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ABSTRACT

Objective: Discogenic low back pain (LBP) is associated with nociceptive nerve fibers that grow into degenerated
intervertebral discs (IVD) but the etiopathogenesis of disease is not fully understood. The purpose of this study
was to clarify the role of Netrin-1 in causing discogenic LBP.

Methods: The level of nociceptive nerve innervation was examined in disc degenerative patients and rat needle-
punctured models by immunohistochemistry. Nucleus pulposus (NP) cells were isolated from IVD tissues of
rats and induced degeneration by interleukin-1f (IL-1p) or tumor necrosis factor a (TNFa). The candidate genes
related to neuron outgrowth and migration were selected by Next-generation sequencing (NGS). CRISPR/Cas9
was used to knockdown Netrin-1 in NP cells. The impact of Netrin-1 on nerve innervation were evaluated with
P2X2, NF200 staining and microfluidics assay. Meanwhile the CD31 staining and transwell assay were used to
evaluate the impact of Netrin-1 in angiogenesis. The proteins and RNA extracted from NP cells related to
catabolism and anabolism were examined by western blot assay and RT-qPCR experiment. ChIP and luciferase
experiments were used to assess the intracellular transcriptional regulation of Netrin-1. Further, a needle-
punctured rat model followed by histomorphometry and immunofluorescence histochemistry was used to
explore the potential effect of Netrin-1 on LBP in vivo.

Results: The level of nerve innervation was increased in severe disc degenerative patients while the expression of
Netrin-1 was upregulated. The supernatants of NP cells stimulated with IL-1p or TNFa containing more Netrin-1
could promote axon growth and vascular endothelial cells migration. Knocking down Netrin-1 or overexpressing
transcription factor TCF3 as a negative regulator of Netrin-1 attenuated this effect. The needle-punctured rat
model brought significant spinal hypersensitivity, nerve innervation and angiogenesis, nevertheless knocking
down Netrin-1 effectively prevented disc degeneration-induced adverse impacts.

Conclusion: Discogenic LBP was induced by Netrin-1, which mediated nerve innervation and angiogenesis in disc
degeneration. Knocking down Netrin-1 by CRISPR/Cas9 or negatively regulating Netrinl by transcription factor
TCF3 could alleviate spinal hypersensitivity.

The translational potential of this article: This study on Netrin-1 could provide a new target and theoretical basis for
the prevention and treatment for discogenic back pain.
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1. Introduction

Low back pain (LBP) is a worldwide disease that causes health care
issues, and it is more significant than any other medical conditions [1,2],
which affects people's daily life or production activities, and puts a severe
financial burden on the country [3,4]. A variety of conditions can cause
LBP, including disc degeneration, herniated discs, spinal stenosis, facet
hypertrophy or ossification, spinal misalignment, nerve compression,
and peripheral neuropathy, among which discogenic LBP is one of the
most common sources of LBP [5,6].

Discogenic back pain refers to LBP caused by changes in the internal
structure of the lumbar intervertebral disc (IVD) itself. It is associated
with vascularized granulation tissue and nociceptive nerve fibers
growing into the tissue along the radioactive fissures of the annulus
fibrosus [7]. Under normal anatomical structure, the IVD is a composite
tissue composed of gelatinous NP which is rich in proteoglycan and
surrounded by an outer collagen-rich fibrous ring (annulus fibrosus, AF),
as well as the upper and lower cartilaginous endplate (CEP) which
combines the IVD. Neurons originating from the dorsal root Ganglion
(DRG) innervate the outer 1/3 lamellae of the IVD annulus, and the
distributed sensory nerves are mainly nociceptive neurons that express-
ing calcitonin gene-related peptide (CGRP) [8-11], which form the
structural substrate of discogenic back pain.

During the IVD degeneration, the number of nociceptive neurons that
invade IVD increase [12,13], and the invasion extends to the inner
fibrous annulus and even the nucleus pulposus (NP) [7,14,15]. In addi-
tion, the inflammatory response associated with IVD degeneration ex-
poses invaded nociceptive neurons to high levels of interleukin-6 (IL-6),
tumor necrosis factor a (TNFa) and interleukin-1p (IL-1p) [16-19] and in
pathologically low-pH environment [20]. TNFa, IL-1p and IL-6 have been
shown to sensitize nociceptive neurons, which in turn become more
sensitive to thermal and mechanical stimuli [21-23], and induce thermal
hyperalgesia in peripheral neuropathy models [21,24,25], these changes
promote the development of discogenic back pain. Non-surgical thera-
pies such as pain medication, physical therapy, and exercise are usually
applied in treating discogenic pain [26,27]. Nevertheless, these treat-
ments’ effectiveness is limited when it comes to severe and chronic dis-
cogenic back pain. Therefore, in-depth exploration of the mechanism of
nerve and blood vessel invasion caused by IVD degeneration has
important clinical significance in searching for new treatment for dis-
cogenic back pain.

Netrin-1/NTN1 is one of the Netrins family and is the first soluble
axon guide factor to be discovered [28]. It is highly conserved in struc-
ture and related to laminin [29]. Netrin-1 acts as a signal that guide the
growth of axons in the mammalian nervous system. It plays an important
role in guiding axons and cell migration during embryonic development.
Netrin-1 plays a bidirectional role in guiding axon attraction and repul-
sion mediated by two types of receptors: deleted in colorectal cancer
(DCC) and uncoordinated 5 (UNC-5) [30-32]. Recent studies have shown
that Netrin-1 is secreted by subchondral bone osteoclasts and plays an
important role in osteoarthritis pain [13]. In other paper indicates that
Netrin-1 secreted by osteoclasts in EP, mediating nerve invasion and
causing spinal hypersensitivity pain [33]. However, these studies regard
Netrin-1 as product of osteoclasts and ignore the other source. In addi-
tion, Netrin-1 can also mediate the migration of vascular endothelial cells
and has a pro-angiogenic effect [30,34]. All of these results suggest that
Netrin-1 may have a key role in the pathological model of discogenic
back pain.

In this research, we clarified Netrin-1 plays an important role in
discogenic back pain. We put forward the following research hypothesis
that Netrin-1 induces nerve invasion in degenerative IVDs and promotes
blood vessel growth to cause discogenic back pain. The research of this
subject is of great significance to clarify the molecular mechanism of
discogenic back pain, and will also provide a new target and theoretical
basis for the prevention and treatment for discogenic back pain.

22

Journal of Orthopaedic Translation 39 (2023) 21-33
2. Materials and methods

2.1. Rat nucleus pulposus cells preparation and in vitro induced
degeneration

Gel-like NP tissues derived from 8-week-old male Sprague-Dawley
rats were digested for 2 h with 0.2% type II collagenase (Sigma, St. Louis,
MO, United States). Under a 5% CO2, 37 °C environment, cells were
grown in complete culture media (DMEM/F12, Gibco, Invitrogen, United
States) with 10% fetal bovine serum (FBS, Gibco, Invitrogen, United
States) and 1% penicillin/streptomycin. Every 2-3 days, the medium was
changed until a 90% confluence was attained. Then, in triplicate, NP cells
were seeded into a 12-well plate and treated with IL-18 (10 ng/ml) or
TNFo (50 ng/ml) for 48 h to induce degeneration [35,36].

2.2. Immunohistochemistry and histological analysis

Human IVD specimens were obtained from the Sir Run Shaw Hospi-
tal, Zhejiang University School of Medicine. This study was approved by
Research Ethics Committee of Zhejiang University. Written informed
consent was obtained from all patients or their family members. The
characteristics of the patients were summarized in Supplementary
Table 1. The sections of human IVD specimens were used for immuno-
histochemical staining. 3% H0, was used to block endogenous peroxi-
dase activity for 10 min followed by trypsin for 20 min and 5% bovine
serum albumin (BSA) for 30 min to inhibit unspecific antigens. Then
antibodies against P2X2, NF200 and Netrin-1 were used to incubate
overnight at 4 °C. The next day, the sections were washed in PBS with 1%
Tween and incubated for 1 h at room temperature with corresponding
HRP-conjugated secondary antibodies (Cell Signal Technology, 1:5000).
Diaminobenzidine (DAB) was used to observe the immunolabeling,
which was then counterstained with hematoxylin. Three randomly-
chosen fields of the NP area were used to measure the ratio of posi-
tively stained cells to total cells. Each specimen had at least three sections
used, and the data were averaged. A histological grading was applied to
determine the cellular and morphological changes in both the AF and NP
[37]. The histological sections were assessed by three independent and
blinded investigators.

2.3. RNA isolation and RT-PCR assay

NP cells obtained as above were seeded and cultured in 12-well plates
with DMEM/F12 containing 10% FBS. After the induction of degenera-
tion with IL-1f (10 ng/ml) or TNFa (50 ng/ml), total RNAs were then
extracted by TRIzol reagent (Invitrogen, Carlsbad, CA, USA). 1 pg of
RNAs from each sample were utilized to synthesize complementary DNA
(Takara, Shiga, Japan). An ABI Prism 7500 system (Applied Biosystems,
Foster City, CA, USA) with SYBR Green QPCR Master Mix (TakaraBio)
were used to perform RT-qPCR experiments. The RT-qPCR system con-
sisted of 5 pL SYBR Green QPCR Master Mix, 3 pL double-distilled water
(ddH,0), 1 pL cDNA and 10 pM each of forward and reverse primers.
Target genes included Netrin-1, Collagen 2 (Col2), Sry related HMG box 9
(SOX9), A disintegrin and metalloproteinase with thrombospondin mo-
tifs 5 (ADAMTS5), Matrix metalloproteinase 13 (MMP13). The primer
sequences used are shown in Supplementary Table 2. The cycle threshold
(CT) data were gathered and adjusted to GAPDH, a housekeeping gene.
The relative CT was determined using the 2 AACT method.

2.4. Western blot assay

The NP cells obtained as above were lysed in RIPA lysis buffer with
100 mM PMSF and phosphatase inhibitor, then centrifuged for 15 min at
12,000 rpm. Isolated supernatants were dissolved in 1 x loading buffer.
The protein samples were separated by 10% SDS-PAGE gels through
electroblotting and then transferred to polyvinyledene fluoride (PVDF)
membranes. The membranes were then blocked for 1 h with 5% skim
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milk dissolved in TBST buffer. Then PVDF membranes were divided to
different protein molecular weights and incubated overnight with pri-
mary antibodies for Netrin-1, Col2, SOX9, ADAMTS5, MMP13, GAPDH
and p-actin purchased from Abcam (Cambridge, MA, USA, 1:1000). The
membranes were then treated for 1 h at room temperature with sec-
ondary HRP-conjugated IgG (Cell Signal Technology, 1:5000), and the
protein bands were visualized using enhanced chemiluminescence re-
agents (Amersham Biosciences, Buckinghamshire, United States) and the
LAS-4000 Science Imaging System (Fujiflm, Tokyo, Japan). The photos
were analyzed using Image J software.

2.5. Engyme-linked immunosorbent assay (ELISA)

NP cells were induced degeneration by IL-1p (10 ng/ml) or TNFa (50
ng/ml) for 48 h, after that, the original culture medium was discarded,
and followed by three times washed in PBS, then replaced with fresh
medium. After 72 h, the supernatants were harvested, and Netrin-1
concentrations were measured using an ELISA kit from R&D Systems
(Minneapolis, MN).

2.6. CRISPR/Cas9 plasmid generation

The CRISPR/cas9 plasmid was constructed in accordance with online
instructions (http://www.genome-engineering.org/crispr/). In brief,
bioinformatics tools were used to select guide RNAs (gRNA) targeted at
exons of NTN1 as summarized in Supplementary Table 3. We phos-
phorylated and self-annealed each pair of complementary oligonucleo-
tides of gRNA for proper ligation with T4 polynucleotide kinase and T4
ligation buffer and ligated them in purified CRIPSPR/Cas9 vector
pSpCas9(BB)-2 A-GFP according to the manufacturer's instructions.

2.7. Needle puncture-induced disc degeneration model and adeno-
associated virus (AAV)-mediated knockdown in vivo

All animal studies in this study followed the principles and methods
outlined in the National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals, as well as the Sir Run Shaw Hospital's animal
treatment standards (No. 21709. Zhejiang University affiliated, Hang-
zhou, Zhejiang).

A disc degeneration model and suitable controls were established
using 12 male Sprague-Dawley rats for each group (about 200 g). Rats
were randomly divided into sham group (no disc puncture), AAV-Null
group (disc puncture, injection with AAV vector) and AAV-NTN1 gRNA
group (disc puncture, injection with AAV of NTN1 CRISPR/Cas9 plasmid
generated as above). The adeno-associated virus was purchased from
HanHeng Biology Company (Shanghai, China).

In a brief, rats were given 0.9% (w/v) pentobarbital sodium intra-
peritoneally (45 mg/kg). In the AAV-Null and AAV-NTN1 gRNA group,
the muscles were blunt dissected from posterior midline. And we exposed
the L4/5 disc from right-side, then injected AAV vector or AAV of NTN1
CRISPR/Cas9 plasmids into L4/5 (2.0 * 10'? vg/ml AAV titer; 2 pL in-
jection volume was used). The needle used for AAV injection was 31G,
length 8 mm (5/16") insulin syringe needle (BD Biosciences) which has
previously been shown to be safe enough to deliver materials to the NP
tissue [37-39]. The drilling holes were sealed with bone wax immedi-
ately after injection. After injection, rats were left to recover for 1 week.
After that, rats were punctured with a 21G needle [37,40]. In the sham
group, rats were only expose the L4/5 disc from right-side.

2.8. Animal behavioral assessment

Behavioral assessment was carried out prior to surgery and every two
weeks afterward. The same investigator who was blinded to the research
groups conducted all behavioral assessments to prevent assessment bias.

As previously described, we used von Frey filaments to evaluate the
mechanical sensitivity of the hindpaw with up-and-down method [41,
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42]. Briefly, rats were initially acclimatized for 1 h in individual boxes.
Thereafter, a series of von Frey filaments (Aesthesio Precision Tactile
Sensory Evaluator; DanMic Global LLC), initially with 2.0 g, ranging with
04¢g,06g,1.0g,14¢g,2g,4g,8g,15 g were applied. A distinct paw
withdrawal or shaking was considered a positive reaction. If the reaction
was positive, the following lower filament was applied, and if the reac-
tion was negative, the following higher filament was applied. The test
including 6 individual stimuli, and the reaction pattern was examined
using log transforms of the von Frey force [41,43] and averaged.

Spontaneous guarding behavior was scored as: 0 - no guarding, 1 -
mild shift of weight away from paw; 2 - unequal weight bearing with
some part of foot not touching the floor; 3 - paw licking, foot completely
raised [44]. The scores were obtained 6 observations total before von
Frey filament tests and averaged.

2.9. Immunofluorescence

Rats were anesthetized with isoflurane and IVD tissue from T12 to L6
were removed and fixed in 4% paraformaldehyde for 48 h. The fixed
specimens were decalcification and dehydration, and preparation of
slides. The slides were treated by trypsin for 20 min and 5% PBS/BSA for
30 min to inhibit unspecific antigens, followed by permeabilized for
10min with 0.1% Triton X-100. After 1 h of blocking with 1% PBS/BSA,
slides were incubated with primary antibodies against CGRP (Cell
Signaling Technology, 1:200) and CD31 (abclonal, 1:200) in PBS/BSA at
4 °C overnight. Afterwards secondary antibodies conjugated with Alexa
Fluor 488 and/or 594 were used to incubate cells for 1 h at room tem-
perature. The nucleus was labelled with 10 pg/mL DAPI solution. Pic-
tures were taken with immunofluorescence microscope (BX51TRF;
Olympus, Tokyo, Japan), and the images was analyzed using Image J
software.

2.10. Microfluidics assay

According to the manufacturer's instructions, Standard Neuron De-
vice (450 pm microgroove barrier, SND450) were positioned on a cell
climbing slice coated with 100 pg/mL Poly-p-Lysine (PDL, Sigma-
—Aldrich) overnight at 37 °C. Then the device was rinsed in sterilized
ddH,0 three times before use, and DRG neurons were seeded in device at
a density of 9 x 10* cells on the left side. The device was incubated at
incubator for 12 h to make sure neurons were migrating into main
channel of device and adhered. Each left well added 150 pL of Neu-
ralBasal media containing 0.5 x B27 and N2 (Invitrogen, Life Technol-
ogies, Inc.) and each right well added 150 pL conditioned media. The
conditioned media were 1:1 ratio of supernatants described before and
NeuralBasal media. After incubated for 4 days, the DRG neurons and
their nerve fibers at device were stained with conventional immunoflu-
orescence and obtained fluorescence photographs with immunofluores-
cence microscope. ImageJ software was used to measure the length of
nerve fibers that passed the microchannels.

2.11. Luciferase reporter assay

Briefly, HEK-293 T cells were transfected with Netrin-1 promoter
luciferase plasmid with renilla (Promega). Meanwhile cells were co-
transfected with vector or a particular transcription factor TCF3 (Ori-
Gene) overexpression plasmid. The dual luciferase reporter assay kit was
used to evaluate luciferase activity (Beyotime, Shanghai, China). The
ratio of firefly/Renilla luciferase activity was used to evaluate tran-
scriptional activity.

2.12. Chromatin immunoprecipitation (ChIP)
NP cells were cultured with or without induction of TNFx (50 ng/ml)

at 10-cm dish. After incubation for 48 h, cells were fixed in 37% form-
aldehyde for 10 min at room temperature. The ChIP assay was carried out
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according to manufacturer's instructions of ChIP assay kit (Cell Signaling
Technology). The immunoprecipitated DNA segments were collected for
PCR amplification and Supplementary Table 4 shows the sequences of
the oligos used in ChIP assay.

2.13. Statistical analysis

The data was provided as mean + standard deviation (SD). Prism 8
was used to examine the data (GraphPad Software, Inc., San Diego, CA,
USA). Student's t test or one-way ANOVA followed by Tukey's post hoc
analysis were used to determine statistical significance, and values of p <
0.05 were regarded statistically significant.

3. Results

3.1. Nerve innervation in severe degenerative intervertebral disc tissue was
increased

We first collected the NP specimens of IVD degeneration in clinical
patients (Supplementary Table 1), and detected the invasion of noci-
ceptive nerves in tissues by nociceptive neuron marker (P2X2) immu-
nohistochemical staining. The percentage of positive cells in
degenerative discs was higher than that in mild group (Fig. 1a and b). We
also investigated the variation of nerve innervation in normal and
degenerative disc in mice by needle puncture. As shown in Fig. 1c and d,
at 2 weeks or 4 weeks after needle puncture, the IVD showed obvious
degeneration. The immunohistochemical assays showed much more
P2X2* and NF200™" on junctional zone area of endplate and NP or deeper
into NP tissues of needle puncture model compared with sham-operated
group (Fig. 1c). The observation above primarily demonstrated that the
level of nerve innervation increased associated with grade of disc
degeneration.

3.2. The expression level of Netrin-1 was increased after inducing
intervertebral disc degeneration

To evaluate how disc degeneration increased the level of nerve
innervation, we next assessed the genes expression level of cultured NP
cells treated by IL-1p (10 ng/ml) or TNFa (50 ng/ml), quantified by RNA
sequencing and subjected to gene set enrichment analysis (GSEA) for
pathway enrichment analysis. We focused on pathway most correlated
with neural outgrowth and migration. As shown in Fig. 2a and b, the
neuron migration pathway (GO: 0001764) was significantly enriched (P
= 0.045 in IL-1p set, P = 0.020 in TNF« set). Contributing genes in this
pathway were all upregulated (Fig. 2c and d), among which, Netrin-1 was
further taken into consideration as selected by the most significant P
value combined with the highest fold change for differential expression
in both data sets (Fig. 2e-g, Supplementary Fig. 1). Relative mRNA
expression (Fig. 2h) and protein expression of Netrin-1 increased after
inducing NP cells degeneration (Fig. 2i and j). Moreover, human IVD
specimens exhibited strong expression of Netrin-1 in severe degenerative
discs compared with mild group (Fig. 2k and 1). Taken together, these
data indicated that neuron migration pathway was significantly enriched
in degenerative NP cells and Netrin-1 expression level rose significantly
on cellular and tissue level in disc degeneration, which might play an
important role in inducing nerve innervation.

3.3. Netrin-1 attracts neural axon outgrowth and induces migration of
vascular endothelia cells in vitro

To further investigate whether Netrin-1 exhibits convinced poten-
tially causal factors for discogenic back pain, we first constructed Netrin-
1 knockdown cell line by CRISPR/Cas9 (Fig. 3a and b), which showed no
impact on NP cells’ anabolism and catabolism (Supplementary Fig. 2a).
The sequences of gRNA are shown in Supplementary Table 3. We
cultured NP cells and induced degeneration by IL-1§ or TNFa for 48 h,
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then after 3 days, the cell culture supernatant was collected as condi-
tioned media (Fig. 3c and d). Furthermore, we examined whether Netrin-
1 can regulate neuronal migration and outgrowth. For this purpose, we
applied a microfluidic assay device which was used extensively in
investigating axons separately from cell bodies in studies of axonal injury
and regeneration in vitro [45]. The conditioned media exerted a clear
attractive effect on neural axon compared to control cases (Fig. 3e,
Supplementary Fig. 2b). Not unexpectedly, the attractive effect described
above was significantly attenuated when Netrin-1 was knockdown
(Fig. 3e and f, Supplementary Fig. 2c and d). These results suggested that
Netrin-1 plays a potent role in promoting nerve innervation progression.
In addition, variety of researches reported that ingrowth of nerve fibers
was usually accompanied with neovascularization in degenerative discs,
providing nutrition to the accompanying axons, which is also speculated
to contribute to LBP [7,46,47]. To assess the impact of degenerative disc
on angiogenic activities of endothelial cells, we used transwell migration
assay with conditioned media, which showed apparent appealing effect
on human umbilical vein endothelial cells (HUVECs). Whereas the
silencing of Netrin-1 abrogated this effect compared to HUVECs exposed
to conditioned media of degenerative NP cells (Fig. 3g and h). Collec-
tively, we could safely draw a conclusion that degenerative NP cells
mediated axonal attraction as well as the migration of vascular endo-
thelial cells partially through extracellular level of Netrin-1.

3.4. CRISPR-mediated knockdown of Netrin-1 relieves low back pain in
disc degeneration rat

With a demonstration of the appealing effect of Netrin-1 on neural
axon and vascular endothelial cells in vitro, we took a step forward to
investigate the potential effect by deletion of Netrin-1 in the needle-
punctured disc degeneration rat model. Rats were injected directly into
IVD of L4/5 with either AAV vector as control or AAV-NTN1 gRNA, 1
week after that, a classic disc degeneration model in L4/5 induced by
needle puncture was adopted. Notably, while the model was established
successfully confirmed by MRI images showing in Fig. 4a, the degree of
disc degeneration showed no significantly difference between AAV-Null
and AAV-NTN1 gRNA groups, which was consistent with our findings in
vitro mentioned above (Supplementary Fig. 2a). To evaluate spinal
hyperalgesia of these groups, we performed pain behavior tests,
including spontaneous guarding behavior and von Frey test. Guarding
behavior is regarded to be an indication of non-evoked, spontaneous pain
[44], which defined as 0 (no guarding, paw flat on floor), 1 (moderate
shift of weight away from paw), 2 (uneven weight bearing and some
portion of the foot not contacting the floor), or 3 (foot is completely
elevated or not carrying any weight). We found that although guarding
behavior in both AAV-Null and AAV-NTN1 gRNA groups increased after
4 weeks, it was unique to the AAV-Null group compared to the sham
group, and there was no significant difference between AAV-NTN1 gRNA
and sham groups (Fig. 4b). As shown in Fig. 4c, needle punctured animals
developed mechanical allodynia, as evidenced by a considerable reduc-
tion in von Frey threshold in the ipsilateral hindpaw after 4 weeks.
Remarkably, we observed the threshold was significantly preserved in
AAV-NTN1 gRNA group after 4 weeks, which however, also developed
significant mechanical allodynia after 6 weeks compared to the sham
group (Fig. 4c).

To rule out the notion that the indiscriminate effects of surgery were
to blame for the mechanical hypersensitivity, we performed von Frey test
on the contralateral side. Interestingly, there was also a decrease in the
threshold mostly at 8 weeks, although not as significant as the reduction
in the ipsilateral side (Fig. 4d). The significant increasement of CGRP
targeted at or around the IVD, a hallmark of peptidergic nociceptive C
nerve fibers, began at 4 weeks and till 8 weeks after needle puncture
surgery with AAV vector injected according to immunofluorescent la-
beling. But there were no detectable or little observed CGRP+neurons
around the IVD of sham-operated and AAV-NTN1 gRNA injected rats
(Fig. 4e and f). Impressively, the nociceptive nerve fibers were localized
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Figure 1. Nerve innervation in degenerative intervertebral disc tissue. a Inmunohistochemistry to detect P2X2" cells in mild, moderate and sever degenerative IVD
tissues. Scale bar, 20 pm b Percentage of P2X2" cells in IVD (n = 6, N = 24, each group). **p < 0.01 compared with mild group. ¢ Representative images of Safranin
O (second row), AlcianBlue (third row), NF200 staining (fourth row) and P2X2 staining (sixth row) of needle-punctured IVD after 2 weeks and 4 weeks. Scale bar, 80
pm d Histological grading scores at different time points after needle puncture. ***p < 0.001 compared with sham group, ###p < 0.001 compared with 2-week time
point. Results are shown as means + SD.

primarily adjacent to the CEP surface or outer annulus fibrosus at 4 Previous studies have shown that nerves entering were co-localised
weeks, and not invaded into the NP and inner annulus fibrosus until the with blood vessels [14]. We further investigated whether blood vessels
discs severely degenerative at 8 weeks. distribution have the same characteristic with nerve fibers.
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Figure 2. Netrin-1 expression level increases after inducing intervertebral disc degeneration. a Gene set enrichment analysis (GSEA) for GO_Neuron_Migration
pathway enrichment analysis of cultured rat nucleus pulposus cells treated with IL-1p (10 ng/ml) or b TNFu (50 ng/ml) for 48 h. ¢, d Heatmaps of differential genes in
GSEA set. e, f Volcano plots (Fold change versus P value). g A Venn diagram showing the intersection of differential gene sets of IL-1p (red circle) and TNFa (bule
circle) groups. h qPCR analysis for representative differential genes Netrin-1 of degenerative nucleus pulposus cells (n = 6, each group). i Inmunoblots showing
Netrin-1 and Col2, ADAMTS5, SOX9, MMP13 in nucleus pulposus cells treated with IL-1p or TNFa for 48 h. j Quantification of the blot (n = 3, each group). k
Representative immunohistochemistry of Netrin-1 in human IVD tissues. Scale bar, 80 pm (left column), 40 pm (right column). 1 Summarized analysis of percentage of
positive staining (red arrow) cells (n = 4, each group). Results are shown as means + SD. *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

potently corroborated that knockdown of Netrin-1 interfered nerve
innervation and blood vessels ingression, which therefore leaded to
discogenic back pain in vivo.

Unexpectedly, blood vessels did not invade deep into IVD as nerve fibers,
but grew toward the degenerative disc and Netrin-1 deficiency sup-
pressed this tropism (Fig. 4g and h). Taken together, these results
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induced by IL-1p or TNFx for 48 h (n = 4). Scale bar, 100 pm f Analysis of the relative length of axons. g Transwell migration assay of human umbilical cord
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###p < 0.001 compared with groups transfected with CRISPR/Cas9-ctr]l gRNA.

3.5. Retrograde and anterograde tracing of nerves found within IVDs

To figure out the source of the nerve fibers invaded into degenerative
IVD, we performed a retrograde tracing experiment at 8 weeks. The
neuron tracer Dil was injected into the L4/5 discs through right-sided
approach which was induced degeneration before (Fig. 5a). 1 week
after that, to quantify the number of Dil* neurons, we harvested T12 - L6
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DRGs on both sides. A significant Dil* area was detected particularly in
the right L1 and L2 DRGs, but less Dil" area was found in the T13 - L3
DRGs of AAV-NTN1 gRNA group though without significance (Fig. 5b
and c).

To further validate the nerve innervation within L4/5 IVD derived
from L1 and L2 DRGs, we carried out the anterograde tracing experiment
by injecting Dil into the L1 and L2 DRGs on right sides at 8 weeks after
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needle puncture surgery. We detected widespread Dil-labeled nerve fi-
bers in the right side of L4/5 IVD in AVV-Null group, whereas just a little
less in AAV-NTN1 gRNA group (Fig. 5d and e). In summary, these results
show sensory innervation in L4/L5 degenerative IVDs mostly derived
from L1 and L2 DRGs.

3.6. Transcription factor TCF3 negatively regulates Netrin-1 transcription

With a demonstration of the impact of nerve innervation and blood
vessels ingrowth, we further explored the mechanism of up-regulation of
Netrin-1 expression in degenerative NP cells. We used the JASPAR
database  (http://jaspar.genereg.net) and hTFtarget database
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(http://bioinfo.life.hust.edu.cn/hTFtarget#!/) to predict potential tran- score was shown in Fig. S3B. After overexpression of these TFs (Sup-
scriptional regulators of Netrin-1 and took the intersection of predicted plementary Fig. 3c and d), we found overexpression of TCF3 significantly
transcription factors (TFs). The predict TFs were shown in Fig. S3A via decreased Netrin-1 mRNA expression and protein level (Fig. 6a—c) and
volcano plot of IL-1f set. We purchased top 3 predict TFs overexpression with little effect on anabolism and catabolism of NP cells (Supplementary
plasmids according to — log (p value) in ascending order, and the predict Fig. 3e).
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Figure 6. TCF3 negatively regulates Netrin-1 transcription. a Relative mRNA expression level of Netrin-1 in nucleus pulposus cells transfected with or without TCF3
overexpression (n = 6). b Protein expression of Netrin-1 transfected with or without TCF3 overexpression and ¢ quantification of the blot (n = 3). d Putative TCF3-
binding sites within the 2200 bp region of Netrin-1 promoter. e Netrin-1 promoter activity was assessed using luciferase assay in HEK-293 cells of PO, P1, P2, P3 and
P4 segment (n = 3). f TCF3-binding sites of Netrin-1 promoter was detected by ChIP assay. g Mutation in the putative TCF3-binding site of the PO and P1 segment. h PO
(left), P1 (right) and its mutant activity was analyzed by luciferase assay in HEK-293 cells (n = 3). i The mRNA level of TCF3 in nucleus pulposus cells treated with IL-
1p or TNFa (n = 6). j Protein expression of TCF3 in nucleus pulposus cells treated with IL-1f or TNFa and k quantification of the blot (n = 3). ***p < 0.001 compared
ctrl group. All data were shown as means + SD.
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Furthermore, according to the JASPAR database, the promoter region
of Netrin-1 had 3 putative binding sites (Supplementary Fig. 3f). We
created 4 sequences based on the Netrin-1 promoter segment, each of
which had a different motif of potential transcriptional binding site
(Fig. 6d). As illustrated in Fig. 6e, TCF3 stimulated negative luciferase
activity in PO and P1, indicating that sequence P1 is the active promoter
segment. To further verify the binding motif, we then conducted a ChIP
assay. While the segment of —1500 to —1301 bp and —127 to —28 bp
exhibited no noticeable increase, the site of —757 to —631 bp showed
obvious binding activity. Moreover, the increasing binding activity was
alleviated while treated with TNFa (Fig. 6f). We further inserted muta-
tions in the predicted binding site of promoter segments (PO, P1 mutl
and mut2) to validate the functional binding site and found that PO and
P1 mutant products abolished the negatively transcriptional regulation
(Fig. 6g and h). In addition, we found TCF3 was reduced in NP cells after
induced degeneration which was consistent with the findings in ChIP
assay (Fig. 6i-k). Taken together, these findings revealed that degener-
ative NP cells mediated expression of Netrin-1 by TCF3, a negative
transcription regulator of Netrin-1.

4. Discussion

The problem of LBP is tough to approach, because of the complexity
of clinical symptoms [5]. It is commonly thought that inflammation,
stress alteration or sympathetic efferent nerves may be blamed for some
LBP problems, but the causes of LBP is still inconclusive [48,49]. The
degenerative disc disease (DDD) is a major cause of LBP [50]. In this
work, we found Netrin-1 played an important role in discogenic back
pain via mediating sensory nerve fibers innervation and angiogenesis.

The sensory nerves distributed in the IVD are predominantly noci-
ceptive, which forms the anatomical basis of discogenic back pain [51].
Nerves found within the IVDs in current study are primarily observed
around fissures, which might give a path into the interior parts of the IVD
where the fibrous matrix is disrupted [14]. However, the direct and exact
factor of inducing the nerve invasion remains uncertain. Here we
observed elevated expression of Netrin-1 in both cellular and tissue level,
which is a specific cue functioned as axon guidance in mammalian ner-
vous system. We found neuronal growth was promoted when treated
with supernatants of degenerative NP cells, but this effect was suppressed
when Netrinl was knockdown. Further, nerve innervation in degenera-
tive IVDs also decreased in needle-punctured rat model in the absence of
Netrin-1. Additionally, Netrin-1 is also regarded to be a angiogenic factor
which stimulates endothelial cell migration and proliferation in low
concentration and becomes anti-angiogenic agent in high concentration
[52,53]. In this study, we demonstrated that Netrin-1 expressed by
degenerative NP cells exhibited strong inducing effect on vascular
endothelial cells migration in vitro and controlled the growth direction of
blood vessels in vivo. Moreover, we detected the upstream activation
mechanism of Netrin-1. TCF3 is a pluripotency factor as a transcriptional
repressor [54] which was found decrease during disc degeneration in our
study. According to previous studies, -catenin protein is upregulated in
disc tissue samples from patients with disc degeneration [55,56].
Meanwhile, p-catenin could directly downregulate TCF3 expression in
regulating pluripotency of stem cells [54,57] (GO: 2000036), which
could explain the decrease of TCF3 in severe degenerated IVD. Particu-
larly, our results show that TCF3 could suppress the expression of
Netrin-1. Our data above suggest that in healthy IVD, Netrin-1 expression
maintains a low level while TCF3 is highly expressed, and during disc
degeneration, TCF3 expression decreases, which in turn abolished the
down-regulation of Netrin-1. Then, Netrin-1 promotes both nerve and
blood vessel ingrowth. The neovascularization provides trophic support
for nerve growth, and in the process of DDD, the inflammation produces
an amplification response, which causes peripheral nerve sensitization
[58,59], leading to spinal pain eventually.

Our findings above shows that the immune-positive neural cells were
found most in junctional regions of endplate and NP in moderate
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degenerative discs and found into NP area in sever degenerative discs.
We suggest one reason for this is that endplate area exists osteoclasts that
secret Netrin-1 [33]. The other reason is that NP is an enclosed tissue
located in the center of the IVD, and largely rely on capillary diffusion
through cartilage endplates for nutrient supply and metabolic waste
transport [60,61]. NP cells secret Netrin-1 and transport it to endplate
when IVD is mild or moderate degenerative which induces nerve growing
towards junctional regions of endplate and NP. And in sever degenerative
discs, there is annulus fibrosus fissures, allowing Netrin-1 expressed by
NP cells to expose to the external environment, which induces nerve
growing into NP area.

The dorsal section of L5 - S1 is innervated by the DRGs from L2 by the
paraspinal branch, while L3 - L5 DRGs innervate through the sinuverte-
bral neuron, resulting in these LBP non-specific [62,63]. Here we used
anterograde and retrograde nerve tracing models to identify the inner-
vation pattern of lumber IVD, and found that nerve innervation in L4/5
discs was mostly derived from ipsilateral L1 and L2 DRGs.

Nonetheless, there were several issues in this work not in line with
previous studies. The current theory for nerve and blood vessel ingrowth
into the IVD is that NGF-expressing endothelial cells enter the IVD first,
followed by sensory nerve fibers [64]. We did not find this to be the case
in this investigation. We found that blood vessels did not invade deep
into IVD as nerve fibers, which is consistent with Binch A.L.A et al.
research [65]. We propose that the degree of degeneration may to blame.

Recent study believed Netrin-1 was expressed by macrophage or
osteoclast in articular cartilage or cartilage endplate [13,33], but here we
demonstrated NP cells could up-regulate Netrin-1 expression itself in
degenerative IVD. Since previous study revealed that a subset of resident
NP can eventually take on macrophage-like conversion [12,66,67], our
findings suggest NP cells might exhibit potential macrophage phenotypes
during degeneration.

In conclusion, we explicate that Netrin-1 leads to discogenic back
pain via mediating nerve innervation and angiogenesis during IVD
degeneration. Knockdown Netrin-1 by CRISPR/Cas9 or overexpressing
TCF3 could impede this attractive effect and then relives the spinal
allodynia. Therefore, we may safely draw a conclusion that Netrin-1 has
the potential to be a promising treatment target of discogenic back pain
in future.
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