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Abstract 

Objective:  During degeneration of the intervertebral disc ingrowth of blood vessels and nerves into the disc are 
associated with back pain. Vascular endothelial growth factors promote vasculogenesis by binding to the membrane 
vascular endothelial growth factor receptor 1, while shorter soluble forms of this receptor can inhibit vascularization. 
We hypothesized that membrane and soluble receptor forms might change between stages of intervertebral disc 
degeneration.

Results:  Expression of soluble and membrane forms of vascular endothelial growth factor receptor 1 in human 
degenerated intervertebral discs and healthy bovine caudal discs was assessed by qRT-PCR and immunoblot. Com-
parative microarray meta-analysis across disc degeneration grades showed that membrane and soluble forms of this 
receptor, together with other components of classic vascularization pathways, are constitutively expressed across 
human disc degeneration stages. Contrary to our hypothesis, we observed that expression of the classic vasculariza-
tion pathway is stable across degeneration stages and we assume that soluble vascular endothelial growth factor 
receptor 1 does not contribute to prevent disc degeneration. However, we observed increased expression levels 
of genes involved in alternative vascularization signalling pathways in severely degenerated discs, suggesting that 
abnormal vascularization is part of the pathological progression of disc degeneration.
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Introduction
The intervertebral disc (IVD) is a complex avascular 
structure composed of outer annulus fibrosus (AF) and 
central nucleus pulposus (NP), sandwiched by carti-
lage endplates [1]. Essential nutrients for cell activity 
are supplied by diffusion through the dense extracellu-
lar matrix, from the blood vessels at the endplates and 
the disc margins [2]. Aggrecan, the major proteoglycan 
in human IVD, has been demonstrated to inhibit nerve 
growth [3] and blood vessels migration into the disc [4]. 
Loss of proteoglycans and water content in degenerated 

disc tissues [5] is associated with disc vascularization 
and innervation [6]. Vascular and neural ingrowth into 
IVD has been correlated with the presence of vascular 
endothelial growth factors (VEGF) and their receptors 
[7]. VEGF regulate blood and lymphatic vessel develop-
ment by binding to cell membrane receptors and acti-
vating specific signalling pathways [8]. VEGF receptor 
1 (VEGFR1; also known as FLT1) is a transmembrane 
receptor for VEGFA, which promotes angiogenesis and 
vascular permeability. While VEGFR1 gene encodes the 
full-length membrane receptor (mVEGFR1), an alterna-
tive pre-mRNA splicing encodes for a negative regulator 
soluble receptor (sVEGFR1), which binds VEGFA and 
decreases its bio-availability [9]. sVEGFR1 has shorter 
and distinct C-terminus and lacks the transmembrane 
region [10]. In such way the expression of mVEGFR1 and 
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sVEGFR1 can be utilised to regulate the local response 
to VEGF [11]. Interestingly, sVEGFR1 has an essential 
role in conferring corneal avascularity in diverse mam-
mals [12] and reduced levels of this protein were found 
in people with age-related macular degeneration [13]. 
Recently, it has been shown that inhibitory factors, pre-
sent in conditioned media generated from porcine noto-
chordal-enriched NP, can inhibit in vitro angiogenesis by 
suppressing VEGF signalling pathway [14]. In this study 
we tested the hypothesis that human IVD expresses 
sVEGFR1 as an additional way to maintain its avascular-
ity and that sVEGFR1 expression may change with disc 
degeneration.

Main text
Materials and methods
Isolation and culture of human and bovine disc cells
Human degenerated IVD fragments were obtained from 
patients undergoing surgical intervention (Additional 
file  1: Table  S1), after informed consent and approval 
by ethics committee of North and Central Switzerland 
(EKNZ). Degeneration grade was determined by mag-
netic resonance imaging (MRI) and based on surgeons 
expertise, according to the Pfirrmann’s modification of 
the Thompson classification. Five-score grades from 
healthy (grade I) to the most advanced degenerated 
(grade V) disc are defined in terms of sequential changes 
to MRI features: disc height, distinction between AF and 
NP, brightness and uniformity of the NP [15].

Human degenerated IVD fragments were digested with 
0.05% Collagenase Type-2 (Worthington—Bioconcept, 
Allschwil, Switzerland) in DMEM/F12 + GlutaMAX with 
5% fetal bovine serum (FBS) (Gibco—Paisley, UK) for 6 h 
at 37 °C. As healthy human IVD (control) were inacces-
sible for ethical reason, we isolated discs from bovine tail 
obtained from a local slaughterhouse. Healthy bovine 
disc fragments were digested with 0.3% pronase (Sigma, 
Buchs, Switzerland) in DMEM/F12 + GlutaMAX with 
5% FBS, for 1 h at 37 °C, then further digested with Col-
lagenase overnight at 37 °C. Disc cells were expanded in 
monolayer culture in DMEM/F12 + GlutaMAX supple-
mented with 10% FBS (Gibco) and 5 ng/ml recombinant 
bFGF (Peprotech—LuBioScience, Lucerne, Switzerland) 
at 37 °C in a humid atmosphere containing 5% CO2.

RNA extraction and gene expression
IVD tissues stored at − 80 °C were disintegrated mechan-
ically while still frozen and lysed in RNA Lysis Buffer 
(Aurum Total Mini Kit, Bio-Rad—Cressier, Switzerland). 
Disc cells in monolayer were trypsinized and the pel-
let was dissolved in RNA Lysis Buffer. Total RNA was 
extracted (Aurum Total Mini Kit, Bio-Rad) and used for 
synthesis of cDNA (SuperScript VILO cDNA Synthesis 

Kit, Invitrogen—LuBioScience). Template cDNA was 
mixed with PCR reaction solution (IQ SYBR Green 
Supermix, Bio-Rad) containing 0.25  μM specific prim-
ers (Additional file 2: Table S2). Quantitative PCR (qRT-
PCR) reactions were carried out in duplicate in 96-well 
plates (Bio Rad) for 40 amplification cycles, followed by 
melting curve analysis. Relative quantification was cal-
culated based on the 2−ΔΔCt method and normalized to 
GAPDH.

Immunoblotting
Flow-through washes from the RNA extraction proce-
dure were stored overnight at − 20  °C to allow protein 
precipitation, and then centrifuged at 10,000g for 15 min 
at 4 °C. Protein pellets were washed three times with 70% 
ethanol and resuspended in CelLytic M Buffer (Sigma) 
with Protease Inhibitor Cocktail (Sigma). In Western 
blot assays, proteins were separated by SDS-PAGE using 
Tris–Glycine 5–15% gradient gels (Bio-Rad) with a Pro-
tein Standard 10–250 kDa (Bio-Rad) and transferred onto 
a nitrocellulose membrane using the semi-dry Trans-Blot 
Turbo system (Bio-Rad). After blocking of non-specific 
sites with 5% milk (Rapilait, Migros, Switzerland) in PBS, 
membranes were incubated overnight at 4  °C with pri-
mary antibodies diluted in 5% milk: anti-VEGFR1 1:1000 
(AF321 R&D System—Abingdon, UK); anti-soluble 
VEGFR1 1:50 (36–1100 Thermo Scientific—LuBioSci-
ence); anti β-Actin 1:10,000 (AC-15 Novus—LuBioSci-
ence). Secondary antibody HRP-conjugated (anti-mouse 
and anti-rabbit 1:10,000, anti-goat 1:20,000—Bethyl, 
LuBioScience) was incubated 1 h at room temperature in 
5% milk-PBS and detected with chemiluminescence sub-
strate (LumiGlo Reserve, KPL—Bio Concept, Allschwil, 
Switzerland). Acquisition was performed with digital SLR 
camera (Nikon D600—Nikon, Zürich, Switzerland) [16].

Western blot quantification was performed with 
ImageJ 1.49v.

Microarray data analysis
Two microarray data sets (GSE15227 and GSE23130) [17, 
18] were downloaded from the Gene Expression Omni-
bus (GEO) using GEOquery, an R bioconductor package. 
These datasets have been generated from AF tissues of 
human degenerated IVD classified according to Thomp-
son grading system. A quality check was performed using 
ArrayQualityMetrics to identify the arrays with poor 
quality. It was found that there were no notable deviations 
amongst 26 chips out of 38 chips. The intensities were 
re-calculated and normalized using Robust Multichip 
Average (RMA), Guanine Cytosine Robust Multi-Array 
(GCRMA) and Variance Stabilizing (VSN) methods. 
Having observed that the normalization could bring the 
intensity distribution of the selected 26 chips to similar 
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characteristics, we decided to use these chips in our anal-
ysis (Additional file  3: Table  S3). We then filtered out 
unwanted information (e.g. genes without entrez infor-
mation, duplicated entrez gene identifiers etc.) together 
with genes having low variance, which would not pass the 
statistical tests for differential expression. Subsequently 
the filtered data sets were processed using limma R pack-
age to identify deferentially expressed genes. The results 
presented are based on VSN normalization.

Statistical analysis
For statistical analysis, we used non-parametric Mann–
Whitney–Wilcoxon U test for independent variables. 
Data analysis was performed with SPSS version 24.0 
for Windows (SPSS Inc.). Significance was indicated as 
*p < 0.05. After publication the data will be shared on 
Research Gate.

Results
Human degenerated IVD express membrane and soluble 
VEGFR1
Immunoblotting assay with anti-VEGFR1 antibody 
against the N-terminus region of the protein showed 
the expression of the full-length membrane form 
(mVEGFR1 ~ 200  kDa) in human degenerated (Fig.  1a) 
and healthy bovine (Fig.  1c) disc cells. An antibody 
against the C-terminal region of VEGFR1 soluble form 
showed a band of ~ 130 kDa (sVEGFR1) in human degen-
erated (Fig.  1a) and healthy bovine (Fig.  1c) disc cells. 
Both antibodies showed a band at ~ 60 kDa. β-Actin was 
used as a control. Western blot quantification showed no 
significant differences between mVEGFR1 and sVEGFR1 
in human degenerated IVD (n = 3—Fig. 1b) and healthy 
bovine discs (n = 2—Fig. 1d). Relative protein levels rep-
resent the average of the area (square pixels) normal-
ized on β-Actin. qRT-PCR analysis with specific primers 
(Additional file  2: Table  S2) designed in the unique 
regions of VEGFR1 gene to discriminate between differ-
ent isoforms, showed that mVEGFR1 and sVEGFR1 were 
comparably expressed in human degenerated IVD tissues 
(n = 11) and disc cells cultures (n = 11) (Additional file 4: 
Figure S1).

Unchanged VEGF pathways and abnormal vascularization 
in IVD degeneration process
Comparative analysis of AF tissues (n = 26) expression 
profiles from two microarray data sets [17, 18] showed 
that sVEGFR1 and mVEGFR1, along with other mem-
bers of the classic signalling vascularization pathway 
[19] (Fig.  2a), were unchanged at the level of transcript 
abundance through the degeneration grades (Fig.  2b). 
An exception was VEGFA, which exhibited a fluctuating 
expression between degeneration grades (Fig. 2b).

Fig. 1  VEGFR1 isoforms in human degenerated and bovine healthy 
discs. A representative immunoblotting assay showed the expression 
of the full-length membrane form (~ 200 kDa), the soluble form 
(~ 130 kDa) and a cytoplasmic fragment (~ 60 kDa) in human 
degenerated (a) and healthy bovine (c) disc cells. β-Actin was used 
as control. Western blot quantification of membrane and soluble 
VEGFR1 was performed on human (b; n = 3) and bovine (d; n = 2) 
disc cells. Results represent an average of area (square pixels) ± SD 
normalized on βActin. White bars represent AF, grey bars NP. No 
statistical significance with non-parametric Mann–Whitney–Wilcoxon 
U test for independent variables
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On the other hand, the expression levels of genes reg-
ulating abnormal alternative vascularization, such as 
hypoxia-inducible factor-1A (HIF1A) and High-Temper-
ature Requirement A Serine Peptidase 1 (HTRA1) were 
significantly increased in degenerated AF grade IV and 
V (Fig.  3a). There were also increased expression levels 
of some of the components of the interactome of HIF1A 
and HTRA1 proposed by STRING database (Fig.  3b). 
Meta-analysis gene expression data are given in Addi-
tional file  5: Table  S4 and Additional file  6: Table  S5. 
The qRT-PCR validation of six selected genes regulat-
ing abnormal vascularization (Fig.  3c) showed signifi-
cant increased expression levels of Ubiquitin C (UBC) 

in severe degenerated AF tissues (grade IV and V; n = 5), 
compared to grade II and III (n = 5). HIF1A, HTRA1, 40S 
Ribosomal Protein S27A (RPS27A) and Ubiquitin A-52 
(UBA52) showed higher expression levels in degenera-
tion grade IV and V, but the results were not significant.

Discussion
In this study, we observed that gene expression in the 
classic vascular endothelial growth factor (VEGF) vascu-
larization pathway is preserved across human interverte-
bral disc (IVD) degeneration stages and we propose that 
alternative vascularization pathways may be involved 
with the pathological progression of disc degeneration.

The degeneration of IVD is associated with vasculari-
zation and innervation [6]. VEGF promotes vasculogen-
esis binding to the full-length transmembrane vascular 
endothelial growth factor receptor 1 (mVEGFR1), while 
shorter soluble forms of this receptor (sVEGFR1) 
behave as competitive inhibitors of vascularization. 
Since sVEGFR1 has the essential role to preserve cor-
neal avascularity in diverse mammals [12], we hypoth-
esized that human IVD expresses the decoy sVEGFR1 
as an additional way to maintain its avascularity and 
the expression of sVEGFR1 and mVEGFR1 may change 
during degeneration process. We expected that healthy 
avascular discs prevalently express the inhibitor soluble 
form, while the vascularized degenerated discs express 
more the membrane form. Contrary to our expectations, 
we showed that both forms were similarly expressed in 
human degenerated IVD tissues and disc cell cultures. By 
immunoblot, we observed the expression of mVEGFR1 
(~ 200  kDa) and sVEGFR1 (~ 130  kDa), both isoforms 
well described in literature [10, 20–22]. It has been dem-
onstrated that VEGFR1 can undergo proteolytic frag-
mentation, resulting in the formation of soluble form and 
cytoplasmic fragment of ~ 60 kDa [23]. We observed, by 
microarray meta-analysis, unchanged expression levels 
of sVEGFR1 and mVEGFR1 through the IVD degenera-
tion grades, as well as of the other components of classic 
vascularization pathways [19], except for the fluctuating 
transcript levels expressed by VEGFA. VEGFR1 together 
with VEGFA are the imperative upstream components 
in a highly studied signalling pathway that regulates 
angiogenesis [19, 24–26]. The mechanism of neovascu-
larization mediated by VEGF and its receptors has been 
closely correlated with inflammation, chronic back pain 
and accelerated IVD degeneration [27–32]. However, our 
meta-analysis rejected the initial hypothesis and showed 
that the classic vascularization signalling pathway is con-
stitutively expressed across disc degeneration stages.

This leaves the option that other vascularization path-
ways may be involved in the pathological vascularization 
progression during IVD degeneration. Interestingly, the 

Fig. 2  Unchanged VEGF pathways in IVD. a Schematic representation 
of members of the classic VEGF vascularization signalling pathway. 
b Microarray meta-analysis of 14 expression profiles remained 
unchanged through the degeneration grades (n = 26), except for 
vascular endothelial growth factor A (VEGFA). Axes of x indicate state 
of degeneration according to Thompson grading system, axes of y 
indicate average expression levels in log2. Results are based on VSN 
normalization
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meta-analysis and our qRT-PCR validation experiments 
revealed number of genes-either known or proposed 
to regulate abnormal vascularization—with increased 
expression levels in severely degenerated discs. Above 

all, hypoxia-inducible factor-1A (HIF1A), which has 
been shown to regulate VEGF [33, 34] and induce angio-
genesis [35], High-Temperature Requirement A Serine 
Peptidase 1 (HTRA1), which has a potential role in IVD 

Fig. 3  Abnormal vascularization in IVD. a Genes regulating abnormal alternative vascularization and other components of the interactome of 
hypoxia-inducible factor-1A (HIF1A) and high-temperature requirement A serine peptidase 1 (HTRA1) showed increased expression levels through 
degeneration grades (n = 26). Axes of x indicate state of degeneration, axes of y indicate average expression levels in log2. Results are based on VSN 
normalization. b Interactome of HIF1A and HTRA1 proposed by STRING database. c qRT-PCR validation of six selected genes regulating abnormal 
vascularization in degenerated grade II and III (n = 5), compared to severe degenerated grade IV and V (n = 5) AF tissues. Box plots represent relative 
mRNA expression normalized on GAPDH. The line across the box indicates the median, bubbles indicate outliers. Non-parametric Mann–Whitney–
Wilcoxon U test for independent variables was used. Significance was showed as *p < 0.05
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degeneration [36, 37] and abnormal vascularization [38, 
39], and Ubiquitin C (UBC), which was hypothesized to 
have a crucial role in inhibiting cell proliferation of annu-
lus fibrosus in IVD degeneration [40].

In conclusion, this study showed that the classic VEGF 
vascularization pathway is unchanged across disc degen-
eration, advancing that decoy sVEGFR1 does not have a 
major role in protecting from disc degeneration process.

Limitations
Our results allow us to speculate that IVD cells response 
to the degenerative processes may trigger an alternative 
vascularization signalling pathway activated by some 
of the components of the interactome of HIF1A and 
HTRA1. However, this is a new hypothesis, which needs 
to be tested.

In this study we used as healthy control caudal bovine 
discs, because healthy human IVD were inaccessible for 
ethical reason. Bovine discs have been proposed as a suit-
able biological and biomechanical model for studying 
human disc disorders, since they are very similar to the 
human IVD in terms of cell distribution, cell phenotype, 
disc composition, disc size and mechanical loading [41].

Abbreviations
IVD: intervertebral disc; mVEGFR1: membrane vascular endothelial growth fac-
tor receptor 1; sVEGFR1: soluble vascular endothelial growth factor receptor 1; 
AF: annulus fibrosus; NP: nucleus pulposus; VEGF: vascular endothelial growth 
factors; VEGFA: vascular endothelial growth factor A; HIF1A: hypoxia-inducible 
factor-1A; HTRA1: High-Temperature Requirement A Serine Peptidase 1; UBC: 

Additional files

Additional file 1: Table S1. Demographic details of Intervertebral disc 
donors.

Additional file 2: Table S2. Human primers used in qRT-PCR.

Additional file 3: Table S3. Microarray samples information.

Additional file 4: Figure S1. (a) Schematic representation of transcript 
isoforms of VEGFR1. (UniProtKB-P17948). In red are marked identical 
N-terminus coding sequences, while in yellow the C-terminus unique 
sequences belonging to splicing isoforms. Specific primers (depicted in 
dotted lines) were designed in the unique regions to discriminate the 
different isoforms by qRT-PCR. (b) Agarose gel shows PCR products of 
VEGFR1 isoforms analysed in HUVEC; GAPDH was used as housekeeping 
gene. PCR product sizes were expressed in base pair (bp). (c) In human 
degenerated IVD tissues (n = 11) and (d) monolayer disc cell cultures 
(n = 11) mVEGFR1 and sVEGFR1 were similarly expressed. Soluble vari-
ants isoform 3 and isoform 4 were not detected by qRT-PCR. Box plots 
represent relative mRNA expression normalized on GAPDH in annulus 
fibrosus (AF) and nucleus pulposus (NP). The line across the box indicates 
the median, bubbles indicate outliers, stars indicate extreme values. No 
statistical significance with Non-parametric Mann–Whitney–Wilcoxon U 
test for independent variables.

Additional file 5: Table S4. Expression profiles of genes of classic angio-
genesis signalling pathway.

Additional file 6: Table S5. Expression profiles of genes of abnormal 
angiogenesis signalling pathway.

ubiquitin C; RPS27A: 40S Ribosomal Protein S27A; UBA52: ubiquitin A-52; 
BIRC2: baculoviral IAP repeat-containing protein 2.

Authors’ contributions
SC performed, analysed and interpreted the data regarding the presence of 
the receptors in intervertebral discs and was a major contributor in writing 
the manuscript. AB contributed in data interpretation, figures preparations. KG 
analysed microarray data sets. TP and MB provided intervertebral disc samples, 
participated in MRI data analysis and established the grade of disc degen-
eration. JS helped coordinating the study, discussing results and edited the 
manuscript. All authors read and approved the final manuscript.

Author details
1 Biomedical Laboratories, Swiss Paraplegic Research, 6207 Nottwil, Swit-
zerland. 2 Swiss Paraplegic Centre, Nottwil, Switzerland. 3 Cantonal Hospital 
of Lucerne, Lucerne, Switzerland. 

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The two microarray data sets analysed (GSE15227 and GSE23130) were down-
loaded from the Gene Expression Omnibus (GEO) (https​://www.ncbi.nlm.nih.
gov/geo/).

Consent for publication
Not applicable.

Ethics approval and consent to participate
Human samples were obtained after written informed consent and approval 
by ethics committee of Northwest and Central Switzerland (Ethikkommission 
Nordwest und Zentralschweiz—EKNZ).

Funding
This work was supported by the Swiss Paraplegic Foundation and Swiss 
National Foundation (Grant CR2313_159744 to JS).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 13 November 2017   Accepted: 11 May 2018

References
	1.	 Raj PP. Intervertebral disc: anatomy–physiology–pathophysiology-treat-

ment. Pain Pract. 2008;8:18–44.
	2.	 Urban JP, Smith S, Fairbank JC. Nutrition of the intervertebral disc. Spine 

(Phila Pa 1976). 2004;29:2700–9.
	3.	 Johnson WE, Caterson B, Eisenstein SM, Hynds DL, Snow DM, Roberts 

S. Human intervertebral disc aggrecan inhibits nerve growth in vitro. 
Arthritis Rheum. 2002;46:2658–64.

	4.	 Johnson WE, Caterson B, Eisenstein SM, Roberts S. Human interverte-
bral disc aggrecan inhibits endothelial cell adhesion and cell migration 
in vitro. Spine (Phila Pa 1976). 2005;30:1139–47.

	5.	 Urban JP, Roberts S. Degeneration of the intervertebral disc. Arthritis Res 
Ther. 2003;5:120–30.

	6.	 Stefanakis M, Al-Abbasi M, Harding I, Pollintine P, Dolan P, Tarlton J, 
Adams MA. Annulus fissures are mechanically and chemically condu-
cive to the ingrowth of nerves and blood vessels. Spine (Phila Pa 1976). 
2012;37:1883–91.

	7.	 Haro H, Kato T, Komori H, Osada M, Shinomiya K. Vascular endothelial 
growth factor (VEGF)-induced angiogenesis in herniated disc resorption. 
J Orthop Res. 2002;20:409–15.

https://doi.org/10.1186/s13104-018-3441-3
https://doi.org/10.1186/s13104-018-3441-3
https://doi.org/10.1186/s13104-018-3441-3
https://doi.org/10.1186/s13104-018-3441-3
https://doi.org/10.1186/s13104-018-3441-3
https://doi.org/10.1186/s13104-018-3441-3
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/


Page 7 of 7Capossela et al. BMC Res Notes  (2018) 11:333 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

	8.	 Cebe-Suarez S, Zehnder-Fjallman A, Ballmer-Hofer K. The role of VEGF 
receptors in angiogenesis; complex partnerships. Cell Mol Life Sci. 
2006;63:601–15.

	9.	 Kendall RL, Thomas KA. Inhibition of vascular endothelial cell growth 
factor activity by an endogenously encoded soluble receptor. Proc Natl 
Acad Sci USA. 1993;90:10705–9.

	10.	 Shibuya M. Structure and dual function of vascular endothelial growth 
factor receptor-1 (Flt-1). Int J Biochem Cell Biol. 2001;33:409–20.

	11.	 He Y, Smith SK, Day KA, Clark DE, Licence DR, Charnock-Jones DS. Alterna-
tive splicing of vascular endothelial growth factor (VEGF)-R1 (FLT-1) pre-
mRNA is important for the regulation of VEGF activity. Mol Endocrinol. 
1999;13:537–45.

	12.	 Ambati BK, Nozaki M, Singh N, Takeda A, Jani PD, Suthar T, Albuquerque 
RJ, Richter E, Sakurai E, Newcomb MT, et al. Corneal avascularity is due to 
soluble VEGF receptor-1. Nature. 2006;443:993–7.

	13.	 Luo L, Uehara H, Zhang X, Das SK, Olsen T, Holt D, Simonis JM, Jackman 
K, Singh N, Miya TR, et al. Photoreceptor avascular privilege is shielded by 
soluble VEGF receptor-1. Elife. 2013;2:e00324.

	14.	 Cornejo MC, Cho SK, Giannarelli C, Iatridis JC, Purmessur D. Soluble 
factors from the notochordal-rich intervertebral disc inhibit endothelial 
cell invasion and vessel formation in the presence and absence of pro-
inflammatory cytokines. Osteoarthritis Cartilage. 2015;23:487–96.

	15.	 Pfirrmann CW, Metzdorf A, Zanetti M, Hodler J, Boos N. Magnetic reso-
nance classification of lumbar intervertebral disc degeneration. Spine 
(Phila Pa 1976). 2001;26:1873–8.

	16.	 Khoury MK, Parker I, Aswad DW. Acquisition of chemiluminescent signals 
from immunoblots with a digital single-lens reflex camera. Anal Biochem. 
2010;397:129–31.

	17.	 Gruber HE, Hoelscher G, Loeffler B, Chow Y, Ingram JA, Halligan W, Hanley 
EN Jr. Prostaglandin E1 and misoprostol increase epidermal growth factor 
production in 3D-cultured human annulus cells. Spine J. 2009;9:760–6.

	18.	 Gruber HE, Hoelscher GL, Ingram JA, Hanley EN Jr. Genome-wide analysis 
of pain-, nerve- and neurotrophin-related gene expression in the degen-
erating human annulus. Mol Pain. 2012;8:63.

	19.	 Herbert SP, Stainier DY. Molecular control of endothelial cell behav-
iour during blood vessel morphogenesis. Nat Rev Mol Cell Biol. 
2011;12:551–64.

	20.	 Elkin M, Orgel A, Kleinman HK. An angiogenic switch in breast cancer 
involves estrogen and soluble vascular endothelial growth factor recep-
tor 1. J Natl Cancer Inst. 2004;96:875–8.

	21.	 Orecchia A, Lacal PM, Schietroma C, Morea V, Zambruno G, Failla CM. 
Vascular endothelial growth factor receptor-1 is deposited in the extra-
cellular matrix by endothelial cells and is a ligand for the alpha 5 beta 1 
integrin. J Cell Sci. 2003;116:3479–89.

	22.	 Rajakumar A, Powers RW, Hubel CA, Shibata E, von Versen-Hoynck F, 
Plymire D, Jeyabalan A. Novel soluble Flt-1 isoforms in plasma and cul-
tured placental explants from normotensive pregnant and preeclamptic 
women. Placenta. 2009;30:25–34.

	23.	 Rahimi N, Golde TE, Meyer RD. Identification of ligand-induced proteo-
lytic cleavage and ectodomain shedding of VEGFR-1/FLT1 in leukemic 
cancer cells. Cancer Res. 2009;69:2607–14.

	24.	 Lohela M, Bry M, Tammela T, Alitalo K. VEGFs and receptors involved 
in angiogenesis versus lymphangiogenesis. Curr Opin Cell Biol. 
2009;21:154–65.

	25.	 Coultas L, Chawengsaksophak K, Rossant J. Endothelial cells and VEGF in 
vascular development. Nature. 2005;438:937–45.

	26.	 Dikov MM, Ohm JE, Ray N, Tchekneva EE, Burlison J, Moghanaki D, 
Nadaf S, Carbone DP. Differential roles of vascular endothelial growth 
factor receptors 1 and 2 in dendritic cell differentiation. J Immunol. 
2005;174:215–22.

	27.	 Adams MA, Lama P, Zehra U, Dolan P. Why do some intervertebral 
discs degenerate, when others (in the same spine) do not? Clin Anat. 
2015;28:195–204.

	28.	 Burke JG, Watson RW, McCormack D, Dowling FE, Walsh MG, Fitzpatrick 
JM. Intervertebral discs which cause low back pain secrete high levels of 
proinflammatory mediators. J Bone Joint Surg Br. 2002;84:196–201.

	29.	 Freemont AJ, Peacock TE, Goupille P, Hoyland JA, O’Brien J, Jayson MI. 
Nerve ingrowth into diseased intervertebral disc in chronic back pain. 
Lancet. 1997;350:178–81.

	30.	 Peng B, Hao J, Hou S, Wu W, Jiang D, Fu X, Yang Y. Possible pathogen-
esis of painful intervertebral disc degeneration. Spine (Phila Pa 1976). 
2006;31:560–6.

	31.	 Lu XY, Ding XH, Zhong LJ, Xia H, Chen XD, Huang H. Expression and sig-
nificance of VEGF and p53 in degenerate intervertebral disc tissue. Asian 
Pac J Trop Med. 2013;6:79–81.

	32.	 Binch AL, Cole AA, Breakwell LM, Michael AL, Chiverton N, Cross AK, Le 
Maitre CL. Expression and regulation of neurotrophic and angiogenic 
factors during human intervertebral disc degeneration. Arthritis Res Ther. 
2014;16:416.

	33.	 Liu Y, Cox SR, Morita T, Kourembanas S. Hypoxia regulates vascular 
endothelial growth factor gene expression in endothelial cells. Identifica-
tion of a 5′ enhancer. Circ Res. 1995;77:638–43.

	34.	 Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos RD, Semenza GL. 
Activation of vascular endothelial growth factor gene transcription by 
hypoxia-inducible factor 1. Mol Cell Biol. 1996;16:4604–13.

	35.	 Krock BL, Skuli N, Simon MC. Hypoxia-induced angiogenesis: good and 
evil. Genes Cancer. 2011;2:1117–33.

	36.	 Tiaden AN, Klawitter M, Lux V, Mirsaidi A, Bahrenberg G, Glanz S, Quero 
L, Liebscher T, Wuertz K, Ehrmann M, Richards PJ. Detrimental role for 
human high temperature requirement serine protease A1 (HTRA1) in 
the pathogenesis of intervertebral disc (IVD) degeneration. J Biol Chem. 
2012;287:21335–45.

	37.	 Tiaden AN, Richards PJ. The emerging roles of HTRA1 in musculoskeletal 
disease. Am J Pathol. 2013;182:1482–8.

	38.	 Jiang J, Huang L, Yu W, Wu X, Zhou P, Li X. Overexpression of HTRA1 leads 
to down-regulation of fibronectin and functional changes in RF/6A cells 
and HUVECs. PLoS ONE. 2012;7:e46115.

	39.	 Zhang L, Lim SL, Du H, Zhang M, Kozak I, Hannum G, Wang X, Ouyang 
H, Hughes G, Zhao L, et al. High temperature requirement factor A1 
(HTRA1) gene regulates angiogenesis through transforming growth 
factor-beta family member growth differentiation factor 6. J Biol Chem. 
2012;287:1520–6.

	40.	 He J, Xue R, Li S, Lv J, Zhang Y, Fan L, Teng Y, Wei H. Identification of the 
potential molecular targets for human intervertebral disc degeneration 
based on bioinformatic methods. Int J Mol Med. 2015;36:1593–600.

	41.	 Alini M, Eisenstein SM, Ito K, Little C, Kettler AA, Masuda K, Melrose J, 
Ralphs J, Stokes I, Wilke HJ. Are animal models useful for studying human 
disc disorders/degeneration? Eur Spine J. 2008;17:2–19.


	VEGF vascularization pathway in human intervertebral disc does not change during the disc degeneration process
	Abstract 
	Objective: 
	Results: 

	Introduction
	Main text
	Materials and methods
	Isolation and culture of human and bovine disc cells
	RNA extraction and gene expression
	Immunoblotting
	Microarray data analysis
	Statistical analysis

	Results
	Human degenerated IVD express membrane and soluble VEGFR1
	Unchanged VEGF pathways and abnormal vascularization in IVD degeneration process

	Discussion

	Limitations
	Authors’ contributions
	References




