ten-
dency to induce osteogenesis over adipogenesis in BMP
signaling is not well understood, and both dose-dependent
and receptor mechanisms have been proposed.'? Studies
have shown that activation of BMPR-IA generally leads to
adipogenic effects, while BMPR-IB induces osteogenic ef-
fects,° and that lower doses of BMP2 favor adipogenesis in
contrast to higher doses favoring osteogenesis.®*

Smad signaling plays a key role in BMP-induced MSC
differentiation.®> When a BMP ligand activates a BMPR, the
resulting intracellular signaling pathway proceeds through
either Smad or mitogen activated protein kinase (MAPK)
signaling.®* In the Smad signaling pathway, activation of the
BMPR by the BMP ligand leads to phosphorylation of
receptor-regulated Smads (R-Smads), Smads 1, 5, and 8,
which then dissociate from the receptor and form a com-
plex with a Co-Smad, Smad4.%>8 These Smad complexes
then translocate to the nucleus where they interact with
transcription factors and affect gene transcription in a cell
specific manner.’® In osteogenic cells, BMP-induced
signaling leads to the formation of a Smad complex that
physically associates with Runx2 as well as increasing its
expression.”® Other studies demonstrate that BMP can
upregulate Sox9 and Hox gene expression in osteogenesis as
well. In adipogenic signaling the Smads form a complex
with CEB/Pa and induce the expression of PPAR-v.%”

In the context of stem cell research, recent efforts have
been focused on how to promote BMP-induced osteogenesis
while blocking adipogenesis. Some studies have observed
that NELL-1 works synergistically with BMP2 and BMP9 to
promote osteogenesis while reducing their adipogenic ef-
fects.?>> The proposed mechanism by which this occurs is
that NELL-1 increases Runx2 expression via the canonical
Wnt pathway, which rescues some of the Runx2 activity lost
by BMP2 activation of PPAR-y.>* Further discussion of the
interplay between BMP and NELL-1 will take place in later
sections.

Crosstalk between NELL-1 and Wnt signaling

As previously discussed, numerous studies have shown that
Wnt signaling contributes to osteogenesis in stem cells. For
example, Wnt ligand filled liposomes accelerate bone
regeneration in skeletal defects, and deletion of Wnt or f3-
Catenin genes lead to significant skeletal malforma-
tions.>”'® It is proposed that NELL-1 signaling in osteo-
genesis is mediated by integrin and subsequent activation
of the canonical Wnt pathway. Groups have shown that
NELL-1 directly binds to the cell surface receptor Integrinf31
through its TSPN domain.?’ Integrins are a group of cell
surface proteins that mediate cell adhesion and integrate
signals from a variety of cytokines and other growth fac-
tors. NELL-1 binding to Integrinf1 activates an intracellular
signaling cascade that promotes cell adhesion, prolifera-
tion, and osteogenic differentiation.®® The osteogenic ef-
fects are proposed to work through activation of the
canonical Wnt/B-Catenin pathway mentioned above. This
idea is supported by evidence that nuclear localization of B-
catenin was increased in MSCs that were treated with NELL-
1.5 Furthermore, the osteogenic effects of NELL-1 are
disrupted when Wnt signaling is inhibited.>® For example,
when LRP5/6 co-receptors were prevented from complex-
ing with Wnt-Fzd, an important downstream effect of the
Wnt pathway, the downstream effects of NELL-1 were also
diminished.> Taken together, this supports NELL-1’s role in
activating the Wnt pathway in the extracellular
domain.>**°° The same study showed that XAV939, a small
molecule inhibitor of intracellular Wnt signaling, also
blocked the downstream effects of NELL-1, providing
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further evidence that NELL-1 works through the Wnt
pathway.”®

Wnt, and therefore NELL-1 signaling stimulates osteo-
blast differentiation and skeletal development through
stimulating the expression of Runx2, a crucial transcription
factor in the control osteogenesis.’®> Runx2 then acts up-
stream to regulate NELL-1 expression.?>3"°" Studies have
shown that the expression of NELL-1 and Runx2 is coupled,
and that Runx2 deficiency leads to low NELL-1 levels.*’
These studies suggest that Runx2 is an in vivo regulator of
NELL-1, this is further supported by Runx2 binding sites in
the NELL-1 promoter.®? Specifically, Runx2 has been shown
to upregulate NELL-1 expression by binding to OSE2 sites in
its promoter region.’” In addition to these interactions,
NELL-1 activated Runx2 by inducing its phosphorylation
through the MAPK pathway.”® In Runx2 deficient mice,
NELL-1 provided a partial rescue of the skeletal defects
usually seen.®' These findings show that NELL-1 is both an
upstream and downstream target of Runx2, and plays a part
in the delicate balance of signaling in osteogenesis and the
regulation of Runx2 and other osteogenic genes.

NELL-1 has also shown signal interaction with both the
ERK1/2 and JNK MAPK pathways.”>°* Both ERK and JNK
were phosphorylated after treatment with NELL-1, leading
to the phosphorylation of Runx2 and osteogenesis.”* Studies
have shown that NELL-1 osteogenic effects were reduced
when JNK signaling was blocked in myoblasts, but not
entirely, suggesting that NELL-1 signals only partially
through the JNK pathway.?® Although, in human osteosar-
coma cell lines NELL-1 induced osteoblastic differentiation
is accompanied by, and requires, intact JNK signaling.”*
Together these demonstrate that MAPK signaling serves an
important function in the NELL-1 signaling process.

NELL-1 has also been shown to directly regulate Osterix,
a well characterized transcription factor that has been
shown to be vital to osteoblastogenesis.”®°” Interestingly a
study found that Osterix is a negative regulator of NELL-1
expression.”® It was shown that Osterix does not disrupt
Runx2 binding to NELL-1 promoter regions, but instead in-
hibits transcription by decreasing the binding of RNA poly-
merase 11.°% This is a surprising relationship because both
Osterix and NELL-1 are pro-osteogenic, but it may be that
Osterix plays a modulating role in the delicate balance of
NELL-1 signaling. NELL-1 seems to be a crucial mediator in
the action of Runx2; it is a transcriptional regulator of
NELL-1, and NELL-1 can activate Runx2 through phosphor-
ylation. This relationship is modulated by Osterix, which
when transcribed as a result of Runx2 activation, inhibits
the expression of NELL-1.

One of the most clinically promising aspects of NELL-1
signaling is its anti-adipogenic effects. Treatment of pre-
adipogenic cells with rhNELL-1 or infection with NELL-1
adenovirus leads to a significant decrease in adipogenesis,
showing a reduction in adipogenic gene expression and in
0Oil Red O staining, another marker for adipogenesis.’* The
same study also showed that adenoviral mediated over-
expression of NELL-1 led to an increase in Indian Hedgehog
(IHH) ligand and other HH signaling proteins.?* Treatment of
human adipose derived stromal cells (ASCs) with a HH
agonist and NELL-1 led to an additive effect of osteogenesis
and anti-adipogenesis.’® As discussed previously HH
signaling is both pro-osteogenic and anti-adipogenic, and

this study suggests that some of the effects of NELL-1 may
be potentiated through HH signaling. The cellular mecha-
nisms controlling MSC fate are complex, but NELL-1 has
proven to be a vital mediator in this network and holds
great potential for therapeutic use.

Crosstalk between NELL-1 and BMP signaling

Some of the most well characterized factors that promote
bone growth, as discussed previously, are the Bone
Morphogenic Proteins (BMPs). In addition to inducing oste-
oblastic differentiation, BMPs concurrently induce adipo-
genic differentiation of MSCs, although the precise
mechanism by which it does so has yet to be fully eluci-
dated. In the context of creating an optimal 3D bone
scaffold, it is essential to understand what causes MSCs to
commit to an osteogenic versus an adipogenic fate and to
have a proper control of balance between the two. The
BMPs highlighted in this review are BMP2, a FDA approved
osteoinductive growth factor currently used for bone gen-
eration and repair, as well as BMP9, which is not as well
characterized but considered to be one of the most potent
osteogenic BMPs that induces osteoblastic differentiation
of MSCs.” Although both of these BMPs offer promising
osteoinductive effects, they must be paired with the proper
complementary factors that will effectively enhance bone
growth, minimize inflammation, and promote the forma-
tion of a robust extracellular environment. The positive
synergistic effect of NELL-1 with BMP2 and BMP9 in tissue
engineering has been explored in several studies, which will
be discussed below.

BMP2 is currently used for bone regeneration and repair,
and has even been shown to increase spinal fusion effi-
cacy.”” Several investigators have observed that combining
BMP2 with NELL-1 causes a synergistic osteogenic effect
in vitro and in vivo.2*?5:32:33.100=104 A groyp studied the
synergy between BMP2 and NELL-1 in myoblasts and its
effect on bone formation through Alkaline Phosphatase
(ALP) activity, an early marker of osteogenesis, as well as
osteopontin (OPN) production, which is a well-recognized
osteoblast differentiation marker. They found that
although NELL-1 alone did not stimulate increase in ALP
activity or OPN production, the combination of NELL-1 and
BMP2 compared to BMP2 alone significantly stimulated an
increase in ALP activity as well as OPN production. The
same group also attempted to elucidate the mechanism by
which the BMP and NELL-1 signaling pathways crosstalk.
They studied the classical MAPK pathways: p28, ERK1/2,
and JNK, and found that BMP2 enhanced NELL-1 induced
JNK signaling. This is a pathway that is separate from BMP2-
induced differentiation, suggesting that BMP2 stimulates
osteoblastic differentiation via a separate mechanism when
working synergistically with NELL-1. To examine the
downstream effects of the synergistic activation of the JNK
pathway by NELL-1 and BMP2, they blocked JNK signaling
and found that OPN production was partially eliminated.
Using adenoviral infection to make AdNELL-1 and AdBMP2
cells, however, allowed NELL-1 to phosphorylate and thus
activate the JNK pathway, which in turn induced OPN
expression and an osteoblastic phenotype in muscle stem
cells. Synergistic activity was also detected in matrix
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mineralization. In conclusion, NELL-1 and BMP2 together
increase the amount of ALP, OPN, and mineralization far
beyond the effects that result from either alone, which
suggests that they contribute separate, but complemen-
tary, signals to stimulate osteoblast differentiation.

Despite the potent osteoinductive effect of BMP, there
have been several complications associated with the clin-
ical use of BMP2, including bone resorption and post-
operative inflammatory swelling.'® "% Numerous studies
have shown that BMP2-induced inflammation is attributable
to higher doses of BMP2, above those required for bone
formation, and occurs in various cell types such as endo-
thelial cells, fibroblasts, and preosteoblasts.'”” % |n
endothelial cells and preosteoblasts, BMP2 induces inflam-
mation through the generation of reactive oxygen species
(ROS)."®° BMP2-induced local inflammation is considered to
be the clinical complication associated with the highest
morbidity, as it can lead to neck-swelling resulting in
dysphagia, possible respiratory failure, seroma, or radi-
culopathies. %913 While Shen et al was attempting to
study the synergy between BMP2 and NELL-1 in bone
regeneration, they discovered that NELL-1 not only pro-
motes BMP2-induced bone growth, but also that it sup-
pressed BMP-induced ROS-dependent inflammation in vivo
and in vitro. This group also demonstrated that NELL-1 is
able to mitigate the adipogenic phenotype of preadipocytes
by directly reducing adipogenic gene expression.

In a more recent study, we investigated the effect of
NELL-1 on BMP9-induced osteogenic versus adipogenic dif-
ferentiation of MSCs using BMP9. We first showed that BMP9
was able to induce NELL-1 expression in MSCs at as early as
24 h post Ad-BMP9 infection.?® In addition, we found that
NELL-1 potentiated BMP9-induced late stage osteogenic
differentiation while inhibiting early osteogenic marker
ALP. Taken together, these results indicate that NELL-1 and
BMP have a synergistic effect in bone formation and that
crosstalk exists between the two pathways. More specif-
ically, NELL-1 overexpression potentiates BMP9-induced
expression of important osteogenic and chondrogenic
markers, including Runx2, Osterix, and OPN. We further
analyzed how the interaction between NELL-1 and BMP9 in
MSCs leads to a cell-specific fate, and found that forced
expression of NELL-1 both enhances the mineralization and
maturity of BMP9-induced ectopic bone formation while
suppressing BMP9-induced adipogenic differentiation of
MSCs. Overall, these findings suggest that it may be bene-
ficial in regenerative medicine to use NELL-1 as a co-
osteogenic factor to promote BMP9-induced bone forma-
tion while also suppressing adipogenesis.

Association of NELL-1 with osteoporosis

Osteoporosis is marked by pathological bone loss caused by
an imbalance between bone formation by osteoblastic cells
and resorption by osteoclastic cells.** Osteoporosis is
responsible for greatly increasing the probability of severe
fractures, ultimately debilitating patients who suffer the
over 2 million fractures due to osteoporosis annually." By
2025, the economic burden of osteoporotic fractures is
projected to grow by almost 50%, incurring $25.3 billion in
costs per year.""* The substantial morbidity, mortality, and

economic damages caused by osteoporotic fractures make
the potential for NELL-1 treatment of osteoporosis an
extremely attractive option. While the osteogenic effects
of NELL-1 have been well established, more recent evi-
dence has demonstrated an association between NELL-1
and osteoporosis. A 2010 genome-wide study of single-
nucleotide polymorphisms (SNPs) found a link between
NELL-1 and osteoporosis in women,''®> and since then
numerous other studies have showed promising links for
therapeutic potential of NELL-1 and osteoporosis.

A major setback that routinely negates the therapeutic
value of bone anabolic agents (such as BMP2 and retinoic
acid) is the tightly coupled osteoclastic response that is
secondarily activated as a result of the increased osteo-
blastic response.’'® " As a result, the success in using
anabolic bone factors in treating osteoporosis will depend
on the uncoupling of osteoblastic and osteoclastic activity,
likely by focusing on the Wnt/B-catenin signaling
pathway.>* As evidenced through the use of Nell-1 hap-
loinsufficient mice, one study found that Nell-1 protein
expression showed a significant decline with age, resulting
in osteoporosis.>* In addition to the osteoporotic pheno-
type, the study was able to show that the Nell-1 hap-
loinsufficient mice had increased bone fragility and
decreased bone stiffness, with a decrease in proliferation
and differentiation of osteoblastic precursors, while
incr<e3as1'ng the activity and bone resorption of osteoclastic
cell.*

The same study further built the evidence around NELL-1
as a potential therapeutic to osteoporosis by testing the
effects of recombinant human NELL-1 (rhNELL-1) on oste-
oporotic sheep, and by examining the effects of rhNELL-1
through a systemic administration. Osteoporotic vertebrae
of sheep showed a significant increase in bone mineral
density, bone volume, cortical bone thickness, and
increased trabecular bone density, in addition to an
increased osteoblast:osteoclast ratio when treated with
rhNELL-1.3* Systemic rhNELL-1 administration showed sig-
nificant bone formation in osteoporotic mice, without ob-
servations of adverse effects in animal morbidity or
mortality across the study period.>*

NELL-1 as a therapeutic agent for bone tissue
engineering

One of the challenges in treating osteoporosis is that it
renders bone unsatisfactory for procedures requiring
autologous bone graft."'® This may be due to an age-related
loss of osteogenic progenitor cells, and loss of their func-
tion.”™ It’s conceivable that NELL-1 can be exploited as a
bone-forming factor to enhance the bone repair process
(Fig. 3). The use of high dose human perivascular stem cells
(hPSCs) combined with NELL-1 has been demonstrated to
increase the spinal fusion rate in osteoporotic rats, with a
fusion rate at 83.3%, compared to a fusion rate of 20—28.6%
with hPSCs alone. The hPSC + NELL-1 rats showed robust
bone formation between the transverse processes in addi-
tion to significant increases in bone volume compared to
the control, which had clear clefts between transverse
processes with minimal bone formation.''® The study ulti-
mately concluded that the administration of hPSCs + NELL-
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1 was able to restore both the diminished osteoprogenitor
cells, as well as the osteoinductive microenvironment
normally lost in osteoporotic bone.

Another study has demonstrated the ability of NELL-1 to
enhance in situ osteogenesis in bone marrow, which is one
of the fundamental underlying causes of osteoporosis.'?°
Because osteoblasts and adipocytes are derived from the
same bone marrow stem cells, age related increases in
adipogenesis in bone marrow infringe upon the potential for
osteoblastogenesis.'?' This decreases the osteoblast popu-
lation in addition to causing a decline in their function and
survival.'” NELL-1 was able to increase local bone forma-
tion by increasing osteoblast activity, without a concomi-
tant osteoclast response, which is an extremely hopeful
discovery for future therapeutic uses. The aforementioned
study used an in vivo model with ovariectomy (OVX)-
induced osteoporotic mice, and demonstrated that NELL-1
injections were effective in maintaining comparable bone
volume, bone mineral density, and trabecular thickness in
the femurs of osteoporotic mice as compared to the non-
osteoporotic control group. Additionally, the study
demonstrated that the intramarrow NELL-1 injected femurs
of osteoporotic mice maintained their trabecular bone over
time, while the osteoporotic control femurs showed
continuous loss from the distal femur throughout the time
points of the study. The in vivo data corroborated the
findings in vitro, where it was found that NELL-1 increased
all markers of osteodifferentiation after having been lost in
the OVX mice.'?°

In addition to its osteogenic properties, NELL-1 is an
attractive candidate for the treatment of osteoporotic
bone because of its demonstrated ability to inhibit the
complications that result from high doses of BMP-2, such as
inflammation and cystic bone formation, > '?* in addition
to repressing adipogenic differentiation.>* It’s lack of
toxicity in mice, promotion of osteodifferentiation of bone
marrow stem cells, as well as its ability to increase multiple
measures of bone quality without provoking a secondary
osteoclastic response make it a promising candidate for
therapeutic use in humans.>*12°

Concluding remarks and future directions

NELL-1 has the immense potential to be an effective agent
for the treatment osteoporosis; as shown in studies that
have been done in vitro and in vivo using both rat and sheep
models.?* 18120124 NELL-1 is particularly promising
because of its ability to suppress adipogenesis’** while
promoting bone growth,®! and its demonstrated efficacy in
treatment of osteoporosis.'?® Further research needs to be
done on using NELL-1 as a systemic drug. Researchers have
previously commented on the rapid systemic elimination of
NELL-1, making it difficult to use as a treatment,>* but new
promising research from Kwak et al has examined the
pharmacokinetics of PEGylated NELL-1 as one possible so-
lution."*® PEGylation was developed as a way of addressing
the common issue of rapid clearance and immunogenicity in
therapeutic proteins. PEGylation involves the conjugation
of the protein to polyethylene glycol, which is a polymer
that improves solubility, increases longevity, and increases
the safety and effectiveness of peptide and protein
therapeutics.'?® 2% Researchers at UCLA tested the PEGy-
lated NELL-1 in mice, and found that compared to uncon-
jugated NELL-1, it had a higher maximum concentration
and a longer half-life.'” Furthermore, they found the
PEGylated protein had significantly increased uptake in
bone tissue.'” Assays looking at the systemic osteogenic
capacity for the PEGylated NELL-1 showed increase bone
density, and increased new bone formation.'”®> Most
recently the same group studied the efficacy of intraperi-
toneal (IP) injection of the PEGylated NELL-1, showing that
IP administration is a safe and effective way to increase
bone mineral density and osteoblastic activity.'?’ These
studies are leading the way to find the optimal method for
the therapeutic delivery of NELL-1.

In addition to PEGylation of NELL-1, there are other
technologies under investigation to improve NELL-1 de-
livery, such as the conjugation of NELL-1 to biodegradable
scaffolds, which then promote differentiation of MSCs into
bone. New technology has emerged in the biomaterials field
with the creation of biodegradable scaffolds to grow stem
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cells. Recently researchers described a citric acid based
polymer called poly(polyethylene glycol citrate-co-N-
isopropylacrylamide) (PPCN) that has the potential to be
used as an injectable biomaterial scaffold for cells."*° PPCN
is thermoresponsive, has anti-oxidant properties, and sup-
ports the viability and proliferation of cells.”*® Our group
showed that PPCN could be used to effectively create new
bone in vivo. When BMP9 expressing MSCs were seeded into
the PPCN scaffold and injected into critical sized bone
defects in mouse calvarias, new bone was effectively
formed."" Injection of the scaffold seeded with the BMP9
MSCs showed a reduction of the size of the defect and
mature bone formation.'*! This recent evidence shows that
PPCN holds great promise for tissue engineering. Our lab is
currently investigating the efficacy of chemically conju-
gating the NELL-1 protein to the PPCN scaffold. Previous
groups have attached NELL-1 to a biologic scaffold and
found that the addition of the protein augmented the
constructive remodeling of the tissue.'*? The modification
of PPCN with NELL-1 may provide an extremely effective
method for the growth of new bone in an injectable form.
Such combinations of scaffold materials and NELL-1 should
be particularly useful for craniofacial defect repair (Fig. 3).

In conclusion, NELL-1 signals through a complex network
of cellular players including the Wnt, HH, and BMP path-
ways. NELL-1 has proven to have a strong effect in acti-
vating osteogenic signaling while repressing adipogenic
signaling, and holds promise as a therapy for osteoporosis
and bone regeneration.
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