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A B S T R A C T

Objective: NELL-1 is an osteogenic protein first discovered to control ossification of the cranium. NELL-1 exists in
at least two isoforms. The full-length NELL-1 contains 810 amino acid (aa) (NELL-1810), the N-terminal-trun-
cated NELL-1 isoform contains 570 aa (NELL-1570). The differences in cellular effects between NELL-1 isoforms
are not well understood. Methods: Here, BMSC were derived from adult or aged mice, followed by over-
expression of NELL-1810 or NELL-1570. Cell morphology, proliferation, and gene expression were examined.
Results/Conclusions: Overall, the proliferative effect of NELL-1570 was age dependent, showing prominent
induction in adult but not aged mice.

1. Introduction

NELL-1 is a large, secreted protein first examined in the context of
human craniofacial skeletal development, where NELL-1 was noted to
be expressed in areas of ossification and its overexpression associated
with human craniosynostosis (CS).1 Since that time, transgenic Nell-1
overexpressing mice have been observed to recapitulate a craniosy-
nostosis phenotype.2 Conversely, Nell-1 deficient mice exhibit a peri-
natal lethal phenotype, with cranial and vertebral bone defects and
reduced mineralization.3 In adult, Nell-1 haploinsufficiency results in
low bone mineral density (BMD) which is accentuated with age, asso-
ciated with reduced osteoblastic differentiation, and increased bone
fragility.4 NELL-1 exerts regulatory effects on a broad array of me-
senchymal cell types, including mesenchymal progenitor/stem cells
(MPC/MSCs),4–7 pre-osteoblasts,4,8 odontoblasts,9 and chondro-
blasts.10–12 NELL-1 binds to the heterodimer Integrin α3β113 as well as
cell surface Cntnap4 (Contactin-associated protein-like 4),14 resulting in
intracellular signaling changes including focal adhesion kinase (FAK),15

mitogen activated protein kinase (MAPK),16–18 and Wnt/β-catenin
signaling activation.4,19

NELL-1 exists in at least two isoforms. While the full-length NELL-1
contains 810 amino acid (aa) residues (referred to as NELL-1810), the
N-terminal-truncated NELL-1 isoform contains 570 aa residues (referred
to as NELL-1570). Previously, we observed that NELL-1570 sig-
nificantly stimulated MSC proliferation in multiple MSC-like

populations such as murine C3H10T1/2 MSC cell line, mouse primary
MSCs, and human perivascular MSC. In contrast, NELL-1810 demon-
strated only limited stimulation of MSC proliferation.7 In vivo, NELL-
1570 induced significant calvarial defect regeneration accompanied by
increased cell proliferation. Nevertheless, the differences in cellular
effects between NELL-1810 and NELL-1570 are only partially under-
stood. Moreover, the age-dependent effects of NELL-1 isoforms on MSC
are entirely unknown.

2. Methods

2.1. Bone marrow mesenchymal stem cell (BMSC) cell isolation

Mouse bone marrow mesenchymal stem cells (BMSC) were har-
vested from 4-month-old (adult) and 14-month-old (aged) C57BL/6
mice by flushing the femoral marrow cavities and harvesting adherent
cells on standard culture-treated plates according to prior reports.4

Passage 5 cells or less were used for all assays. Cells were cultured at
37 °C in a humidified atmosphere containing 95% air and 5% CO2. The
expansion of cells was performed in DMEM, 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin. Medium was changed every 3 d
unless otherwise noted.

https://doi.org/10.1016/j.jor.2019.02.006
Received 31 July 2018; Accepted 17 February 2019

∗ Corresponding author. Department of Pathology, Johns Hopkins University, Ross Research Building, Room 524A, 720 Rutland Avenue, Baltimore, MD, 21205,
USA.

E-mail address: awjames@jhmi.edu (A.W. James).

Journal of Orthopaedics 16 (2019) 175–178

Available online 28 February 2019
0972-978X/ © 2019 Prof. PK Surendran Memorial Education Foundation. Published by Elsevier, a division of RELX India, Pvt. Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0972978X
https://www.elsevier.com/locate/jor
https://doi.org/10.1016/j.jor.2019.02.006
https://doi.org/10.1016/j.jor.2019.02.006
mailto:awjames@jhmi.edu
https://doi.org/10.1016/j.jor.2019.02.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jor.2019.02.006&domain=pdf


2.2. Viral transfection

Generation and transfection of MSC were performed based on our
prior studies.7 The coding sequences of NELL-1810 and NELL-1570 were
obtained from our previously isolated NELL-1810 clone, as described,1

using polymerase chain reaction (PCR). The ends with appropriate re-
striction sites were subsequently generated using PCR. The resulting
gene fragments were inserted into the pFG12 plasmid20 to substitute for
the GFP gene. These inserts were controlled by the ubiquitin C pro-
moter. These generated transduction plasmids were used to cotransfect
293T cells with plasmids containing the lentiviral packaging proteins
and envelope proteins, as described previously.20 Viruses from 293T
cell cultures were collected and concentrated by ultracentrifugation at
17,000 rpm for 60min at 4 °C, using the SW32 rotor of a Beckman
centrifuge Beckman Coulter (Brea, CA). The lentiviral GFP vector,
FG12, was titrated by transduction of 293T cells with limited dilutions
to determine the tissue culture infective dose of 50% chance (TCID50)
and by measuring the viral p24 protein contents in preparations. Titers
of other viral vectors with the p24 content in viral preparations were
used to determine titers, with FG12 as the reference. Generally, 1 pg of
p24 content in a viral preparation was equivalent to 5–20 TCID50 units.

Transfection of 293T cells to generate lentiviral vectors was per-
formed by calcium precipitation using a kit purchased from Promega
(Madison, WI). Transfection of BMSC was accomplished using
Lipofectamine from Invitrogen (Invitrogen, Carlsbad, CA) according to
the manufacturer's instructions. Lentiviral transduction was performed
by addition of lentiviral vectors to cell cultures at a multiplicity of in-
fection (MOI) of 10:1. Three hours prior to transduction, the medium
was changed to either serum-free or specific medium (depending on the
requirements of the particular experiments). Immediately before
transduction, the culture medium was replaced with serum-free
medium. Three hours post-transduction, the cell cultures were washed
to remove virus, and fresh medium was added.

2.3. Cell proliferation

Cells were seeded in 96 well plates at a density of 1000 cells per well
and allowed to adhere overnight. BMSC from either 4 or 14-month-old
animals were cultured in DMEM +10% FBS +1% Pen Strep with each
lentiviral treatment group for 2 d followed by MTS assay per the
manufacturer's instructions (Promega, Madison, WI).

2.4. Ribonucleic acid (RNA) isolation and quantitative real-time
polymerase chain reaction (qRT-PCR)

Gene expression was assayed by quantitative RT-PCR, based on our
previous methods.4,19 Primers are in Supplemental Table 1. Briefly,
total RNA was extracted using RNEasy Kit (Qiagen, Santa Clarita, CA).
1 μg of total RNA from each sample was subjected to first-strand com-
plementary deoxyribonucleic acid (cDNA) synthesis using the Super-
Script III Reverse-Transcriptase Kit (Life Technologies) to a final vo-
lume of 20 μL The reverse transcription reaction was performed at 65 °C
for 5min, followed by 50 °C for 50min and 85 °C for 5min. For qRT-
PCR, the reaction was performed using 2× SYBR green RT-PCR master
mix and an ABI PRISM 7300 qRT-PCR system instrument (Applied
Biosystems, Foster City, CA). qRT-PCR was performed using 96 well
optical plates at 95 °C for 10min, followed by 40 cycles at 95 °C for 15 s,
and at 60 °C for 60 s. The relative quantification of gene expression was
performed using a Comparative CT method according to the manufac-
turer's protocol and was normalized to the expression levels of the
housekeeping gene in each sample.

2.5. Statistical analysis

All results were expressed as mean ± standard deviation (SD).
Statistical analyses were performed using the SPSS16.0 software. All
data were normally distributed. Student's t-test was used for two-group
comparisons, and one-way ANOVA test was used for comparisons of 3
or more groups, followed by Tukey's post hoc test. Differences were
considered significant when P < 0.05.

3. Results

3.1. NELL-1 isoforms do not induce a change in BMSC morphology

In order to investigate the age-dependent effects of NELL-1 isoforms,
BMSC were first isolated from adult (4 mo) and aged (14mo) old male
mice. Lentiviral mediated overexpression of NELL-1 isoforms was next
performed (NELL-1810 or NELL-1570) or lentiviral control (FG12).
Overexpression of Nell-1 gene transcripts was verified as per prior
studies.7 Overall, no significant difference in cell morphology was seen
with BMSC harvested from adult or aged BMSC. As well, no significant
change in cell morphology was observed among BMSC across any
treatment conditions (Fig. 1).

Fig. 1. BMSC cell morphology after NELL-1810 or
NELL-1570 overexpression. BMSC harvested from male
C57BL/6 mice of two ages, including (A) 4-month-old
(adult) and (B) 14-month-old (aged) mice. Lentiviral
overexpression of NELL-1 isoforms was performed, in-
cluding NELL-1810 and NELL-1570. In all cases, control
cells were treated with a lentivirus expressing GFP
(FG12). Representative cytomorphology is shown, which
showed no significant difference across ages or treatment
groups.
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3.2. NELL-1 isoform induced BMSC proliferation is age dependent

Next, we inquired as to age dependent effects of NELL-1 isoforms on
BMSC proliferation (Fig. 2). Among adult (4 mo) BMSC, overexpression
of either NELL-1 isoform demonstrated a significant increase in cellular
proliferation, as assessed by MTS assays (Fig. 2A). In agreement with
prior observations, NELL-1570 showed a greater degree of a mitogenic
effect in comparison to full length NELL-1. Interestingly among aged
(14mo) BMSC, results were quite different (Fig. 2B). Here, over-
expression of NELL-1810 resulted in a slight reduction in cell pro-
liferation in comparison to FG12 control. Moreover, a slight increase in
proliferation was observed among NELL-1570 overexpressing aged
BMSC. However, the mitogenic effect of NELL-1570 was much more
prominent among adult rather than aged BMSC (∼17% versus ∼3.5%
increase). Gene expression of PCNA and Cyclin D1 was next assessed
among adult and aged BMSC under each treatment condition (Fig. 3).
Gene expression of PCNA and Cyclin D1 were increased among NELL-
1570 overexpressing BMSC (Fig. 3A,C). Consistent with our prior ob-
servations, these increases were not observed among aged BMSC
(Fig. 3B,D). Overall, the mitogenic effects of NELL-1570 are age de-
pendent, and are observed in adult but not aged mouse BMSC.

3.3. NELL-1 isoform induced changes in senescence associated gene
expression among aged BMSC

Finally, we assayed whether in aged BMSC the loss of a mitogenic
effect of NELL-1 isoforms was associated with cellular senescence. Here,
gene markers were assayed by qRT-PCR after overexpression of either
NELL-1 isoform (Fig. 4). Expression of p16 and p27 were non-sig-
nificantly reduced with overexpression of either isoform (Fig. 4A,C). No
change in p21 expression was observed (Fig. 4B), while both isoforms
results in a significant increase in p53 gene transcripts (Fig. 4D).
Overall, a consistent induction of cellular senescence associated genes
was not seen with overexpression of either NELL-1 isoform.

4. Discussion

In summary, we report that the mitogenic effects of NELL-1570 are
age dependent, and are observed in adult but not aged mouse BMSC.

Overall, a consistent induction of cellular senescence associated genes
was not seen with overexpression of either NELL-1 isoform. Overall,
these studies provide further insight into the age-dependent and iso-
form specific effects of the osteoinductive protein NELL-1.

In our recent study, we observed that Nell-1 signaling increases Sca-
1+ MSC numbers across multiple orthopaedic models, including MSC
culture, murine long bone injection, murine systemic administration,
and non-human primate spinal fusion.21 In this study, the long isoform
of NELL-1 was used only. Overall, it is not clear the extent to which this
expansion in Sca-1+ MSC numbers has a clear correlate to the increase
in cell proliferation observed in cell culture in the current studies. First,
the effects of NELL-1570 on Sca-1+ cell subsets has not been directly
tested. Second, the exact identity of bone marrow resident Sca-1+ MPCs
is still poorly understood. It is unclear if the Sca-1+CD31-CD45- stromal
population are bona fide MSC, their committed osteoblastic progeny, or
a combination of the two. Importantly, the mitogenic effects of NELL-1
protein are modest and it is unclear if this alone underlies the sig-
nificant changes in Sca-1+ cell numbers observed in our prior study.21

Overall, NELL-1 possesses several theoretical benefits as a potential
bone-forming therapy. NELL-1 has documented tumor suppressive
properties and its expression is lost in several malignant epithelial tu-
mors.22,23 Although NELL-1 is expressed among many skeletal tumors,
its expression does not correlate with benign versus malignant tumor
types.24,25 Finally, NELL-1 has an excellent safety profile. Mice with
constitutive Nell-1 overexpression have a normal lifespan without in-
creased development of tumors.2 Similarly, five-day intravenous testing
of recombinant NELL-1 showed essentially no pathologic changes.4

Nevertheless, Nell-1 signaling has known functions in an wide variety
of developmental processes, including vascular26 and neural

Fig. 2. NELL-1 isoform induced cell proliferation is age dependent. Using
BMSC derived from 4-month or 14-month-old animals, lentiviral over-
expression of NELL-1 isoforms was performed, including NELL-1810 and NELL-
1570. In all cases, control cells were treated with a lentivirus expressing GFP
(FG12). MTS assay performed after 48 h. Percentage change shown. (A) Adult
mouse-derived BMSC show a significant increase in cell proliferation, especially
with NELL-1570 overexpression. (B) Aged mouse-derived BMSC show a
blunted, non-significant increase with NELL-1570 overexpression. Among this
age group, NELL-1810 overexpression reduced cell proliferation. *P < 0.05;
**P < 0.01.

Fig. 3. NELL-1 isoform induced changes in proliferation associated gene
expression is age dependent. Using BMSC derived from 4 month or 14 month
old animals, lentiviral overexpression of NELL-1 isoforms was performed, in-
cluding NELL-1810 and NELL-1570. In all cases, control cells were treated with
a lentivirus expressing GFP (FG12). Gene expression analysis by qRT-PCR
among BMSC derived from adult (4 months) and aged (14 months) mice of
proliferation associated genes. Among adult animal BMSC, a mitogenic effect is
observed with NELL-1570 (A,C). In contrast, no difference among aged animal
BMSC was observed in PCNA or CyclinD1 expression (B,D). **P < 0.01.
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development.27 With this in mind, a more thorough study of these
potential off-target effects must be considered.
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