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Introduction
NELL-1 is a unique secreted protein of  810 amino acids first studied in the context of  human craniofa-
cial skeletal development, where NELL-1 was noted to be osteogenic and its overexpression associated with 
human craniosynostosis (CS) (1). Since that time, transgenic Nell-1–overexpressing mice have been observed 
to recapitulate a CS-like phenotype (2). Conversely, Nell-1–deficient mice (as developed by N-ethyl-N-nitro-
sourea–induced mutagenesis) exhibit cranial and vertebral bone defects with undermineralization (3). Recent-
ly, Nell-1 haploinsufficiency has been observed to result in a low bone mineral density (BMD) phenotype, 
associated with hampered osteoblastic differentiation, reduced osteoblastic activity, and increased bone fragil-
ity (4). NELL-1 exerts regulatory effects on a broad array of  mesenchymal cell types, including multipotent 
mesenchymal progenitor cells (MPCs) (4–7), committed preosteoblast cells (4, 8), odontoblasts (9), and chon-
drocytes (10–12). Mechanistically, NELL-1 binds to the cell surface heterodimer integrin α3β1 (13), resulting 
in several intracellular signaling changes that induce osteoblastogenic programming, including focal adhesion 
kinase (FAK) phosphorylation (14), increased mitogen-activated protein kinase (MAPK) signaling activity 
(15–17), and increased Wnt/β-catenin signaling activity (4, 18). Despite the well-demonstrated pro-osteogen-
ic effects of  NELL-1 (19–23), there has been little understanding of  the cellular mediators of  its effects, nor 
the role of  NELL-1 in the maintenance or expansion of  MPC pools.

NELL-1 is a secreted, osteogenic protein first discovered to control ossification of the cranial 
skeleton. Recently, NELL-1 has been implicated in bone maintenance. However, the cellular 
determinants of NELL-1’s bone-forming effects are still unknown. Here, recombinant human 
NELL-1 (rhNELL-1) implantation was examined in a clinically relevant nonhuman primate lumbar 
spinal fusion model. Prolonged rhNELL-1 protein release was achieved using an apatite-coated 
β-tricalcium phosphate carrier, resulting in a local influx of stem cell antigen-1–positive (Sca-1+) 
mesenchymal progenitor cells (MPCs), and complete osseous fusion across all samples (100% 
spinal fusion rate). Murine studies revealed that Nell-1 haploinsufficiency results in marked 
reductions in the numbers of Sca-1+CD45–CD31– bone marrow MPCs associated with low bone 
mass. Conversely, rhNELL-1 systemic administration in mice showed a marked anabolic effect 
accompanied by increased numbers of Sca-1+CD45–CD31– bone marrow MPCs. Mechanistically, 
rhNELL-1 induces Sca-1 transcription among MPCs, in a process requiring intact Wnt/β-catenin 
signaling. In summary, NELL-1 effectively induces bone formation across small and large animal 
models either via local implantation or intravenous delivery. NELL-1 induces an expansion of a bone 
marrow subset of MPCs with Sca-1 expression. These findings provide compelling justification for 
the clinical translation of a NELL-1–based therapy for local or systemic bone formation.
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Stem cell antigen-1 (Sca-1) is an 18-kDa glycosyl phosphatidylinositol–anchored cell surface protein of  
the Ly-6 family (24, 25). Most commonly studied as a marker of  hematopoietic stem cells (HSCs) (25), Sca-
1 is expressed on a wide variety of  progenitor cell types, including a subset of  bone marrow MPCs (24, 26). 
In addition, compact bone itself  has been identified as a source of  Sca-1+ skeletal progenitor cells capable 
of  trilineage differentiation potential (27). Sca-1+ bone marrow progenitors have been shown to migrate to 
sites of  bone turnover to aid in coupled bone remodeling (28). Sca-1–/– mice have multiple changes in hema-
topoietic cell content and function (29, 30), but also display a low-BMD phenotype that manifests with age 
(26). The skeletal phenotype of  Sca-1–/– is related to a decrease in the self-renewal activity of  bone marrow 
MPCs with age, but also defective osteoblastogenic differentiation and function, which is likely a secondary 
effect (26). The similarities in phenotype between Nell-1–deficient (4) and Sca-1–/– mice led us to examine 
the possible roles for NELL-1 signaling in regulation of  the Sca-1+ bone marrow MPC population.

Here, we identify across orthopedic models that NELL-1 expands the population of  Sca-1–expressing 
bone marrow MPCs. First, a recombinant human NELL-1–based (rhNELL-1–based) bone graft substitute 
was applied in a nonhuman primate model of  spinal fusion, leading to a recruitment of  Sca-1+ MPCs and 
complete spinal fusion in all samples. Second, systemic manipulation of  Nell-1 signaling was achieved in 
mice, either via systemic infusion of  rhNELL-1 protein, or 2 models of  genetic loss. In each case, a substan-
tial bone phenotype was correlated with corresponding changes in the Sca-1+ MPC population abundance. 
In sum, the present study describes a potentially new role for Nell-1 signaling in the maintenance and 
expansion of  Sca-1+ mesenchymal progenitors, providing fresh insights into the cellular mediators of  Nell-1 
signaling in local and systemic bone formation.

Results
RhNELL-1 induces nonhuman primate lumbar spinal fusion accompanied by expansion of  Sca-1+ MPCs. Previous 
studies in rodent (20, 23, 31) and ovine models (22) have suggested that an rhNELL-1 protein–based bone 
graft substitute may be efficacious in promoting spinal fusion. In order to translate an rhNELL-1–based 
product to human patients, a nonhuman primate model of  lumbar spine fusion was performed (Figure 
1). Here, an intervertebral cage was packed using a demineralized bone matrix (DBX) alone (PBS con-
trol), or with 2 concentrations of  rhNELL-1 protein (1.0 and 1.7 mg/ml). Prolonged release kinetics for 
rhNELL-1 were achieved via protein loading on surface-modified (apatite-coated) β-tricalcium phosphate 
(β-TCP) particles (Supplemental Figure 1; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.92573DS1). Concentrations of  rhNELL-1 were based on prior publications 
in ovine bone (22). Implant constituents are summarized in Table 1. A vertebral spacer packed with each 
treatment material was placed between either the L3/4 or L5/6 lumbar levels (see Figure 1A for sche-
matic). Over the postoperative period, development of  anti–human NELL-1 antibodies was ruled out, by 
assaying serum from all animals at postoperative weeks 2 and 12 (Table 2).

Radiographic assessments were performed using computed tomography (CT) of  the entire instru-
mented segment (Supplemental Figure 2, shown in sagittal, coronal, and axial planes) and microCT 
for high resolution of  the interbody space (Figure 1B, shown as a 3D reconstruction in the anterior-
to-posterior perspective). A marked increase in radiodensity within the region of  interest (ROI) was 
observed with rhNELL-1 application, especially at the 1.7 mg/ml dosage. Next, radiographic evidence 
of  fusion was assessed based on our previously described methods (Table 3) (22). Control-treated and 
low-dose rhNELL-1–treated spinal fusion segments showed low radiographic evidence of  fusion (25% 
fusion rate among each treatment group). In contrast, high-dose rhNELL-1 resulted in 100% radio-
graphic evidence of  fusion. Next, microCT-based quantification of  bone within the interbody space 
was performed (Figure 1, C–G). In agreement with our qualitative findings, rhNELL-1 application led 
to an increase in BMD, percentage bone volume (BV/TV), and trabecular number (Tb.N) within the 
implant site. Conversely, rhNELL-1 treatment led to a reduction in trabecular spacing (Tb.Sp), while 
trabecular thickness (Tb.Th) remained unchanged in comparison with control. In order to test the 
biomechanical integrity of  the intervertebral space, a computerized simulation of  compression testing 
was performed. Here, a uniform 0.5 MPa force (used to simulate relaxed standing in human patients) 
was applied to random cubic volumes of  interest (VOIs) within the spinal fusion segment, as examined 
by finite element analysis (FEA) (Figure 1, H and I). RhNELL-1 application led to a reduced predicted 
stress among cubic VOIs with the same applied force, shown by colored renderings (Figure 1H) and 
quantitative analysis of  von Mises stress (Figure 1I).
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Figure 1. RhNELL-1 application in nonhuman primate lumbar spinal fusion: radiographic analysis. (A) Schematic diagram of nonhuman primate spinal 
fusion model. The rhNELL-1–based bone graft substitute was inserted within the spinal fusion cage. Contents of the spinal fusion cage are summarized 
in Table 1. Postoperative high-resolution microCT imaging was performed after 3 months. (B) Representative 3D anterior-posterior reconstructions of new 
bone within the interbody cage between lumbar vertebrae from PBS, 1.0 mg/ml rhNELL-1, and 1.7 mg/ml rhNELL-1 treatment groups at 3 postoperative 
months. (C–G) MicroCT analyses of the lumbar vertebral spinal fusion segment, including (C) bone mineral density (BMD), (D) bone volume/total volume 
(BV/TV), (E) trabecular bone thickness (Tb.Th), (F) trabecular spacing (Tb.Sp), and (G) trabecular number (Tb.N). (H and I) Computer-simulated biome-
chanical finite element analysis (FEA) and quantification of von Mises stress. Red color indicates areas of high calculated stress. n = 4 spinal fusion levels 
per treatment group, performed in single replicate. Values reported as mean ± SEM. *P < 0.05, **P < 0.01 in comparison with the PBS group using a 1-way 
ANOVA followed by a post-hoc Tukey’s test. #P < 0.05, ##P < 0.01 in comparison with the 1.0 mg/ml rhNELL-1 group. Scale bars: 1 mm.
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Next, histologic and histomorphometric analysis of  the spinal fusion segments was performed (Figure 
2). Goldner’s modified trichrome (GMT) and von Kossa-MacNeal’s tetrachrome (VKMT) demonstrated 
increased bone formation within the intervertebral segment of  rhNELL-1–treated samples, while control-
treated samples showed predominantly fibrous tissue (Figure 2A). Histomorphometric quantification of  serial 
VKMT-stained sections revealed a dose-dependent increase in bone formation with rhNELL-1 treatment 
(Figure 2B). Higher magnification images of  H&E-stained sections revealed that the scaffold carrier (demin-
eralized bone matrix) remained embedded in fibrous tissue and with minimal connections to adjacent demin-
eralized bone fragments in the control-treated samples (Figure 2C). In contrast, rhNELL-1–treated samples 
showed a marked increase in new lamellar bone connections with the bone matrix fragments, as well as asso-
ciated bone marrow elements and bone vascularization. Histomorphometric quantification of  the fusion site 
vascularity likewise showed a marked increase among rhNELL-1–treated samples (Supplemental Figure 3).

Increasing stromal cellularity within the rhNELL-1–treatment spinal fusion samples led us to examine 
in more detail the cellular constituents within rhNELL-1–treated samples (Figure 3). Sca-1 is expressed in 
multiple progenitor cell types. Recognizing this, we examined Sca-1 expression in relation to both endothe-
lial and hematopoietic cell markers. For this purpose, immunofluorescent detection of  CD31+ and CD45+ 
cells was used to highlight endothelial and hematopoietic cell types, respectively (green images, Figure 3A). 
Immunofluorescent detection of  Sca-1 expression was next performed (red images). Next, these 2 images 
were either overlaid on one another (appearing yellow, to identify Sca-1+CD45/CD31+ cells) or subtracted 
from one another to reveal Sca-1+CD45–CD31– stromal cells. No clear difference in total Sca-1+ cells was 
observed across treatment groups (red images). Likewise, no change in total CD45+ cells was seen across 
treatment groups. However, when CD45+ and CD31+ cells were removed, the remaining Sca-1+CD45–

CD31– cells were significantly increased in number among rhNELL-1–treated samples. Semiquantitative 
histomorphometric analysis of  relative staining area confirmed a marked increase in Sca-1+CD45–CD31– 
stromal cells with rhNELL-1 treatment (Figure 3B).

Nell-1 deficiency results in bone fragility with diminution of  the Sca-1+ MPC population. We previously exam-
ined the skeletal phenotype of  Nell-1–haploinsufficient (Nell-1+/6R) mice, showing that with skeletal aging a 
low-BMD, high-fragility bone phenotype emerges with reduced osteoblast numbers (4). Having observed 
a Sca-1+ stromal cell expansion with local rhNELL-1 application, we next returned to our previously 
described Nell-1+/6R mouse and examined the Sca-1+ stromal population within the bone marrow compart-
ment (Figure 4). First, immunofluorescent localization of  Sca-1+ stromal cells was performed, using simul-
taneous detection of  Sca-1, CD45, and CD31 (Figure 4, A and B). Representative images indicated that the 
majority of  Sca-1+ stromal cells are intramarrow stromal cells, with a few positive bone-lining cells (Figure 
4B). The semiquantitative analysis revealed a marked depletion in the number of  Sca-1+CD45–CD31– stro-
mal cells within the bone marrow of  Nell-1–deficient mice (Figure 4C). Next, and in order to further con-
firm these findings, flow cytometry for Sca-1+ MPCs was performed (Figure 4, D and E). After selecting 
for the CD45–CD31– population (P2), and positive selection for the progenitor cell markers CD105 and 
CD44 (P3), we next examined the expression of  Sca-1 (P4) (Figure 4D). Findings by flow cytometry dem-
onstrated that wild-type mice had a gradual reduction in Sca-1+ MPCs with age (as defined by the fraction 
of  Sca-1+CD45–CD31–CD105+CD44+ bone marrow cells, Figure 4E). Across all time points, Nell-1+/6R mice 
showed a marked reduction in Sca-1+ MPCs, which temporally preceded the development of  the low-BMD 
phenotype (4). We next confirmed these findings using a second Nell-1–deficient mouse, this one generated 
using the Cre-LoxP system (Figure 4F). Here, Nell-1fl/fl mice were crossed with CMV-Cre mice to result in 
constitutive loss of  Nell-1 expression (Nell-1fl/fl;CMV-Cre). Like the Nell-1+/6R mice, Nell-1fl/fl;CMV-Cre ani-
mals showed a marked reduction in Sca-1+ MPCs within the bone marrow compartment.

Table 1. Contents of each implant across treatment groups in nonhuman primate spinal fusion model

Treatment group Apatite-coated TCP (mg) RhNELL-1, total dose (mg) DBX (cc)
PBS 25 0 0.4
rhNELL-1 (1.0 mg/ml) 25 0.4 0.4
rhNELL-1 (1.7 mg/ml) 25 0.68 0.4

TCP, tricalcium phosphate; DBX, demineralized bone matrix.
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Systemic rhNELL-1 demonstrates anabolic effects with Sca-1+ MPC expansion. Recently, we reported that intra-
venous administration of  rhNELL-1 protein results in a marked anabolic effect in mice, and reverses the 
effects of  ovariectomy-induced loss of  BMD (4). Next, we replicated this protocol in nonovariectomized 
animals (Figure 5). RhNELL-1 or PBS control was administered by tail vein injection every 48 hours, as per 
our previous treatment regimen (4). Trabecular bone of  the distal femur was examined after 4 weeks of  treat-
ment. MicroCT analysis showed a qualitative increase in trabecular bone in the distal femoral metaphysis 
with rhNELL-1 treatment (Figure 5A). Quantitative analysis of  the trabecular bone was next performed by 
microCT (Figure 5, B–G). In agreement with our prior studies (4), results showed that rhNELL-1–treated 
samples had increased trabecular BMD, increased BV, and fractional BV/TV (Figure 5, B–D). Trabecular 
indices were also significantly changed, including increased Tb.Th, and a trend toward increased Tb.N (Fig-
ure 5, E–G). Dynamic histomorphometry within the trabecular bone of  the distal metaphysis was next per-
formed (Figure 5, H and I). Results showed a significant increase in mineral apposition rate (MAR) and 
bone formation rate among rhNELL-1–treated samples. Finally, computer-simulated (FEA) biomechanical 
analysis was performed of  the femoral midshaft (Figure 5, J and K). With a uniform compressive force, sig-
nificantly reduced von Mises stress was observed among rhNELL-1–treated samples (Figure 5K).

We next inquired as to whether rhNELL-1 intravenous administration correlated with any differences in 
the Sca-1+ MPC population within the bone marrow milieu. Immunofluorescent costaining for Sca-1, CD31, 
and CD45 was again performed (Figure 6). Although no difference in the total Sca-1 population was identi-
fied, a significant increase in the Sca-1+CD45–CD31– stromal population was appreciated (far right column, 
Figure 6A). Semiquantitative analysis of  immunofluorescent staining confirmed a significant increase in the 
Sca-1+CD45–CD31– stromal population (Figure 6B). Among bone-lining Sca-1+ cells, a large proportion of  
cells colocalized with the osteoblast marker osteocalcin (Ocn) (Supplemental Figure 4). To further confirm, 
flow cytometry of  mouse bone marrow with or without rhNELL-1 intravenous treatment was performed 
(Figure 6C). In agreement with immunohistochemical findings, we again observed a significant increase in 
the Sca-1+CD105+CD44+CD45–CD31– cell population among rhNELL-1–treated samples (Figure 6C).

NELL-1 regulates the transcription of  Sca-1, which requires intact Wnt signaling activity. NELL-1–mediated 
regulation of  the Sca-1 cell population could be exerted on many levels, including expansion of  an existing 
Sca-1+ population, or changing the Sca-1 expression within an existing Sca-1– cell population. To begin 
to dissect out this mechanism, the mouse multipotent cell line M2-10B4 was cultured in the presence or 
absence of  rhNELL-1 (Figure 6D). Remarkably, a significant increase in Sca-1 transcripts was seen when 
cells were placed either in growth medium (Figure 6D) or osteogenic differentiation medium (not shown). 
We previously demonstrated that the pro-osteogenic effects of  rhNELL-1 require intact Wnt/β-catenin sig-
naling (4). Cotreatment with the extracellular Wnt antagonist DKK1 was next undertaken. While DKK1 
alone showed no effect on Sca-1 transcript abundance, DKK1 completely abrogated the rhNELL-1–medi-
ated increase in Sca-1 transcripts. Thus, NELL-1–mediated transcriptional increase in Sca-1 requires intact 
Wnt/β-catenin signaling.

Discussion
In summary, we report that NELL-1 induces clinically significant bone formation when applied on either 
local or systemic levels, and that this is accompanied by an expansion of  Sca-1+ mesenchymal pro-
genitor/stromal cells. NELL-1 regulates Sca-1 transcript abundance, in a mechanism that requires intact 
Wnt/β-catenin signaling. Finally, a NELL-1–based bone graft substitute product results in successful 
lumbar spinal fusion in a clinically relevant nonhuman primate model.

Table 2. Anti–NELL-1 IgG serum levels during the course of spinal fusion in nonhuman primates

Treatment Groups Preoperative  
(mean OD ± SD)A

2 Postoperative weeks  
(mean OD ± SD)

12 Postoperative weeks 
(mean OD ± SD)

PBS 0.0695 ± 0.0033 0.0619 ± 0.0049 0.0644 ± 0.0024
rhNELL-1 (1.0 mg/ml) 0.0573 ± 0.0047 0.0611 ± 0.0064 0.0570 ± 0.0021
rhNELL-1 (1.7 mg/ml) 0.0548 ± 0.0029 0.0570 ± 0.0057 0.0539 ± 0.0022
AOD for blank control (mean OD ± SD) = 0.0222 ± 0.0020; OD for negative control (mean OD ± SD) = 0.0647 ± 0.0072; OD 
for positive control (mean OD ± SD) = 1.0831 ± 0.0430.
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Although we observed a clear 
linkage between Nell-1 signaling and 
Sca-1+ MPC numbers across multiple 
orthopedic models, the exact nature 
of  this link remains only partially 
elucidated. First, the exact identity of  
bone marrow–resident Sca-1+ MPCs 
is still poorly understood. In particu-
lar, it is unclear if  the Sca-1+CD45–

CD31– stromal population are bona 
fide MPCs, their committed osteo-
blastic progeny, or a combination of  
the 2. It is worthwhile to note that the 

same NELL-1–mediated increase in Sca-1+ cells was observed by multiple analytic methods, including 
immunofluorescent localization and flow cytometry. In the case of  immunofluorescent localization, Sca-1+ 
progenitors were examined as a fraction of  the nonhematopoietic, nonendothelial population. In the case 
of  flow cytometry, this was extended to examine Sca-1+ progenitors as a fraction of  the CD105+CD44+ 
progenitor cell population. In future studies, further MPC markers may be used for better delineation of  
the Sca-1+ progenitor subset expanded by NELL-1. Clues from Sca-1–null animals suggest that combinato-
rial influence on bona fide MPCs and more committed progeny may be more likely, as global loss of  Sca-1 
results in a wide spectrum of  cellular changes including a reduction in uncommitted stromal progenitors, a 
reduction in more committed osteoprogenitor cells, and clear reduction in mature osteoblastic activity (26).

In addition, the nature of  the link between NELL-1 and Sca-1+ MPCs is also not completely 
defined. We initially hypothesized that local NELL-1 implantation/administration may result in 
recruitment of  MPCs to sites of  bone injury, similar to the described function of  latent TGF-β released 
after bone injury (28). Nevertheless, our broader findings of  Sca-1+ MPC population changes with sys-
temic augmentation or deficiency in Nell-1 suggest more than a promigratory effect. Perhaps a mito-
genic effect underlies these changes in Sca-1+ MPC numbers. Previously we observed that NELL-1 
has context-specific mitogenic effects, and particularly that the short isoform of  Nell-1 appears to have 
greater pro-proliferative effects on MPCs than the more common long isoform (existing as 570 and 810 
amino acids, respectively) (7). Nevertheless, the mitogenic effects of  NELL-1 protein are modest and it 
is unclear if  this alone underlies the significant changes in Sca-1+ cell numbers observed here. Finally, 
we observed that NELL-1 controls Sca-1 gene expression under isolated in vitro conditions in a bone 
marrow stromal cell line in a process that is dependent on intact canonical Wnt signaling. This brings 
up the interesting possibility that NELL-1 induces a shift in phenotype among bone marrow stromal 
cells, with a resulting overall change to a larger Sca-1+ MPC subset.

Overall, NELL-1 possesses several practical and theoretical benefits as a potential anabolic therapy 
for bone. NELL-1 has documented tumor-suppression properties and its expression is lost in several 
carcinomas (32, 33). Recently, we documented high expression of  NELL-1 among several bone- and 
cartilage-forming tumors, but its expression does not correlate with benign and malignant tumor types 
(34, 35). Finally, NELL-1 has an excellent safety profile. Mice with constitutive Nell-1 overexpression 
have a normal lifespan, and are without abnormalities excepting the skeleton (2). Similarly, 5-day 
intravenous rhNELL-1 toxicity testing in mice found no gross pathologic, histopathologic, or bio-
chemical abnormalities (4). Likewise, no adverse effects were observed in the current nonhuman pri-
mate spinal fusion model. However, it is important to note that Nell-1 signaling has known functions 
in an array of  developmental processes, including neurogenesis (36), chondrogenesis (11), and vascu-
logenesis (37). With this in mind, a more thorough study of  these off-bone effects of  NELL-1 must be 
instituted before consideration of  rhNELL-1 as a clinical therapy.

In summary, we identify across orthopedic models that NELL-1 expands the population of  Sca-1–
expressing bone marrow MPCs. These observations ranged from a clinically relevant nonhuman primate 
model of  spine fusion, to intravenous treatment in the mouse. In each circumstance, a clear-cut link 
between NELL-1 treatment and Sca-1+ MPC numbers was seen. In sum, the present study describes a 
potentially new role for NELL-1 in the maintenance or expansion of  Sca-1+ mesenchymal progenitors, 
providing fresh insights into the cellular mediators of  NELL-1 in local and systemic bone formation.

Table 3. Nonhuman primate spinal fusion rates

Treatment Groups Percentage fused (%) Fraction fused (n/4)
PBS 25 1/4
rhNELL-1 (1.0 mg/ml) 25 1/4
rhNELL-1 (1.7 mg/ml) 100 4/4
Fusion rate of lumbar vertebral segment with PBS, 1.0 mg/
ml rhNELL-1, or 1.7 mg/ml rhNELL-1 treatment. Fusion rate was 
determined after 3 months, using CT images with 50% or greater 
area of contiguous bridging bone within the implant site. n = 4 spinal 
fusion levels per treatment group, performed in single replicate.
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Methods
Animal care. Matings were done overnight and females were examined for the presence of  vaginal plugs 
at 0.5 days postcoitum. Animal groups were of  mixed gender unless otherwise stated. C57BL/6 mice 
were obtained from Charles River Laboratories.

Heterozygote carriers of  the Nell-1+/6R gene were provided by the Mammalian Genetic Research Facil-
ity at Oak Ridge National Laboratory and were transferred with permission of  the Chancellor’s Animal 
Research Committee (4). The Nell-16R/6R mouse genotypes were identified from DNA extracted from 
clipped tails of  mutant and wild-type mice. The extracted DNA was amplified using microsatellite primers: 
D7Mit 315-L, TGATAACAAAACAGTCAGTATGAAGC; D7Mit 315, RCTGATCCATCTGTATGAT-
GTTACTTG. Mixed-gender animals were used unless otherwise stated.

Nell-1fl/fl mice were generated by flanking the exon 1–containing ATG site with loxP, and then 
removing the FRT-flanked Neo cassette with FLPo-deleter mice in the C57BL/6 background (obtained 
from the Jackson Laboratory, B6.Cg-Tg(Pgk1-flpo)10Sykr/J). CMV-Cre transgenic mice were pur-
chased from The Jackson Laboratory and used to obtain Nell-1fl/fl;CMV-Cre mice. Genotyping and 
gene expression of  Nell-1 were performed by PCR and quantitative reverse transcription PCR (qRT-
PCR), respectively, to confirm the knockout before isolating bone marrow MPCs for flow cytometric 

Figure 2. RhNELL-1 application in nonhuman primate lumbar spinal fusion: histologic analysis. (A) Goldner’s modi-
fied trichrome (GMT) and von Kossa-MacNeal’s tetrachrome (VKMT) staining of nonhuman lumbar vertebral spinal 
fusion segment from PBS, 1.0 mg/ml rhNELL-1, and 1.7 mg/ml rhNELL-1 treatment groups. Images are shown in coronal 
cross section and include the centrally located spinal fusion segment, with each vertebral body on the lower and upper 
aspects of the image. Scale bars: 1 mm. (B) Quantification of VKMT histomorphometric analysis. Three random fields 
within the spinal fusion segment were analyzed per slide, with 2–3 slides per sample. (C) Representative H&E staining 
of lumbar vertebral spinal fusion segment from PBS, 1.0 mg/ml rhNELL-1, and 1.7 mg/ml rhNELL-1 treatment groups. 
n = 4 spinal fusion levels per treatment group, performed in single replicate. **P < 0.01 compared with the PBS group. 
##P < 0.01 compared with the 1.0 mg/ml rhNELL-1 group, analyzed using a 1-way ANOVA followed by a post-hoc Tukey’s 
test. Bm, Bone marrow; DBX, demineralized bone matrix putty; Tb, trabecular bone.
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analysis. Mixed-gender animals were used unless otherwise stated. The Cre-negative littermates were 
used as wild-type control. All mice were housed in the light- and temperature-controlled UCLA vivar-
ium, and provided water and feed ad libitum.

All nonhuman primate care and surgical procedures was approved by the Institutional Committee 
on Laboratory Animal Use (IULAC) of  Shandong University. Male, 5- to 7-year-old Rhesus macaques 
(Macaca mulatta), each weighing an average of  5 to 8 kg, were used for intervertebral spinal fusion surgery. 
Monkeys were euthanized by barbiturate overdose at 3 months postoperatively. Whenever possible, ani-
mals were randomized with even distribution across treatment groups.

For all in vivo studies, all samples were included in subsequent analyses. No exclusion criteria were used.
Mouse rhNELL-1 intravenous injection. RhNELL-1 delivery by intravenous injection was instituted by 

lateral tail vein injection using a 25-gauge needle, as previously described (4). Animals were assigned to 
treatment groups by simple randomization. Drug administrators were completely blinded as to treatment 
groups. The dosage of  rhNELL-1 (1.25 mg/kg) was obtained as per prior studies (4). PBS served as a 
vehicle control. Each injection consisted of  a total 0.1 ml solution, and injection was performed every 48 
hours for the study period. Animals were sacrificed 4 weeks after initiating treatment.

Murine microCT and FEA. For rhNELL-1 treatment studies, high-resolution, postmortem microCT scanning 
and analysis were performed on the distal femoral metaphysis of murine samples. Samples were harvested, 
formalin fixed and imaged using high-resolution microCT (Skyscan 1172F) at an image resolution of 17.8 to 
28.2 μm and analyzed using DataViewer, Recon, CTAn, and CTVol software provided by the manufacturer. 
Trabecular analysis was performed on the distal femoral metaphysis, for which ROIs were drawn to exclude 
cortical bone. Reconstructions were performed using Osirix software, using coronal cross-sectional images with 
a 0.25-μm width. All quantitative and structural morphometric data use nomenclature described by the Ameri-
can Society for Bone and Mineral Research (ASBMR) Nomenclature Committee (38). MicroCT indices were 

Figure 3. RhNELL-1 application in nonhuman primate lumbar spinal fusion: 
immunohistochemical analysis. (A) Immunofluorescent staining of nonhu-
man primate lumbar vertebral fusion segment from PBS, 1.0 mg/ml rhNELL-1, 
and 1.7 mg/ml rhNELL-1 treatment groups. From left to right: CD31/CD45+ cells 
appear green, stem cell antigen 1+ (Sca-1+) cells appear red, CD31/CD45+Sca-1+ 
cells appear yellow, and on the far right CD31–CD45–Sca-1+ cells appear red after 
digitally removing yellow fluorescence. Scale bars: 50 μm. (B) Quantification 
of CD31–CD45–Sca-1+ immunofluorescent staining in A. Six random images per 
sample were analyzed. n = 4 spinal fusion levels per treatment group, performed 
in single replicate. Data reported as mean ± SEM. **P < 0.01 compared with the 
PBS group. ##P < 0.01 compared with the 1.0 mg/ml rhNELL-1 group, using a 
1-way ANOVA followed by a post-hoc Tukey’s test.
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compared to published norms to ensure accuracy of analysis and reporting (39–41). Whenever possible, all 
radiographic studies were performed and quantified in a blinded fashion.

For biomechanical testing, FEA was performed using microCT images converted to DICOM files using 
SKyScan Dicom Converter software (DicomCT application, Skyscan 1172F). Tetrahedral 3D mesh models 
were created using a VOI of  the mid femoral diaphysis using ScanIP software (Simpleware Limited). A 
constant thickness of  0.54 mm was used for each VOI. FEAs were performed using ABAQUS software ver-
sion 6.12 (Dassault Systèmes) with boundary conditions set as encastre, constrained in all directions. Next, 
we applied a uniform compressive pressure of  0.5 MPa on the superior surface of  the VOI. The von Mises 
stress experienced and total strain energy of  the samples were analyzed. n = 8 mice per genotype for FEAs.

Murine histologic analyses. For histology, all tissues were fixed in 10% PBS-buffered formalin. Mouse 
samples were decalcified in 19% EDTA, and embedded in paraffin. Five-micron-thick sections were made 
and stained with H&E (4). Histological specimens were analyzed using an Olympus BX51 microscope and 
images acquired using MicroFire digital camera with Picture Frame software (Optronics).

Immunofluorescent staining was performed for Alexa 488–conjugated CD31 (102414, Biolegend), 
Alexa 488–conjugated CD45 (103122, Biolegend), rat anti–mouse Sca-1 (51317, Abcam), and rabbit 
anti–mouse Ocn (sc-30045, Santa Cruz Biotechnology). Initially, sections were deparaffinized, dehy-
drated, rinsed, and incubated with 3% H2O2 for 20 minutes and then blocked with 0.1% BSA in PBS 
for 1 hour. All 3 primary antibodies were added to each section at a dilution of  1:200 and incubated at 
37°C for 1 hour and at 4°C overnight. Trypsin-induced epitope retrieval was performed for 20 minutes 
at room temperature, using the Digest-All 2 system (00-3008, Invitrogen). The ABC complex (Vector 
Laboratories) was applied to the sections after the incubation with a biotinylated anti-rat second-
ary antibody (Dako) or donkey anti–rabbit IgG-FITC (sc-2090, Santa Cruz Biotechnology). Positive 
immunoreactivity was detected following incubation and development with Texas Red Streptavidin 
(SA-5006, Vector Laboratories) at a dilution of  1:50. Slides were counterstained and mounted with 
Vectashield mounting medium for fluorescence with DAPI (H-1200, Vector Laboratories). Images 
(original magnification, ×200; 5–6 random fields per slide) were analyzed by semiquantitative anal-
ysis using the magic wand tool in Adobe Photoshop to quantify the relative stain intensity across 
groups. The relative stain intensity was determined by total area of  red fluorescence (representing 
Sca-1+CD45–CD31– cells) with a tolerance level of  30, adjusted for the total blue fluorescence (rep-
resenting the nuclear counterstain). Areas of  overlapping green and red fluorescence (Sca1+CD45/
CD31+) appeared as yellow, and were thus not included in the quantification. All image acquisition 
and analysis was performed in a blinded fashion.

For bone fluorescence-labeling studies, mice were injected intraperitoneally with calcein (20 mg/kg) 
and alizarin red complexion (50 mg/kg) at 9 days and 2 days before sacrifice, respectively. Femoral bones 
were dissected, fixed in 70% ethanol, dehydrated, and embedded undecalcified in methyl methacrylate. 
Coronal sections of  the distal femur at 5 μm thickness were analyzed using the OsteoMeasure morphom-
etry system (Osteometrics). For dynamic histomorphometry, the mineral apposition rate (MAR, μm/d) 
— the distance between the midpoints of  the 2 labels divided by the time between the midpoints of  the 
interval — was measured in unstained sections under UV light and used to calculate bone formation rate 
with a bone surface referent (BFR/BS, μm3/μm2/y). Bone formation rate per bone surface (BFR/BS) is 
the volume of  mineralized bone formed per unit time and per unit bone surface. All image acquisition and 
analysis was performed in a blinded fashion.

Figure 4. Nell-1 deficiency in mice results in reduced Sca-1+ progenitor cell numbers. (A) Immunofluorescent staining of CD31–CD45–Sca-1+ cells in mouse 
bone marrow of WT and Nell-1+/6R mice, analyzed at 3 months of age. From left to right: CD31/CD45+ cells appear green, stem cell antigen 1+ (Sca-1+) cells 
appear red, CD31/CD45+Sca-1+ cells appear yellow, and on the far right CD31–CD45–Sca-1+ cells appear red after digitally removing all yellow fluorescence. 
Scale bars: 50 μm. (B) At high magnification, the localization and type of CD31–CD45–Sca-1+ cells (arrows) was revealed, with the majority of cells residing 
in an intramarrow location, with scattered bone lining cells stained. Dashed white lines indicate margins of trabecular bone. DAPI nuclear counterstain 
appears blue. Scale bars: 25 μm. (C) Semiquantification of staining presented in A. Six random fields were analyzed per slide with 3 slides analyzed per 
sample. (D) Representative flow cytometry methods for Sca-1+ cell quantification. After selecting for the CD31–CD45– population (P2), and positive selec-
tion for the mesenchymal progenitor cell (MPC) markers CD105 and CD44 (P3), the subpopulation of Sca-1+ (P4) was then selected. (E) Flow cytometric 
analysis of CD31–CD45–CD105+CD44+Sca-1+ population in mouse bone marrow of WT and Nell-1+/6R mice, analyzed at 3, 7, and 18 months of age. Percentage 
of cells expressed as CD31–CD45–CD105+CD44+Sca-1+ cells over total CD31–CD45– cells. (F) Flow cytometric analysis of the CD31–CD45–CD105+CD44+Sca-1+ 
population in mouse bone marrow of CMV-Cre+Nell-1+/+ and CMV-Cre+Nell-1fl/fl mice at 3 months of age. Percentage of cells expressed as CD31–CD45–

CD105+CD44+Sca-1+ cells over total CD31–CD45– cells. Data reported as mean ± SEM. *P < 0.05 and **P < 0.01 compared with respective controls. Analyzed 
using a 2-tailed Student’s t test (C and F) or a 1-way ANOVA followed by a post-hoc Tukey’s test to compare between 2 groups (E).
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Flow cytometric analysis of  murine bone marrow. Whole bone marrow was flushed from the mouse 
bilateral femurs. Red blood cells were lysed using RBC lysis buffer (420301, Biolegend). Marrow cells 
(1 × 106) in suspension were stained with preconjugated CD45-FITC (103122, Biolegend), CD31-
FITC (102414, Biolegend), CD44-APC-Cy7 (560568, BD Biosciences), CD105-PE (562759, BD Bio-
sciences), and Sca-1-PE-Cy7 (558162, BD Biosciences) antibodies in 100 μl (0.25 μg per antibody) for 
20 minutes on ice. Nonspecific binding was blocked by incubation in FACS buffer (Life Technologies) 
containing 0.5% BSA and 40 nM EDTA (Sigma-Aldrich). Following incubation, the unbound anti-
bodies were removed using a 1-ml wash of  FACS buffer 3 times. Analyses were performed on a BD 
LSR II flow cytometer (BD Biosciences). The data were analyzed with FlowJo software. Experiments 
were performed in triplicate unless otherwise noted.

Figure 5. RhNELL-1 systemic injection in mouse: radiographic analysis. (A) MicroCT analyses of mice injected with PBS or rhNELL-1 
(1.25 mg/kg). (B–G) Absolute change in bone mineral density (BMD), bone volume (BV), bone volume/tissue volume (BV/TV), 
trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular spacing (Tb.Sp) among control- and rhNELL-1–treated distal 
femoral metaphysis by microCT quantification. (H and I) Calcein/alizarin red complex on bone labeling and quantification of min-
eral apposition rate (MAR) and bone formation rate (BFR). Red and green arrows highlight the space between fluorochrome labels. 
Scale bar: 25 μm. (J and K) Finite element analysis (FEA) and quantification of von Mises stress within the femoral midshaft. Data 
reported as mean ± SEM. n = 5–6 samples per group, single replicate. *P < 0.05, **P < 0.01 compared with the PBS group, using a 
2-tailed Student’s t test.
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Cell culture and gene expression analyses. The M2-10B4 stromal cell line was cultured in DMEM + 
10% FBS (ATCC, CRL-1972, lot 58696031) within 6 months of  mycoplasma contamination testing. 
Cells were seeded on 6-well plates at a density of  5 × 104/well, and cells were treated with rhNELL-1 
(300 ng/ml) and/or DKK-1 protein (50 ng/ml) with medium changed every day. Gene expression 
was analyzed at the indicated time point by qRT-PCR. RNA was extracted using TRIzol (Life Tech-
nologies; according to the manufacturer’s instructions) and the first strand complementary DNA 
was synthesized from 1 μg of  total RNA using a SuperScript III First-Strand Synthesis System (Fer-
mentas). qRT-PCR was performed using a 7300 Real-Time PCR System machine with SYBR Green 
Real-Time PCR Master Mixes (both Life Technologies). The targeted primer sequences for Sca1 are 
5′-CGAGGGAGGGAGCTGTGAGGTT-3′ and antisense, 5′-GAGGGCAGATGGGTAAGCAAA-

Figure 6. RhNELL-1 systemic injection in mouse 
results in an increased Sca-1+ cell population. (A) 
Immunofluorescent staining of CD31–CD45–Sca-1+ 
cells in mouse bone marrow after intravenous injec-
tion with PBS or rhNELL-1 (1.25 mg/kg). From left to 
right: CD31/CD45+ cells appear green, stem cell anti-
gen 1+ (Sca-1+) cells appear red, CD31/CD45+Sca-1+ 
cells appear yellow, and on the far right CD31–CD45–

Sca-1+ cells appear red after digitally removing 
all yellow fluorescence. Scale bars: 50 μm. (B) 
Quantification of immunofluorescent staining in 
A. Five to 6 random fields were analyzed per slide, 
with 2–3 slides per sample. (C) Flow cytometric 
analysis of CD31–CD45–CD105+CD44+Sca-1+ popula-
tion in mouse bone marrow injected intravenously 
with PBS or rhNELL-1 (1.25 mg/kg). Percentage of 
cells expressed as CD31–CD45–CD105+CD44+Sca-1+ 
cells over total CD31–CD45– cells (P4/P2). **P < 0.01 
compared with PBS group. n = 4 samples per group. 
(D) Gene expression analysis of Sca-1 in M2-10B4 
cells treated with rhNELL-1 (300 ng/ml) and/or the 
Wnt signaling inhibitor DKK1 (Dickkopf1, 50 ng/
ml) at 1, 3, and 6 days. Data performed in triplicate 
wells, single biologic replicate. Data reported as 
mean ±SEM. **P < 0.01. Analyzed using a 2-tailed 
Student’s t test (B and C) or a 1-way ANOVA 
followed by a post-hoc Tukey’s test to compare 
between 2 groups (D).
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GAT-3′; and β-actin, 5′-GAGCAAGAGAGGTATCCTGAC-3′ and antisense, 5′-TTCATGGATGC-
CACAGGATTC-3′. The data were normalized to the geometric means of  the reference genes β-actin 
and analyzed using a comparative Ct method where ΔCt is the difference between the Ct values of  the 
target and the geometric mean of  the reference genes.

Nonhuman primate spine fusion preparation and surgery. Six nonhuman primates were used for intervertebral 
spinal fusion surgery, with methods adopted from our prior reports in ovine spinal fusion (22). As in prior 
reports, a 2-level spinal fusion was performed (on lumbar levels L3/4 and L5/6), yielding 2 data points per 
animal. The scaffold material consists of  a DBX putty, provided by the Musculoskeletal Transplant Founda-
tion. DBX putty consists of  morselized Rhesus macaque cortical-cancellous demineralized bone chips with 
sodium hyaluronate, and was chosen for its proven osteoinductive characteristics and clinical translational 
potential (human DBX is already 510(k) approved). For extended protein release, rhNELL-1 was lyophilized 
onto apatite-coated β-TCP (aTCP) particles, as previously described (Supplemental Figure 1) (42). aTCP par-
ticles provide extended release kinetics of  rhNELL-1 over unmodified β-TCP (42). Four spinal fusion sites 
per treatment group were randomly allocated to treatment groups as follows: (a) scaffold alone, consisting 
of  DBX scaffold with PBS-loaded aTCP particles, (b) DBX with rhNELL-1–loaded aTCP particles (1.0 mg/
ml rhNELL-1), and (c) DBX with rhNELL-1–loaded aTCP particles (1.7 mg/ml rhNELL-1). Spinal fusion 
contents are summarized in Table 1. Microparticle surface morphology was observed by scanning electron 
microscopy (SEM; JEOL JSM-6700). Before SEM analysis, samples were mounted on aluminum stubs and 
carbon coated. RhNELL-1 protein was produced by Aragen Bioscience.

Prior to surgical instrumentation, the release kinetics of rhNELL-1 from aTCP was assessed (Supplemental 
Figure 1). Ten micrograms of rhNELL-1 protein was lyophilized onto 50 mg of aTCP particles. The protein-
adsorbed particles were immersed in 1 ml of 10 mM PBS (pH 7.4) at 37°C under gentle shaking. The particles 
were centrifuged for medium collection and the supernatant was replaced with 1 ml of fresh solution after 0, 1, 3, 
5, 7, 10, and 14 days. The released protein was measured using the 3-(4-carboxybenzoyl)quinoline-2-carboxalde-
hyde protein assay (Invitrogen). Measurements were performed in triplicate and the amount of protein released 
was summed with the amount from previous time points and expressed as cumulative release.

For the surgical treatment allocation, block randomization was used to ensure equal treatment group sizes. 
Surgeons were completely blinded to treatment group. Briefly, a ventrolateral retroperitoneal approach to L3/
L4 and L5/L6 was made through the oblique abdominal muscles to the plane ventral to the L3–L6 transverse 
processes. Using a vertebral spreader, the disc space was opened and the radiolucent cage (Vertebral Spacer-CR; 
Synthes) containing the treatment components was pressed into place. As the spinal fusion contents appeared 
visually identical between groups, no unblinding of the operating surgeons was observed. A 3-hole titanium 
plate was then applied on the dorsal surface of the operated vertebral bodies with 2 screws at the each end of the 
plate. The external abdominal muscular fascia and subcutaneous tissue were sutured for completion.

Nonhuman primate analyses. Analysis of  nonhuman primate spinal fusion samples was performed by 
CT, microCT, FEA, histology, immunohistochemistry, and histomorphometry. Radiographs of  the fusion 
sites were taken immediately prior to and after surgery for monitoring the cage position as well as at 2 
and 3 months after surgery to follow the progression of  the fusion. CT images were taken under general 
anesthesia. Successful spine fusion at the 3-month time point was defined as a 50% or greater area of  con-
tiguous bridging bone within the implant by radiographic evaluation. At 3 months, the L3/L4 and L5/
L6 regions were removed after sacrifice and fixed in formaldehyde for subsequent analyses. Postmortem, 
high-resolution microCT scanning of  individual spinal fusion segments was performed similarly to mouse 
studies. MicroCT quantitative analysis of  the spinal fusion segment was performed postmortem. Measure-
ments were made using an ROI of  the spinal fusion segment, excluding native bone.

FEA (simulated biomechanical) was performed using microCT images converted to DICOM files using 
SKyScan Dicom Converter software. Tetrahedral 3D mesh models were created by drawing a random 2 × 2 × 2 
mm cubic VOI within the spinal fusion segment, using ScanIP software. The selection was then segmented using 
Mimics’ intensity threshold (range, 1,250–4,095) in Mimics software (version 16.0; Materialise, http://www.
materialise.com). 3-matic (version 8.0; Materialise) was used to remesh these 3D mesh models with a shape 
quality threshold of 0.3 height/area, and a maximum triangle edge length of 0.1 mm. Following remeshing, 
the 3D cube models had an average of 271,000 elements. With the meshed models, FEA was performed using 
ABAQUS software. Material properties of the cancellous bone were assumed to be isotropic, homogeneous, and 
linearly elastic, with a Young’s modulus of 3.5 GPa and a Poisson’s ratio of 0.25 (23). Boundary conditions were 
set to encastre, constraining all translations and rotations on the lower (caudal) border nodes of the 3D cube 
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models. Next, we applied a uniaxial compressive stress force of 0.5 MPa on the superior surface of the 3D cubic 
VOIs to reproduce the physiologic, intradiscal pressure experienced in humans relaxed, standing to the upper 
(rostral) border nodes of the L4 vertebral body (43). Finally, the von Mises stress experienced by the samples was 
analyzed. All radiographic analyses, including ROI/VOI construction, were performed in a blinded fashion.

For histology, tissues were formalin fixed and either resin embedded for histology and histomor-
phometry, or paraffin embedded for immunohistochemistry. Histologic stains included H&E, GMT, 
and VKMT. Histological specimens were analyzed using an Olympus BX51 microscope and images 
acquired using a MicroFire digital camera with Picture Frame software. Histomorphometry was per-
formed on serial VKMT-stained sections and are represented as percentage bone area, using 2–3 slides 
per sample and 3 random images per slide (4). Immunohistochemistry and semiquantitative analysis 
for CD31, CD45, and Sca-1 were performed as per mouse studies.

At 2 and 12 postoperative weeks, development of anti–NELL-1 IgG antibodies was assayed by serum ELI-
SA measurements. RhNELL-1 protein was used as the antigen to coat 96-well polystyrene microtiter plates (1 
μg/ml at a volume of 100 μl per well) by incubation overnight at 4°C. The plates were washed 5 times with 
PBS supplemented with 0.05% Tween-20 (PBST), and nonspecific binding was blocked with 100 μl per well of  
Tris-based diluents containing 1% BSA and 3% normal goat serum for 1 hour at room temperature. Plates were 
washed another 5 times and then 100 μl of diluted monkey serum (1:10) in Tris-based diluents from each treat-
ment group was added. Negative control sera was collected from monkeys without any treatment. The plate was 
incubated for 1 hour at 37°C followed by 6 washes in PBST. HRP-conjugated goat anti-monkey IgG (1:50,000 
and 1:100,000 dilution) or goat anti–rabbit IgG (1:50,000 and 1:100,000 dilution) was added at 100 μl per well 
and incubated for 30 minutes at 37°C. The plate was then washed 6 times in PBST, and a colorimetric reaction 
was developed with 100 μl/well of Vector Laboratories’ Vectastain Universal Elite ABC Kit. After a 15-minute 
incubation in the dark at 37°C, the reaction was stopped by adding 50 μl per well of 4N H2SO4. The OD was 
measured with an ELISA microplate reader at 490 nm. All tests were carried out in duplicate.

Statistics. Quantitative data are expressed as the mean ± SEM unless otherwise described, with 
*P < 0.05 and **P < 0.01 considered significant. A Shapiro-Wilk test for normality was performed 
on all datasets. Homogeneity was confirmed by a comparison of  variances test. Parametric data were 
analyzed using an appropriate 2-tailed Student’s t test when 2 groups were being compared, or a 1-way 
ANOVA was used when more than 2 groups were compared, followed by a post-hoc Tukey’s test to 
compare 2 groups. Nonparametric data were analyzed with a Mann-Whitney U test when 2 groups 
were being compared or a Kruskal-Wallis 1-way analysis when more than 2 groups were compared. 
Sample size calculations are as follows: for experiments presented in Figures 1–3, initial animal num-
bers were based on an α = 0.05, power = 0.8, and an anticipated effect size of  3.73 (based on our previ-
ously published data in sheep spinal fusion) (27). For experiments presented in Figures 5 and 6, initial 
animal numbers were based on an α = 0.05, power = 0.8, and an anticipated effect size of  2.69 (based 
on our previously published data in local rhNELL-1 injection in ovariectomized rats) (44). In vitro 
experiments were performed in biological triplicate, unless otherwise described. In vivo experiments 
were performed without replicate, unless otherwise described.

Study approval. All mice were cared for according to institutional guidelines set by the Chancellor’s Ani-
mal Research Committee of  the Office for Protection of  Research Subjects at UCLA as well as the UCLA 
Office of  Animal Research Oversight. All nonhuman primate care and surgical procedures were approved 
by the IULAC of  Shandong University.
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