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Abstract

Arthritis, an inflammatory condition that causes pain and cartilage destruction in joints, affects 

over 54.4 million people in the US alone. Here, for the first time, we demonstrated the emerging 

role of Neural EGFL like 1 (NELL-1) in arthritis pathogenesis by showing that Nell-1- 
haploinsufficient (Nell-1+/6R) mice had accelerated and aggravated osteoarthritis progression with 

elevated inflammatory markers in both spontaneous primary osteoarthritis (OA) and chemical-

induced secondary OA models. In the chemical-induced OA model, intra-articular injection of 

interleukin (IL)1β induced more severe inflammation and cartilage degradation in the knee joints 

of Nell-1+/6R mice than in wildtype animals. Mechanistically, in addition to its pro-chondrogenic 

potency, NELL-1 also effectively suppressed the expression of inflammatory cytokines and their 

downstream cartilage catabolic enzymes by upregulating runt-related transcription factor 

(RUNX)1 in mouse and human articular cartilage chondrocytes. Notably, NELL-1 significantly 

reduced IL1b-stimulated inflammation and damage to articular cartilage in vivo. In particular, 

NELL-1 administration markedly reduced the symptoms of antalgic gait observed in IL1β-

challenged Nell-1+/6R mice. Therefore, NELL-1 is a promising pro-chondrogenic, anti-

inflammatory dual-functional disease-modifying osteoarthritis drug (DMOAD) candidate for 

preventing and suppressing arthritis-related cartilage damage.
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Introduction

Arthritis appears in over 100 identified diseases that can damage any joint in the body, 

causing inflammation that results in pain, stiffness, swelling, and decreased motion [1, 2]. 

As the leading cause of disability among adults, arthritis has been diagnosed in more than 10 

million people in the United Kindom [1] and approximately 54.4 million people in the 

United States [2, 3]. In particular, osteoarthritis (OA) is the most common form of arthritis 

and affects around 18% of women and 10% of men over the age of 60 [4]. Unfortunately, the 

traditional use of analgesia [5] is insufficient for curative treatment since it does not reduce 

inflammation and cartilage damage [5–7]. Multiple adverse side-effects in the 

musculoskeletal, cardiovascular, and gastrointestinal systems [8–10] challenge the use of 

glucocorticoids as safe arthritis treatments, and nonsteroidal anti-inflammatory drugs 

(NSAIDs) reduce pain and inflammation in the short-term but do not effectively control 

arthritis progression [6]. Even more disappointing, the efficacy of disease-modifying 

antirheumatic drugs (DMARDs) that postpone rheumatoid arthritis (RA) progression by 

slowing or suppressing inflammation has not been replicated in OA clinical trials via 
systemic or local administration [11–13]. This likely occurs because these therapeutics do 

not directly manage cartilage destruction—the primary cause of OA [4, 6, 7, 14].

In order to combat the cartilage destruction seen in OA [4], the recent search for new OA 

therapeutics is shifting from synthetic chemicals to biological molecules, with a specific 

focus on pro-chondrogenic growth factors [7, 15–20]. For instance, neural EGFL-like 1 
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(NELL-1) is a novel pro-chondrogenic molecule that enhances the proliferation, 

chondrogenic differentiation, and maturation of chondrogenic-committed cells and their 

progenitors in vitro [21, 22]. As an extracellular matrix (ECM) molecule expressed in 

articular cartilage [21], NELL-1 alone is sufficient to promote cartilage regeneration without 

osteophyte formation in rabbit knee criticalsized, full-thickness subchondral defects [23]. 

Moreover, our recent studies identified a novel signaling cascade of NELL-1 → nuclear 

factor of activated T-cells (NFATc)1 → runt-related transcription factor (RUNX)3 → 
Indian hedgehog (IHH) in articular chondrocytes, which is essential for NELL-1’s pro-

chondrogenic bioactivities [22, 24, 25]. Inspired by the genome-wide association study 

(GWAS) that associated single nucleotide polymorphisms (SNPs) within the NELL-1 gene 

with ankylosing spondylitis and psoriatic arthritis [26–28], the current study is intended to 

determine the role of NELL-1 in the pathogenesis of OA and its potential therapeutic 

benefits.

Materials and Methods

In silico prediction

In vitro half-life (t1/2) and the time required for reduction to 10% of the original mature 

human NELL-1 protein content (t90) in mammalian cells were predicted by the online server 

ProtParam (https://web.expasy.org/protparam/). The NELL-1 t1/2 is approximately 1.1 h and 

the t90 is less than 6 h in mammalian cells in vitro. These predictions were further confirmed 

by ProtLifePred (http://protein-n-end-rule.leadhoster.com/).

Genomatix Software v3.10 (Genomatix AG, Munich, Germany) was used to predict the 

potential binding motifs of RUNX1 and NFATc1 in chondrocytes/cartilage. The sites were 

computationally projected with predefined transcriptional factor binding modules [29].

Human arthritic cartilage

Human arthritic cartilage samples were obtained from patients of both sexes between the 

ages of 32 and 92 undergoing knee arthroplasty with an institutional review board (IRB) 

exemption since no donor identities were provided for these samples. These pre-fixed 

samples were used for histological and immunobiological analyses only. Meanwhile, 

primary adult human articular chondrocytes (hARCs) isolated from normal/healthy (NM), 

OA, and RA donors were purchased from Cell Application Inc. (San Diego, CA, US) and 

cultured according to the manufacturer’s instructions for in vitro investigations.

Animal maintenance

All the experiments on live mice were performed under an institutionally approved protocol 

provided by the Chancellor’s Animal Research Committee at UCLA (protocol numbers: 

2014-041 and 2013-013). Due to N-ethyl-N-nitrosourea (ENU)-induced homozygous 

Nell-1-deficient (Nell-16R/6R) mice having a severely reduced expression of Nell-1 that 

results in neonatal death [30], Nell-1-haploinsufficient (Nell-1+/6R) mice (a well-established 

loss-of-function model [22, 24, 25]) were examined in the current investigation. Mice were 

bred and maintained as previously described [22, 24, 25], and their genotypes were 

determined by polymerase chain reaction (PCR). Genetic knockdown of Nell-1 was also 
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confirmed by immunofluorescence (IF) staining in the tibia cartilage of newborn Nell-1+/6R 

mouse knees (Supplementary Fig. 1).

Primary osteoarthritis model

Slowly progressing OA in animals, such as in mice, closely simulates the natural progression 

of human primary OA [31]. Wild-type (WT) and Nell-1+/6R mice at 1 month old (a 

prepubescent stage for mice that developmentally approximates 12.5 years of age in humans 

[32, 33]), 3-months-old (a young mature adult stage for mice that developmentally 

approximates 20 years of age in humans [33]), and 18-months-old (a senescent stage for 

mice that developmentally approximates >50 years of age in humans [33]) were used to 

understand Nell-1’s activities in the pathogenesis of OA. Since the prevalence of OA in 

human is significantly higher in women than men [4], female mice were chosen for this 

proof-of-concept study. Special focus was directed to the medial tibial plateau area, which is 

one of the most critical loadbearing areas in the body [34]. The mice were euthanized with 

an overdose of phenobarbital (Piramal Healthcare, Maharashtra, India), and their right hind 

limbs were harvested for histological and IF staining. Expression levels of Nell-1 in the 

medial tibial plateau cartilage were monitored using laser-capture microdissection (LCM)-

coupled quantitative real-time PCR (Supplementary Fig. 2) as described below.

Secondary osteoarthritis model

An imbalance in chondrocyte functions, which can be induced by outside stimuli such as the 

presence of inflammatory cytokines, leads to the progression of degenerative conditions like 

OA. In particular, the local elevation of IL1β in rodent knee joints has been shown to induce 

OA-like symptoms [35–37]. Thus, a well-documented modified direct mouse intra-articular 

IL1β injection model [38] was used to simulate secondary OA-like damage in vivo [31]. 

Briefly, under isoflurane anesthesia (5% for anesthesia induction and 2% for maintenance), a 

Hamilton syringe with a 29-gauge needle was inserted through the patellar ligament into the 

joint space of the right knee of 2.5-month-old female WT or Nell-1+/6R mice. Since the in 
vivo elimination t1/2 of NELL-1 is 5.5 h [39], the intra-articular injection was performed 

twice daily by the same surgeon to avoid variation in technique. For each genotype, animals 

were randomly assigned to the four treatment groups (6 mice per group; Fig. 1) before the 

first injection: ‘Control’ group: 6 μl phosphate-buffered saline (PBS) per injection for 14 

days; ‘NELL-1’ group: 6 μl PBS per injection for 7 days followed by 2 μg recombinant 

human NELL-1 (Aragen Bioscience, Inc., Morgan Hill, CA, US) in 6 μl PBS per injection 

for another 7 days; ‘IL1β’ group: 100 ng recombinant human IL1β (PeproTech, Inc., Rocky 

Hill, NJ, US) in 6 μl PBS per injection for 14 days; and ‘IL1β + NELL-1’ group: 100 ng 

IL1β in 6 μl PBS per injection for 7 days to trigger the inflammation, while 100 ng IL1β + 2 

μg NELL-1 in 6 μl PBS per injection was administered for an additional 7 days. It is worth 

noting that, in the ‘IL1β + NELL-1’ group, IL1β was injected along with NELL-1 in the 

second 7 day injection period to avoid the influence of spontaneous cartilage recovery after 

withholding IL1β, which was previously observed [35, 40, 41], and to more accurately 

mimic the pathological OA condition in which inflammatory stimulation is persistent. For 

gait analyses, videos were captured on day 7 and 14 and evaluated independently by three 

experienced physicians in a blinded fashion before the animals were sacrificed for 

histological analysis. An established gait scoring system, which was previously used in an 
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inflammatory monoarthritic mouse model [42], was adapted to examine impacts on animal 

behavior (Supplementary Table 1) as recommended [43].

Histological and IF staining

The mouse hind limb and human arthritic cartilage samples were fixed in 4% 

paraformaldehyde (MilliporeSigma; Burlington, MA, US) at 4°C for 24 h and decalcified 

with 19% ethylenediaminetetraacetic acid (pH 8.0; MilliporeSigma) for 21 days prior to 

paraffin embedding and sectioning at a thickness of 5 μm. Hematoxylin and eosin (H&E) 

staining was performed for histological analysis, while safranin O staining was conducted 

with the NovaUltra™ Safranin O staining Kit (IHC World, LLC, Woodstock, MD, US) 

according to the manufacturer’s instructions. Primary antibodies against type II collagen (N-

N6B3, 1:20; Developmental Studies Hybridoma Bank, Iowa City, IA, US), IL1β (ab9722, 

1:400; Abcam, Cambridge, MA, US), IL6 (TA500067, 1:50; Origene, Rockville, MD, US), 

matrix metallopeptidase (MMP)13 (ab39012, 1:200; Abcam), bone morphogenetic protein 

(BMP)6 (ab155963, 1:200; Abcam), BMP7 (ab84684, 1:1000; Abcam), RUNX1 (ab35962, 

1:1000, Abcam), and NELL-1 (ABP-PAB-11648, 1:75; Allele Biotech, San Diego, CA, US) 

were used for IF staining. The Vector® M.O.M.™ Immunodetection Kit (Vector 

Laboratories, Inc., Burlingame, CA, US) was employed to locate mouse primary antibodies 

on mouse tissue. 4’,6-diamidino-2-phenylindole (DAPI; MilliporeSigma) was used for 

nuclear counterstaining.

Laser-capture microdissection (LCM)

For LCM, fresh-cut tissue sections at 10 mm were mounted on polyethylene naphthalate 

(PEN) Membrane Glass Slides (2.0 μm, MicroDissect GmbH, Herborn, Germany). To 

visualize the medial tibial plateau area, tissue sections were stained with Cresyl Fast Violet 

and completely air dried before microdissection [44]. Tibial cartilage was microdissected on 

a Leica LMD7000 system (Leica, Buffalo Grove, IL, US). After microdissection, the excised 

region was examined microscopically (Supplementary Fig. 3) and was kept on ice until RNA 

isolation.

In vitro mechanism of action investigation

To gain initial insight into the mechanism underlying NELL-1’s anti-arthritic bioactivities, 

primary articular cartilage chondrocytes were utilized for the in vitro investigation because: 

(1) chondrocytes are primary contributors to articular cartilage structural support, metabolic 

activities, and critical maintenance functions, such as ECM secretion, within joints [45]; (2) 

chondrocytes are a confirmed cell source that secretes NELL-1 [21, 22, 24, 25]; (3) local 

secretion of proinflammatory cytokines, including IL1β, IL6, and tumor necrosis factor 

(TNF)α [46–49] by articular chondrocytes can activate their autocrine loops, which are 

essential for the initiation and progression of arthritis [50–53]; and (4) the regulatory roles of 

these proinflammatory cytokines are at least partially independent from those of synovial 

and immune cells [53]. In particular, previous studies have confirmed that proinflammatory 

cytokines, including IL1β, can induce arthritis-like biological changes in articular 

chondrocytes in vitro [53]. Expression of proinflammatory cytokines IL1β, IL6, and TNFα, 

their downstream catabolic markers MMP13 and ADAM metallopeptidase with 

thrombospondin type 1 motif (ADAMTS)5, which are major contributors to ECM 
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degradation during arthritis progression [54, 55], the chondrocyte-secreted inflammatory 

maker prostaglandin-endoperoxide synthase (PTGS)2 [53], and the anabolic marker type II 

collagen (encoded by COL2α1) were evaluated. Based on aforementioned in silico 
predictions, all assessments were conducted in the 6 h post-treatment window since the t90 

of NELL-1 was estimated to be less than 6 h in mammalian cells.

Primary mouse articular chondrocyte isolation and cultivation

Primary mouse articular cartilage chondrocytes (mARCs) were isolated and cultivated as 

previously described [56–58]. Briefly, small pieces of articular cartilage, located at distant 

sites from the synovial tissue, were removed from 3-month-old female WT or Nell-1+/6R 

mice. These cartilage tissues were digested in 1.5 mg/ml collagenase B (MilliporeSigma) at 

37°C overnight to achieve single-cell suspensions. After rinsing with Dulbecco’s Modified 

Eagle’s Medium (DMEM), mARCs were cultured in a basal culture medium [DMEM with 

10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin]. The 

medium was changed every 3 days, and the cells were passaged at 70~90% confluence. All 

of these cell culture reagents were purchased from Thermo Fisher Scientific (Canoga Park, 

CA, US).

Gene expression analysis

Chondrogenic-committed ATDC5 cells were obtained from the RIKEN Cell Bank (Tsukuba, 

Japan) and cultured in DMEM/Ham’s F-12 medium (Thermo Fisher Scientific) containing 

5% FBS. Passage 2 primary mARCs, isolated from 3-month-old female WT and Nell-1+/6R 

mice, and commercially available primary hARCs were also used for gene expression 

analysis. Subconfluent cells were subjected to serum starvation (0.1% FBS) for 18 h and 

stimulated with 10 ng/ml recombinant human IL1α with or without 0.8 or 2.0 μg/ml 

recombinant human NELL-1.

Total RNA isolated by the RNeasy® Mini Kit (for ATDC5 cell, mARCs, or hARCs; Qiagen, 

Germantown, MD, US) or the RNeasy® FFPE Kit (for mouse cartilage samples obtained by 

LCM; Qiagen) with DNase treatment was used for reverse transcription with the iScript™ 

Reverse Transcription Supermix for RT-qPCR (Bio-Rad Laboratories Inc., Hercules, CA, 

US). In particular, tibial cartilage samples collected from two animals were pooled together 

for RNA isolation to obtain enough RNA for analysis. One μl of reverse transcription 

product was used for real-time PCR with SsoAdvanced™ Universals Probes Supermix (Bio-

Rad Laboratories Inc.) and TaqMan® primers/probe sets (Supplementary Table 2; Thermo 

Fisher Scientific) on a QuantStudio3 system (Thermo Fisher Scientific). For each individual 

real-time PCR assay, three independent reserve transcription reaction products were used as 

templates and tested in duplicate.

Enzyme-linked immunosorbent assay (ELISA)

The mouse IL-6 Platinum ELISA Kit (Cat. # BMS603–2), mouse TNF alpha Uncoated 

ELISA Kit (Cat. # 88–7324), human IL-6 ELISA Kit (Cat. # BMS213–2), human TNF 

alpha Uncoated ELISA Kit (Cat. # 88–7346), and human MMP-13 ELISA Kit (Cat. # 

EHMMP13) were purchased from Thermo Fisher Scientific, while the mouse Mmp13 

ELISA Kit was purchased from MyBioSource.com (Cat. # MBS2884671; San Diego, CA, 
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US). Five x 104 cell/well in 24-well plates were treated with 1 ml medium. Cell culture 

medium was collected 6 h post-treatment for ELISA analyses according to the 

manufacturers’ instructions.

Reduced representation bisulfite sequencing (RRBS)

RRBS was conducted by the Technology Center for Genomics & Bioinformatics at UCLA. 

Briefly, gDNA was extracted from NM-, OA-, and RA-hARCs using the AllPrep 

DNA/RNA/Protein Mini Kit (Qiagen). Library preparation began by using the Nextflex® 

Bisulfite-Seq Library Prep Kit followed by a MspI restriction enzyme digestion 

(PerkinElmer, Waltham, MA, US). First, digestion was performed, end-repair and ligation of 

Met-Seq adapters followed, and size selection occurred subsequently. Bisulfite conversion 

was performed using the EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA, US). 

The subsequent step consisted of PCR amplification for 17 cycles. This library was 

sequenced on a 150 bp, pair-end, HiSeq 3000 (Illumina, San Diego, CA, US) sequencing 

run. Data quality checks were performed on the Illumina SAV. Demultiplexing was 

performed with the Illumina Bcl2fastq2 v2.17 program. Sequencing data were aligned to the 

GRCh37 (hg19) genome via Bismark [59]. Alignment was quantified and translated to total 

CpG count using Bismark’s Methylation Extractor module. More than 90% of the reads 

were aligned to the genome (Supplementary Table 3), which was in the standard range for 

RRBS. Differential methylation was performed using diffmeth and annotation was 

performed with identgeneloc, which are modules that are included in the DMAP package 

[60].

RNA interference (RNAi)

Plasmid packages harboring shRNA that targeted mouse Runx1 (G151145_0-3) and Nfatc1 
(TG5010315_A-D), respectively, were purchased from OriGene (Rockville, MD, USA) and 

used to create stable ATDC5 knockdown cell lines with 4 μg/ml puromycin (Thermo Fisher 

Scientific) following the ‘Application Guide’ provided by the vendor. A scramble control 

vector (TR30013) provided by OriGene was also used to establish a stable control ATDC5 

cell line.

Statistics

All statistical analyses were conducted in consultation with the UCLA Statistical 

Biomathematical Consulting Clinic. The sample size for each individual experiment is 

presented in the respective figure legends. For the gene expression and ELISA assays, one-

way ANOVA and two-sample t-test analyses were performed by OriginPro 8 (Origin Lab 

Corp., Northampton, MA, USA), while the Kruskal-Wallis ANOVA, Mann-Whitney U test, 

or paired-sample Wilcoxon test were used to analyze gait scoring. For all data presented in 

this manuscript, P < 0.05 (*) was considered a suggestive difference, while P < 0.005 (**) 

was recognized as a statistically significant difference based on a recent recommendation 

[61].
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Results

Nell-1-haploinsufficiency is prone to arthritis-like pathologic changes with increased 
proinflammatory cytokines in mouse knee articular cartilage.

Similar to humans, mice naturally develop OA during maturation, which qualifies them as a 

primary OA model to study inflammation in joints [31]. At 1 month old, there were no 

apparent differences in cartilage degeneration or inflammation between the knees of WT and 

Nell-1+/6R mice (Supplementary Figs. 4 and 5) except that Nell-1+/6R tibial cartilage 

chondrocytes had slightly reduced Col2α1 expression accompanied by increased ll6 
transcription (Supplementary Fig. 5B and D). Pathologically, the thicknesses of the entire 

articular cartilage were similar in both WT and Nell-1+/6R mice. However, unlike WT mice 

whose uncalcified hyaline cartilage (HC) above the tidemark constituted the major portion 

of the cartilage, Nell-1+/6R mice had cartilage in which the superficial HC and underlying 

calcified cartilage (CC) layer below the tidemark presented similar thicknesses, indicating 

that CC already expanded during the early adolescence period of Nell-1+/6R mice [32].

At 3 months of age, focal wear and tear of HC with early chondrocyte clustering were only 

observed in Nell-1+/6R mice, accompanied by a lower HC/CC ratio than in age-matched WT 

counterparts (Fig. 2A). In comparison with WT cartilage, Nell-1+/6R cartilage not only had 

significant type II collagen reduction and Mmp13 elevation at both the protein and RNA 

levels that represent key events in OA progression [54], but also had remarkedly pronounced 

Il1β and Il6 expression, which indicates elevated inflammation (Fig. 2A and Supplementary 

Fig. 5).

At 18 months of age, limited wear and tear was found in HC layer of WT cartilage with 

decreased type II collagen and increased Mmp13 and Il1β (Fig. 2B); a profile that exhibited 

great similarity to that of 3-month-old Nell-1+/6R mice. In contrast, severe loss of HC 

[containing almost completely absent proteoglycan, negligible type II collagen, but 

significantly upregulated Mmp13, Il1β, and Il6 (Fig. 2B and Supplementary Fig. 5)] and 

exposure of the underlying CC were observed in 18-month-old Nell-1+/6R mouse knees. 

These histological and immunological changes were similar to those seen in late-stage OA 

of human patients [62].

Taken together, encompassing the age spectrum from juvenile, young adult, to elderly, 

Nell1-haploinsufficiency drastically accelerated and aggravated the arthritis-like cartilage 

degeneration in mice and was accompanied with significant elevation of proinflammatory 

cytokines.

Intra-articular injection of IL1β induced exaggerated OA-like damage in Nell-1+/6R mouse 
knees.

As a secondary OA model [31], 7 days of intra-articular IL1β injection (Fig. 1) was 

sufficient to induce proteoglycan degradation and upregulate proinflammatory cytokines 

Il1β and Il6 in HC of articular cartilage of 2.5-month-old WT mice (Supplementary Fig. 6). 

Continuously challenging the joints with IL1β for 14 days led to more severe arthritis-like 

damage, as characterized by (1) complete abolishment of proteoglycan expression on the 

tibial and femoral cartilage, (2) minimal staining of type II collagen on both HC and CC, (3) 
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increased expression of Mmp13 in HC, and a significant boost in Il1β and Il6 levels in HC 

(Fig. 3A: ‘IL1β’, and Supplementary Fig. 7A–D). However, this damage was not severe 

enough to significantly alter the mobility of WT mice (Supplementary Fig. 8A). In 

comparison with age-matched WT counterparts, IL1β injection for 7 days in 2.5-month-old 

Nell-1+/6R mouse knees resulted in a more advanced decrease of proteoglycan and type II 

collagen, as well as bursts of increased Mmp13, Il1β, and Il6 levels (Supplementary Fig. 6). 

More importantly, 14 days of IL1β injection in 2.5-month old Nell-1+/6R mice (3 months old 

at the end of treatment) replicated the drastic arthritis-like damage seen in 18-month old 

Nell-1+/6R mice with regard to HC erosion, proteoglycan degradation, and Mmp13 

expression, in addition to even more severely reduced type II collagen and increased 

inflammation (Fig. 3B: ‘IL1β’, and Supplementary Fig. 7A–D). In congruence with the 

histological assessment, the symptoms of antalgic gait were observed among ‘IL1β’ group 

Nell-1+/6R mice (Supplementary Video 1: ‘IL1β’, and Supplementary Fig. 8B). Therefore, 

IL1β induced more severe arthritis-like damage in Nell-1+/6R mouse knees.

NELL-1 injection rescued IL1β-induced arthritis-like damage in adult mouse knees.

To estimate the potential therapeutic benefits of NELL-1 against arthritic damage, NELL-1 

was administered in the aforementioned intra-articular injection model with or without an 

accompanying IL1β challenge (Fig. 1). In WT mice, in comparison with a PBS vehicle 

control (Fig. 3A: ‘Control’), NELL-1 injections alone slightly increased the amount of 

proteoglycan and type II collagen with less Il1β staining in HC (Fig. 3A: ‘NELL-1’). In 

Nell-1+/6R mice, NELL-1 alone upregulated proteoglycan and type II collagen deposition in 

knee cartilage, while simultaneously reducing the expression of Il1β and Il6 to comparable 

levels of those in the age-matched WT animals (Fig. 3B: ‘NELL-1’, and Supplementary Fig. 

7).

When NELL-1 was administered with IL1β after the initial 7 days of IL1β-challenging, the 

IL1β-induced arthritis-like damage was partially rescued in WT animals, as detected by the 

presence of safranin O staining, upregulation of type II collagen density, and observation of 

IL1β and Il6 signals similar to those of the ‘Control’ group (Fig. 3A: ‘IL1β + NELL-1’, and 

Supplementary Fig. 7). Similarly, administration of exogenous NELL-1 significantly 

reduced the inflammatory response and damage to articular cartilage in IL1β-challenged 

Nell-1+/6R mice (Fig. 3B: ‘IL1β + NELL-1’. and Supplementary Fig. 7). Importantly, the 

symptoms of antalgic gait in ‘IL1β + NELL-1’ treated Nell-1+/6R mice were moderate, and 

far less severe than the symptoms observed in ‘IL1β’ group Nell-1+/6R animals 

(Supplementary Video 1: ‘IL1β + NELL-1’, and Supplementary Fig. 8B). Excitingly, in a 

second validation experiment that tracked the mobility of ‘IL1β + NELL-1’ group 

Nell-1+/6R animals, the antalgic gait driven by the 7-day IL1β-challenge was drastically 

reduced by the subsequent 7 days of exogenous NELL-1 and IL1β administration in all 6 

tested Nell-1+/6R mice (Supplementary Videos 2–7 and Supplementary Fig. 8C). 

Collectively, our present data demonstrate that NELL-1 has possible therapeutic potential for 

preventing and controlling the pathogenesis of arthritis.
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NELL-1 significantly reduced IL1β-stimulated expression of inflammatory and catabolic 
molecules in mouse and human articular chondrocytes in vitro.

In alignment with the aforementioned mouse models in which low Nell-1 levels correlated 

with high inflammation and vice versa, we observed that intense IL1β staining was generally 

accompanied by low levels of NELL-1, but was not necessarily associated with less BMP6 

or BMP7, in human arthritic articular cartilage lesions (Supplementary Fig. 9). This 

observation encouraged us to hypothesize that, in addition to its pro-chondrogenic functions, 

NELL-1 may also directly reduce inflammation in both mouse and human arthritis.

As expected, Nell-1-haploinsufficiency led to increased expression of proinflammatory and 

catabolic genes in primary mARCs (Fig. 4A–F). On the other hand, an apparent NELL-1 

dose-dependent decline in proinflammatory and catabolic gene expression was generally 

observed when the mARCs were treated with NELL-1 protein alone (Fig. 4A1–F2). 

Meanwhile, IL1β significantly induced the transcription of all tested proinflammatory and 

downstream catabolic markers in both WT- and Nell-1+/6R-mARCs, which were consistently 

blocked by NELL-1 (Fig. 4A1–F2). The anti-inflammatory effects of NELL-1 on mARCs 

were further confirmed at the protein levels using ELISA (Supplementary Fig. 10). In 

comparison with WT-mARCs, Nell-1+/6R-mARCs also had lower levels of Col2α1 (which 

encodes the anabolic maker type II collagen; Fig. 4G), which further supports the pro-

chondrogenic role of NELL-1. IL1β also markedly reduced Col2α1 expression in both WT- 

and Nell-1+/6R-mARCs, and its effects were seemingly more pronounced in Nell-1+/6R-
mARCs (Fig. 4G1–G2), while a higher dose (2 μg/ml) of NELL-1 completely eliminated the 

downregulation of Col2α1 caused by IL1β-stimulation or Nell-1-haploinsufficiency (Fig. 

4G1–G2). Interestingly, we also noticed that NELL-1 administration upregulated 

endogenous Nell-1 expression in mARCs (Fig. 4H–H2), which is in agreement with the 

results from the in vivo studies (Supplemental Fig. 7E). Taken together, these data reveal that 

NELL-1 could, at least partially, rescue mARCs from invoking chondrogenic ECM 

degradation and inflammation induced by endogenous Nell-1-deficiency or exogenous IL1β-

stimulation.

Furthermore, the aforementioned bioactivities of NELL-1 were also validated in primary 

hARCs isolated from NM, OA, and RA donors. In comparison with NM-hARCs, OA- and 

RA-hARCs had elevated levels of proinflammatory and catabolic markers, which were 

generally downregulated by exogenous NELL-1 application (Fig. 5A–F3). Due to the well-

documented species-specific activity among mammalian IL1β [63, 64], hARCs, in 

comparison with mARCs, demonstrated a greater increase in proinflammatory and catabolic 

gene expression in response to recombinant human IL1β administration. Further, as 

expected, NELL-1 actively reduced the IL1μ-stimulated inflammatory responses in hARCs 

(Fig. 5A1–F3 and Supplementary Fig. 11). Collectively, our current data indicate that, as a 

pro-chondrogenic agent, NELL-1 also has a protective function against inflammation in 

chondrocytes, and thus, has the potential to be used as a disease-modifying osteoarthritis 

drug (DMOAD).

Additionally, less COL2α1 was expressed by OA- and RA-hARCs in comparison with NM-

hARCs; COL2α1 transcription was reduced by IL1β and increased by NELL-1 in hARCs, 

which was similar to the effects of IL1β and NELL-1 seen in mARCs (Fig. 5G–G3). 

Li et al. Page 10

Biomaterials. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Meanwhile, OA- and RA-hARCs have significantly lower levels of NELL-1 than NM-

hARCs (Fig. 5H), while RA-hARCs also exhibited higher CpG methylation levels at the 

NELL-1 locus than NM-hARCs (Supplementary Table 4), suggesting NELL-1 may also be 

involved in the pathogenesis of RA.

RUNX1 mediates NELL-1’s anti-inflammatory activities.

Previous studies demonstrate that NFATc1 and RUNX1 are primary genes that respond to 

NELL-1 in chondrocytes [25]. An in silico bioinformatic prediction indicates that both 

NFATc1 and RUNX1 potentially bind to promoters of IL1β and/or TNFα in human and 

mouse cartilage/chondrocytes (Supplementary Table 5). Since the anti-inflammatory effects 

of NELL-1 on primary mARCs and hARCs were replicated in ATDC5 cells (Supplementary 

Fig. 12), RNAi was used to establish stable Nfatc1- and Runx1-knockdown (KD) ATDC5 

cells, respectively (Supplementary Fig. 13), to examine whether RUNX1 and/or NFATc1 

mediate NELL-1’s anti-inflammatory activities in chondrocytes. In agreement with previous 

observations that both RUNX1 and NFATc1 are negative regulators of inflammation in 

arthritic conditions [65–68], Nfatc1- and Runx1-KD ATDC5 cells had higher endogenous 

levels of Il1β, Il6, and Tnfα (Fig. 6A–C). Moreover, IL1β administration induced more 

pronounced elevation of these proinflammatory genes in Nfatc1- and Runx1-KD ATDC5 

cells than in the scramble control plasmid transfected (scramble) ATDC5 cells (Fig. 6A1–

C3).

NELL-1’s anti-inflammatory effects were conserved in the Nfatc1-KD ATDC5 cells (Fig. 

6A2–C2) at the same level as in the scramble ATDC5 cells (Fig. 6A1–C1). On the contrary, 

Runx1-KD almost completely eliminated NELL-1’s anti-inflammatory bioactivity in 

ATDC5 cells (Fig. 6A3–C3 and Supplementary Fig. 14). Interestingly, in comparison with 

non-transfected or scramble ATDC5 cells, although Runx1 upregulation was largely reduced 

and postponed in Runx1-KD ATDC5 cells (Supplementary Fig. 15), the leaking Runx1 
elevation induced by a high dose (2 μg/ml) of NELL-1 at 6 h post-treatment was still 

sufficient to markedly weaken the IL1β-responsive expression of Il1β in Runx1-KD ATDC5 

cells (Fig. 6A3). This phenomenon further supports the hypothesis that RUNX1 is essential 

and adequate to render NELL-1’s anti-inflammatory activity in chondrocytes. We also 

observed that Nell-1+/6R mARCs had decreased Runx1 expression (Supplementary Fig. 

16A), while OA- and RA-hARCs had lower RUNX1 levels in comparison with NM-hARCs 

(Supplementary Fig. 17A). Moreover, NELL-1 significantly upregulated Runx1/RUNX1 in 

all tested primary mARCs and hARCs in vitro (Supplementary Fig. 16B–C and 

Supplementary Fig. 17B–D). This gene expression alteration has been further confirmed at 

the protein level in the aforementioned intra-articular injection model in vivo: intra-articular 

NELL-1 administration upregulated Runx1 protein in mouse knee cartilage, which was not 

altered by the absence or presence of IL1β-stimulation or by Nell-1-haploinsufficiency alone 

(Fig. 7 and Supplementary Fig. 7F). Taken together, these data suggest that RUNX1, instead 

of NFATc1, is a key downstream mediator of NELL-1’s anti-inflammatory bioactivity in 

chondrocytes (Fig. 8).
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Discussion

An ideal OA-combating agent that has the ability to safely reduce inflammation and promote 

cartilage regeneration has long been desired. The traditional use of analgesia is insufficient 

for curative treatment since it does not reduce inflammation and cartilage damage [5–7]; 

multiple adverse side-effects in the musculoskeletal, cardiovascular, and gastrointestinal 

systems [8, 9] challenge the use of glucocorticoids as safe arthritis treatments, and NSAIDs 

do not effectively control arthritis progression [6]. Even more disappointing, the efficacy of 

DMARDs that postpone RA progression by slowing or suppressing inflammation has not 

been replicated in OA clinical trials via systemic or local administration [11–13]. This likely 

occurs because these therapeutics do not directly manage cartilage destruction – the primary 

cause of OA [4, 5]. At this time, the prospect of using well-known pro-chondrogenic growth 

factors as treatments for arthritis does not appear to be optimistic either. For instance, 

administration of BMP7 can downregulate multiple cartilage catabolic molecules in OA-

damaged tissue, but it does not notably alter proinflammatory cytokine expression [18]. 

Intra-articular injection of transforming growth factor (TGF)β even appears to further 

elevate inflammatory infiltration in treated joints [15, 16], while BMP6 can induce the 

production of proinflammatory cytokines, such as TNFα [19], from macrophages – a major 

cell type responsible for inflammation and destruction in OA-ridden synovium [17].

In addition to our recent studies that revealed and confirmed the important regulatory roles 

of NELL-1 in chondrogenic development and maturation [21–25], we also noticed a 

negative correlation between proinflammatory markers and NELL-1 in both mouse and 

human arthritic articular cartilage. Specifically, by using spontaneous primary OA and 

chemical-induced secondary OA models, we further demonstrated that Nell-1 -deficiency 

could accelerate and aggravate the progression of OA. Meanwhile, we documented a 

correlative decrease in NELL-1 expression with higher levels of proinflammatory cytokines 

found in OA-hARCs than NM-hARCs. To the best of our knowledge, this is the first time 

the emerging role of NELL-1 in arthritis pathogenesis has been elucidated.

Furthermore, RA-hARCs exhibited higher CpG methylation at the NELL-1 locus and lower 

NELL-1 transcription than NM-hARCs, which is in accordance with a previous microarray 

investigation that detected reduced NELL-1 expression in the damaged knee cartilage of 

anteromedial gonarthrosis patients [69]. In addition, SNPs within the NELL-1 gene have 

been detected in patients diagnosed with ankylosing spondylitis and psoriatic arthritis [26–

28]. These phenomena indicate that NELL-1 may also be closely connected to the 

progression of a broad range of arthritis conditions; however, this observation should be 

further verified with a large number of arthritis patients. Moreover, determining whether 

alterations of NELL-1’s genetic, epigenomic, and transcriptional levels are consequences or 

causes of continuous inflammatory infiltration should be carefully delineated in the future.

With NELL-1-stimulated chondrogenic regeneration observed in articular cartilage defects 

in vivo, there is an expected benefit of NELL-1 when used as arthritis therapeutic [23]. For 

example, when healthy, CC remains relatively constant in articular cartilage since the 

chondrocytes within CC typically stay quiescent during adulthood [70]. In this study, we 

found that intra-articular NELL-1 injection led to a moderately thickened CC layer of the 

Li et al. Page 12

Biomaterials. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tibial plateau cartilage in both WT and Nell-1+/6R mice. Importantly, unlike CC reactivation 

in OA as a result of progressive calcification of the unmineralized cartilage that reduces the 

thickness of HC and the entire articular cartilage [70], NELL-1-induced CC expansion was 

not accompanied by noticeable HC reduction. Since recent studies revealed that articular 

cartilage contains mesenchymal stem cells (MSCs) and/or chondroprogenitors that are most 

abundant in, but not limited to, the superficial zone [71], NELL-1-induced CC expansion 

may result from its ability to stimulate the proliferation and chondrogenic differentiation of 

MSCs and chondroprogenitors [21], representing a wave of chondrogenesis in adult animals. 

In addition to its observed pro-chondrogenic effects, NELL-1 is able to downregulate the 

expression of proinflammatory and catabolic molecules, and as a result, demonstrate an anti-

inflammatory potency in vitro and in vivo. Importantly, our current data demonstrate the 

potential of NELL-1 to rescue severe cartilage damage and reduce the symptoms of antalgic 

gait in an IL1β-challenged animal model that simulates OA pathogenesis, which could be 

attributed to NELL-1’s pro-chondrogenic and anti-inflammatory dual-potency (Fig. 8). 

Encouragingly, previous studies have not revealed any noticeable adverse effects when 

NELL-1 was investigated and used for treating osteoporosis, even with systemic delivery 

and chemical modification that dramatically prolongs its elimination t1/2 and distribution in 

the musculoskeletal system [39, 72]. Therefore, from both efficacy and safety standpoints, 

NELL-1 shows potential as a novel and promising DMOAD candidate in response to the 

unmet demand for OA therapeutics [20].

Until now, NFATc1 and NFATc2 are the most studied NELL-1 downstream effectors for 

chondrogenesis. Both NFATc1 and NFATc2 have been found to play important roles in 

maintaining cartilage health and repressing spontaneous OA [67, 68]. In particular, Nfatc2−/− 

mice develop OA between 12 to 24 months of age [73, 74], which is even more markedly 

accelerated by cartilage-specific ablation of Nfatc1 [67]. Despite this, the current 

understanding of the NFATc proteins’ actions in arthritis is unclear due to the controversial 

data. For instance, inhibition of calcineurin, an NFATc activator, decreased the severity of 

OA [75], while blocking glycogen synthase kinase 3β, an NFATc inhibitor, induced OA in 

mice [76]. Further, IL1β was found to induce the expression of NFATc1 in hARCs [77]. 

These observations differ from previously reported anti-arthritic effects of NFATc molecules 

[67, 68, 74]. By demonstrating that NFATc1 plays an essential role in mediating NELL-1’s 

pro-chondrogenic bioactivities via activation of the IHH signaling pathway [22, 24, 25], but 

that it is not a prerequisite for NELL-1’s anti-inflammatory potency (Fig. 8), our studies 

provide unique insight into determining the intricate roles of NFATc1 in arthritis, which may 

reconcile these seemly conflicting observations.

RUNX1 is another arthritis susceptibility gene [78–80] that has been targeted for DMOAD 

development [65, 81, 82]. Aini et al. demonstrated that intra-articular injection of RUNX1 
mRNA resulted in upregulated anabolic gene expression accompanied by lower Illβ levels in 

OA mouse articular cartilage [66]. Following our previous studies that identified RUNX1 as 

a NELL-1-responsive gene in chondrocytes [25], this study demonstrates that RUNX1 is a 

key negative inflammatory regulator mobilized by NELL-1 and plays an anti-inflammatory 

protective role in the development of OA (Fig. 8). To our knowledge, this is the first time in 

which a functional upstream activator of RUNX1 has been identified for its therapeutic 

potency in chondrocytes.
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Nevertheless, the understanding of the NELL-1 → RUNX1 –I IL1β functional axis is 

incomplete. First, the signal transduction from NELL-1 to RUNX1 is largely unknown, 

which may be partly due to the limited knowledge of NELL-1’s specific cell surface 

receptor(s), associated protein(s), and downstream activators. NELL-1 may provide its 

function through different cell surface receptor(s) or co-receptor(s) in a cell-type- and 

develop-stage-dependent manner [83]. Meanwhile, the detailed mechanism of RUNX1 in 

arthritis is not yet clear [84, 85]. Moreover, we noticed that, although IL1β did not 

necessarily alter articular cartilage chondrocyte NELL-1 expression in the short timeframe 

after exposure, the presence of IL1β profoundly blocked endogenous NELL-1 upregulation 

that was expected in response to exogenous NELL-1 stimulation (Figs. 4H1–H2 and 5H1–

H3). Given these facts, the interactions among NELL-1, RUNX1, and IL1β are far more 

complicated than they initially appear. Additionally, the mechanism behind the critical anti-

arthritic autoinduction-like effect of NELL-1 in vitro (Figs. 4H1–H2 and 5H1–5H3) and in 
vivo (Supplementary Fig. 7E) is an interesting topic for subsequent investigation. 

Furthermore, the effects of NELL-1 on synovial and immune cells in the vicinity should also 

be assessed to fully elucidate the benefits of NELL-1 in arthritis management.

There appears to be no animal model used as the gold standard for osteoarthritis [86]. In the 

current study, a naturally occurring OA model gave the best representation of human 

primary OA and a chemical-induced model simulated human secondary OA to demonstrate 

the importance and potential therapeutical application of NELL-1 as a DMOAD. Chemical-

induced OA models (such as the intra-articular IL1β injection model used in this study) are 

preferred for elucidating the genetic and molecular pathogenesis and identifying targets for 

drug therapy since they have no correlation to post-traumatic OA [31]. However, from a 

clinical aspect, the anti-arthritic efficacy of NELL-1 should be further confirmed in a post-

traumatic OA model since both the tested models in this study do not simulate post-

traumatic OA, which constitutes 12% of all symptomatic OA cases [87]. For instance, the 

surgical anterior (cranial) cruciate ligament transection (ACLT) model is the earliest and the 

most commonly used surgical model for simulating post-traumatic OA [31, 86]. Meanwhile, 

in comparison with small animals such as mice and rats, large animals have more anatomical 

and biomechanical similarities to humans [31,86]. In particular, goat knees have the closest 

anatomical resemblance to human knees [88]. Thus, a goat ACLT model may be useful for 

validating NELL-1’s anti-arthritic potency and provide more clinically relevant data. The 

occurrence of OA is significantly higher in women [4, 31], which prompted the use of 

female animals in our current proof-in-concept study. However, the effect of gender and 

reproductive status should also be evaluated in future translational studies. Lastly, the repeat 

intra-articular injection strategy that was used in this study is clearly not the optimal 

administration route for clinical treatment. Further optimization with regard to the dose and 

treatment regimen of NELL-1 administration should be conducted before NELL-1 can be 

used in clinical applications. Previous studies revealed that the in vivo elimination t1/2 of 

NELL-1 is only 5.5 h [39]; therefore, developing a suitable delivery vehicle and/or chemical 

modifications (such as PEGylation [39]) may also be needed to protect NELL-1 from 

endogenous enzyme digestion and subsequently elongate its biopotency in vivo. Taken 

together, considering that the investigation of NELL-1 in arthritis is in its infancy, a broad-
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range collaboration among academic, clinical, and therapeutic researchers is essential for 

facilitating the bench-to-bedside translation of this potential treatment.

Conclusions

In summary, by using a loss-of-function Nell-1+/6R mouse model, we demonstrated that 

NELL-1 has an anti-inflammatory role to protect articular cartilage from aggravated OA 

progression in addition to its previously exhibited pro-chondrogenic effects. Moreover, intra-

articular injection of IL1β induced more severe inflammation and cartilage degradation in 

the knee joints of Nell-1+/6R mice than in WT control animals, while administration of 

exogenous NELL-1, used as a gain-of-function model, significantly reduced the 

inflammatory response and articular cartilage damage in both WT and Nell-1+/6R mouse 

knees. Excitingly, the heavy antalgic gait observed in IL1β-challenged Nell-1+/6R mice 

notably recovered after NELL-1 administration. The anti-inflammatory effects of NELL-1 

were also replicated in vitro, as evidenced by strong repression of IL1β–stimulated 

inflammatory markers and their downstream catabolic enzymes that are responsible for 

cartilage ECM degradation. By taking advantage of RNAi technology, we demonstrate that 

RUNX1, instead of NFATc1, mediates the anti-inflammatory activities of NELL-1 in 

chondrocytes. Collectively, for the first time, our current study not only demonstrates the 

emerging role of NELL-1 in arthritis pathogenesis but also introduces NELL-1 as a 

promising new-generation DMOAD for preventing and suppressing arthritis-related cartilage 

damage on account of its pro-chondrogenic and anti-inflammatory potency, both of which 

are absent in currently available OA medications. Future investigation is strongly 

encouraged to uncover the detailed underlying mechanism and optimize the dose, regimen, 

and delivery method for transferring NELL-1-based therapies into clinical practice.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Schematic depicting the intra-articular injection animal model.
‘Control’ group: 6 μl PBS per injection for 14 days; ‘NELL-1’ group: 6 μl PBS per injection 

for 7 days followed by 2 μg recombinant human NELL-1 in 6 μl PBS per injection for the 

next 7 days; ‘IL1β’ group: 100 ng recombinant human IL1β in 6 μl PBS per injection for 14 

days; and ‘IL1β + NELL-1’ group: 100 ng IL1β in 6 μl PBS per injection for 7 days to 

trigger inflammation, and 100 ng IL1β + 2 μg NELL-1 in 6 μl PBS per injection for the next 

7 days. All injections were performed twice daily.
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Fig. 2. Characterization of WT and Nell-1-haploinsufficient (Nell-1+/6R) mouse knee joints at 3 
and 18 months of age.
Representative photos of 3- (A), and 18-month- (B) old female WT and Nell-1+/6R mouse 

knee joints. H&E staining was performed for histological analysis, while safranin O was 

used to stain proteoglycans. Expression of anabolic marker type II collagen (Collagen, type 

II), catabolic marker Mmp13, as well as proinflammatory markers interleukin (Il)1β and Il6 

was evaluated by IF staining. DAPI was used for nuclear counterstaining. HC: uncalcified 

hyaline zone of articular cartilage; CC: calcified zone of articular cartilage. Solid arrows 
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indicate the erosion in HC; open triangles indicate severe loss of HC. Bar = 500 μm. 

Relative RNA expression in the tibial cartilage is presented in Supplementary Fig. 5.
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Fig. 3. Characterization of mouse knee joints after 14 days of intra-articular injections.
Representative photos of 2.5-month-old female WT (A) and Nell-1+/6R (B) mouse knee 

joints after 14 days of intra-articular injections (3 months old at the end of treatment). The 

injection schematic of each group is presented in Fig. 1. H&E staining was performed for 

histological analysis, while safranin O was used to stain proteoglycans. Expression of 

Collagen, type II, Mmp13, Il1β, and Il6 was evaluated by IF staining. DAPI was used for 

nuclear counterstaining. HC: uncalcified hyaline zone of articularx cartilage; CC: calcified 

zone of articular cartilage. Relative RNA expression in the tibial cartilage is presented in 

Li et al. Page 25

Biomaterials. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Fig. 7, while gait scores are summarized in Supplementary Fig. 8. 

Corresponding videos of Nell-1+/6R mice (B) are provided in Supplementary Videos 1–7. 

Bar = 500 μm.
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Fig. 4. Effects of NELL-1 on gene expression in primary mouse articular chondrocytes (mARCs).
Expression of Il1β (A-A2), Il6 (B-B2), Tnfβ (C-C2), Mmp13 (D-D2), Adamts5 (E-E2), 

Ptgs2 (F-F2), Col2α1 (G-G2), and Nell-1 (H-H2) was quantified by real-time PCR, and the 

data were normalized to the respective levels of WT-mARCs (A-H and A1-H1) or 

Nell-1+/6R-mARCs (A2-H2) before treatment (dashed lines). Mean + SD of three 

independent experiments performed in duplicate are shown. One-way ANOVA and two-

sample t-test analyses were performed. *, P < 0.05, a suggestive difference; **, P < 0.005, a 

statistically significant difference.
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Fig. 5. Effects of NELL-1 on gene expression in primary human articular chondrocytes (hARCs).
Expression of IL1β (A-A3), IL6 (B-B3), TNFα (C-C3), MMP13 (D-D3), ADAMTS5 (E-
E3), PTGS2 (F-F3), COL2α1 (G-G3), and NELL-1 (H-H3) was quantified by real-time 

PCR, and the data were normalized to the respective levels of pathological normal/health 

(NM)-hARCs (A-H and A1-H1), osteoarthritis (OA)-hARCs (A2-H2), or rheumatoid 

arthritis (RA)-hARCs (A3-H3) before treatment (dashed lines). Mean + SD of three 

independent experiments performed in duplicate are shown. One-way ANOVA and two-
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sample t-test analyses were performed. *, P < 0.05, a suggestive difference; **, P < 0.005, a 

statistically significant difference.
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Fig. 6. Effects of Nfatc1- and Runx1-KD on NELL-1’s anti-inflammatory potency.
Stable scramble, Nfatc1-, and Runx1-KD ATDC5 clones were established (Supplementary 

Fig. 13). Expression of proinflammatory genes Il1β (A-A3), Il6 (B-B3), and Tnfα (C-C3) 

was quantified by real-time PCR, and the data were normalized to the respective levels of 

ATDC5 (A-C), ATDC5 (scramble) (A1-C1), ATDC5 (Nfatc1-KD) (A2-C2), or ATDC5 

(Runx1-KD) (A3-C3) cells before treatment (dashed lines). Mean + SD of three independent 

experiments performed in duplicate are shown. One-way ANOVA and two-sample t-test 
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analyses were performed. N.D.: not detectable. *, P < 0.05, a suggestive difference; **, P < 

0.005, a statistically significant difference.
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Fig. 7. Expression of Runx1 in mouse knees with intra-articular NELL-1 administration.
Using IF, Runx1 expression was observed in 2.5-month-old female WT (A) and Nell-1+/6R 

(B) mouse knee joints after 14 days of intra-articular injections (3 months old at the end of 

treatment). DAPI was used for nuclear counterstaining. HC: uncalcified hyaline zone of 

articular cartilage; CC: calcified zone of articular cartilage. Bar = 500 μm.
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Fig. 8. Schematic depicting NELL-1’s effects in articular cartilage.
(A) Focal wear and tear of HC with early chondrocyte clustering became evident in the tibial 

plateau cartilage of 3-month-old Nell-1+/6R mice, while severe loss of HC was observed in 

the knees of 18-month-old Nell-1+/6R mice. (B) Our previous studies revealed that the 

NELL-1 → NFATc1 → RUNX3 → IHH cascade in chondrocytes is responsible for 

NELL-1’s pro-chondrogenic bioactivities. Here, we demonstrate that RUNX1, instead of 

NFATc1, is essential for NELL-1 to exhibit its anti-inflammatory properties in chondrocytes.
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