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Objective: To catalog and characterize the proteome of normal human intervertebral disc 
(IVD).
Methods: Nine magnetic resonance imaging (MRI) normal IVDs were harvested from 9 
different brain dead yet alive voluntary organ donors and were subjected to electrospray ion-
ization-liquid chromatography tandem mass spectrometry (ESI-LC-MS/MS) acquisition.
Results: A total of 1,116 proteins were identified. Functional enrichment analysis tool DA-
VID ver. 6.8 categorized: extracellular proteins (38%), intracellular (31%), protein-contain-
ing complex (13%), organelle (9%), membrane proteins (6%), supramolecular complex 
(2%), and 1% in the cell junction. Molecular function revealed: binding activity (42%), cat-
alytic activity (31%), regulatory activity (14%), and structural activity (7%). Molecular trans-
ducer, transporter, and transcription regulator activity together contributed to 6%. A com-
parison of the proteins obtained from this study to others in the literature showed a wide 
variation in content with only 3% of bovine, 5% of murine, 54% of human scoliotic discs, 
and 10.2% of discs adjacent to lumbar burst fractures common to our study of organ do-
nors. Between proteins reported in scoliosis and lumbar fracture patients, only 13.51% were 
common, further signifying the contrast amongst the various MRI normal IVD samples.
Conclusion: The proteome of “healthy” human IVDs has been defined, and our results 
show that proteomic data on IVDs obtained from scoliosis, fracture patients, and cadavers 
lack normal physiological conditions and should not be used as biological controls despite 
normal MRI findings. This questions the validity of previous studies that have used such 
discs as controls for analyzing the pathomechanisms of disc degeneration.

Keywords: Tandem mass spectrometry, Human intervertebral disc, Proteome, Degenera-
tive disc disease, Tissue donors, Gene ontology

INTRODUCTION

Low back pain (LBP) is the most common musculoskeletal 
disorder affecting 540 million people globally.1 Lumbar degen-

erative disc disease (DDD) is the leading cause of LBP and re-
mains poorly understood. During disc degeneration, the inter-
vertebral disc (IVD) undergoes physiological and morphologi-
cal changes that lead to alterations in the extracellular matrix 
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(ECM). However, to understand the exact differences that oc-
cur in the disc proteome during this degenerative process, clear 
documentation of the proteins expressed in discs under normal 
physiological conditions is essential. 

Characterization of the proteome of a normal IVD has been 
challenging due to the limited access to appropriate biological 
samples. To date, many comparative proteomic studies have 
used disc samples harvested from scoliosis, spinal trauma, and 
cadavers as controls to analyze diseased IVD as they appear 
normal in MRI. Control discs obtained from scoliosis subjects 
are reported to have an asymmetric loading pattern, leading to 
bone deformity,2 and stress profiles similar to degenerated 
discs,3 indicating pathomorphological changes that alter the 
cellular activity. The high-stress levels and asymmetrical load-
ing in these discs might result in an altered biological composi-
tion, thus flawing the results of molecular comparative studies 
that have used these samples as “healthy” controls.

Lumbar spine burst fractures might also not represent actual 
controls, as 70% of the discs have been reported to have disc 
edema, bleeding/rupture, or displacement, which provides evi-
dence of alteration in biochemical composition inside the IVD.4 
In an animal study of vertebral endplate damage induced chang-
es in IVD, the elevation of cytotoxic lactate dehydrogenase en-
zyme, upregulated expression of pro-apoptotic proteins such as 
FasL and tumor necrosis factor-α, along with increase in cata-

bolic gene expression (matrix metalloproteinase [MMP]-1 and 
MMP-13) demonstrates that discs procured from spaces adja-
cent to spinal trauma do not represent physiologically normal 
conditions.5 

On the other hand, despite many studies stating that the in-
tegrity of proteins in autopsy specimens from 6 hours after 
death remains stable with only a minor degree of loss, hypoxia 
in these specimens is a critical agonal factor. Extended agonal 
state and hypoxia will lead to the increase in tissue lactate, thus 
lowering pH, which plays a significant role in alterations of 
RNA and protein integrity and may, therefore, fail to reflect ho-
meostasis. Notably, it assumes more importance in a human 
IVD which is believed to be an avascular tissue and primarily 
depends on nutrition through solute transport occurring across 
end plates by the process of diffusion.

The majority of studies in LBP involve in vivo models of oth-
er animals such as bovine,6 murine,7 canine,8 porcine, and cap-
rine discs to understand the disease mechanisms in the human 
nucleus pulposus (NP). However, due to inter-species differ-
ences, their value for understanding disc pathology is limited, 
which emphasizes the need for proper human controls for mo-
lecular-level studies.

In this study, 9 MRI normal discs were harvested from brain 
dead yet alive voluntary asymptomatic organ donors, and we 
employed proteomic approach coupled with tandem mass 

Fig. 1. Imaging of the acquired vertebral segments to choose radiologically normal disc specimens: (A) plain radiograph, (B) 
T2-weighted magnetic resonance image, and (C) computed tomography images demonstrating perfect normal intervertebral 
disc in the spine segment harvested from a 13-year-old voluntary organ donor, ideal to be labeled as a healthy normal disc.
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spectrometry to derive the comprehensive list of proteins ex-
pressed in true biologically healthy control discs which would 
serve as the basis for identifying the biological processes (BPs) 
and pathways disrupted during aging and in DDD.

MATERIALS AND METHODS

The study was conducted after the approval of Institutional 
Review Board (IRB) of Ganga Medical Centre and Hospitals 
Pvt Ltd. (reference No. 2/2/2018) and samples were processed 
as per the ethical guidelines of the Indian Council of Medical 
research. Access to discs from organ donors was through li-
cence obtained from regional organ transplant board for ac-
quiring bone and musculoskeletal tissue.

1. �Harvesting the Human IVD Tissues From Brain Dead 
Organ Donor
Lumbar spine segments were collected under sterile operat-

ing conditions as a source of bone allograft from 9 brain dead 
voluntary organ patients with no history of spinal trauma or 
spinal disorder after approval from the IRB. The removed spine 
segments were immediately investigated by plain radiography 
(Fig. 1A), 1.5 Tesla MRI (Fig. 1B), and computed tomography 
(Fig. 1C). The harvested segments which were completely nor-
mal in imaging (Fig. 2A) were segregated into vertebrae (Fig. 
2B), annulus fibrosus, NP (Fig. 2C), and endplates (Fig. 2D) 
under strict aseptic precautions using microscope. To avoid 
cells from annulus fibrosus, we chose to dissect NP well short 
of the transitional zone. The bones were used as a source of al-
lografts after processing them appropriately in a licensed bone 

Fig. 2. Segregation of the intervertebral discs from the spine segment which was proven as radiologically normal: Intervertebral 
disc (A) isolated from bone (B) which is used as allograft after appropriate processing intervertebral disc dissected into nucleus 
pulposus and annulus fibrosus (C) and endplate (D) being scraped out from the bone for further research.
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bank (Fig. 2B). The remnant MRI normal NP of disc tissues 
were first washed with phosphate buffer solution (PBS) and 
stored in Cryovials and then snap-frozen immediately in liquid 
nitrogen containers. These tissues were carefully transported to 
the research center for further processing and analysis.

2. �Protein Extraction from Human IVD Tissues and Clean-
up Prior to In-Gel Prefractionation
Around 200 mg of NP snap-frozen in liquid nitrogen was 

pulverized and resuspended in 2 mL of radio immunoprecipi-
tation assay buffer (RIPA) buffer (50 mM Tris-Hcl, 150 mM 
NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate 
[SDS], 1% Triton X-100, 10% glycerol) and vortexed for 30 sec-
onds. Further, the samples were sonicated thrice in pulse mode 
for 15 seconds on and off with an amplitude of 35%. The sam-
ple tubes were kept immersed in an ethanol ice bath through-
out the process. The sonicated sample was incubated on ice for 
30 minutes and centrifuged at 10,000 rpm for 20 minutes at 
4°C. The supernatant contained hydrophilic, and mild hydro-
phobic proteins were labelled as S1 fraction. The pellet expected 
to contain membrane and hydrophobic proteins were extracted 
by adding 1 mL of 2% SDS and the homogenized sample was 
further boiled at 70°C for 10 minutes. The mixture was centri-
fuged at 12,000 rpm for 30 minutes at 23°C, and the resultant 
supernatant was labelled as S2 fraction.

3. �Sample Clean-up using an Organic Solvent to Remove 
the Interfering Glycans From the Proteins before 
Proteome Analysis Using Tandem Mass Spectrometry

Fractions S1 and S2 obtained for each sample were cleaned 
up using organic solvent chloroform: methanol: water in the ra-
tio 1:4:1:3 (v/v) (1 volume of the sample; 4 volumes of metha-
nol: 1 volume of chloroform and 3 volumes of water) and vor-
texed for 30 seconds twice. The mixture was centrifuged at 
10,000 rpm for 20 minutes at 4°C. The chloroform layer con-
taining the protein was removed, and an equal volume of 
methanol was added and centrifuged at 10,000 rpm for 20 min-
utes at 4°C. The resulting pellet was rinsed twice with methanol 
and centrifuged with the same parameters as specified above. 
The resulting pellet is so fragile; hence the methanol should be 
discarded with caution without disturbing the pellet, which is 
further air-dried for 3 minutes and resuspended in 200 µL of 10 
mM Tris-HCl 8.0, 0.1% SDS.

Fifty micrograms of the total proteins were then prefraction-
ated in 10% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and stained with colloidal coomassie brilliant blue G250.

4. �Tryptic Digestion, Peptide Extraction, and Purification 
Using C18 Spin Columns
The total proteins of the human IVD were subjected to tryp-

tic in-gel digestion, followed by the analysis of the tryptic pep-
tides using tandem mass spectrometry.

The entire lane was sliced into 10 fractions and subjected to 
tryptic digestion at a concentration of 600 ng/fraction. The 
tryptic peptides were purified using C18 columns (Agilent Pep-
tide Cleanup C18 Spin Column [#Cat No. 51882750]) before 
mass spectrometry as per the manufacturer’s instruction. Each 
of the 3 fractions was pooled, dried, and resuspended in an ap-
propriate volume of 0.1% formic acid with 5% acetonitrile. 
Around 1,000 fmol (femtomole) of the tryptic peptides from 
each fraction were loaded to nano-liquid chromatography (LC) 
and subjected to tandem mass acquisition. The resultant raw 
files from the electrospray ionization-liquid chromatography 
tandem mass spectrometry (ESI-LC-MS/MS) were processed 
in PD ver. 1.4, as described in the (Fig. 3).

5. Relative Quantification by Spectral Count
Spectral counts obtained by LC/MS-MS were further sub-

jected to normalization by normalized spectral abundance fac-
tor (NSAF) method.9

6. Gene Ontology and Pathway Enrichment Analysis
To interpret the functional enrichment of healthy IVD pro-

teins, gene ontology (GO), including BP, molecular function 
(MF), and cellular component (CC), was performed using 
‘cluster profiler’ in R vs. 3.6.1 (2019-07-05) (R Foundation, Vi-
enna, Austria) program. Besides, pathway enrichment analysis 
was performed using the Reactome database.

7. Clustering and Protein-Protein Interaction Network
The identified proteins were mapped using the Search Tool 

for the Retrieval of Interacting Genes (STRING; http://string-
db.org) with default settings, and the disconnected nodes were 
excluded from the interaction analysis. Protein Interaction Net-
work (PPI) network with the interaction score > 0.4 was ex-
tracted from STRING, and the network was further analyzed 
using Cytoscape cytoHubba.10 Top 10 ranked proteins were 
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SpC: Number of spectral counts; L: Protein Length; k: individual protein

NSAF is calculated as follows:
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identified using cytoHubba plugin based on one of the impor-
tant network scoring methods: Degree. Proteins with higher de-
grees are considered to be more essential proteins.

8. Histology and Immunohistochemistry
Among 9 IVD NP tissues collected for the study, only 2 were 

subjected to Immunohistochemical (IHC) analysis. IHC valida-
tion of the proteomic findings was performed by indirect 3-step 
immunoperoxidase-technique with an avidin-biotin complex 
(ABC) detection system (paraffin). Lumbar spines were fixed in 
4% paraformaldehyde overnight at 4°C, decalcified at room 
temperature, dehydrated in ethanol, washed with xylene, and 
embedded in paraffin. Tissues sections were cut at a thickness of 
5–6 µm using a microtome (Leica Microsystems, Wetzlar, Ger-
many) with overnight incubation at 37°C, deparaffinized in xy-
lene, dehydrated in ethanol, and incubated with 0.3% hydrogen 
peroxide in absolute methanol for 20 minutes at room tempera-
ture to inhibit endogenous peroxidase activity. Then sections 
were re-hydrated with 96% alcohol , followed by 70% ethanol 
for 10 minutes and double distilled water for 3 times. To elimi-
nate chemical modifications, antigen retrieval was performed 
and incubated overnight with a 1% primary antibody in bovine 

serum albumin in PBS. Followed PBS wash, sections were sub-
jected to incubation with biotinylated secondary antibody for 60 
minutes and washed with PBS for 3 times, 5 minutes each be-
fore incubating for 30 minutes with horseradish peroxidase la-
beled ABC complex. The colored reaction product was devel-
oped with 3, 3-diaminobenzidine tetrahydrochloride. Finally, 
the sections were counterstained lightly with hematoxylin for 
microscopic examination of the antigen-antibody complex.

9. Data Submission
The mass spectrometry proteomics data have been deposited 

to the ProteomeXchange Consortium via the PRIDE partner 
repository with the dataset identifier PXD016560 and 10.6019/
PXD016560.

RESULTS

A total of 1,116 different proteins were identified, and the re-
sults are discussed as per the protocols followed to ensure the 
maximal retrieval of proteins along with the findings of the 
various methods employed before optimization.

Fig. 3. Schematic illustration of the proteomics work flow adopted for this study. RIPA, radio immunoprecipitation assay buffer; 
SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; ESI-LC-MS/MS, electrospray ionization-liquid chro-
matography tandem mass spectrometry; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, Protein 
Interaction Network.
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Table 1. Protein recovery and loss estimated for organic sol-
vents used in this study

Solvents
Initial 

concentra-
tion

Final 
concentra-

tion
% Loss % Gain

Methanol-chloroform 100 62 38 62

Ethanol 100 65 35 65

Acetone 100 83 17 83

TCA-acetone 100 43.7 56.3 43.7

3-kDa cutoff device 100 51.6 48.4 51.6 

TCA, tricholoroacetic acid.

Fig. 4. Categorization of organ donor intervertebral disc nucleus pulposus matrisomal proteins from this study using www.ma-
trisome.org database. The pie chart exhibits the distribution of the matrisomal proteins based on their abundance. ECM, extra-
cellular matrix.

Matrisome proteins
Others

Core_Matrisome
Matrisome associated proteins

57%

43%
90%

10%

86%

11%

3%

3%

17%

80%

ECM affliated proteins
Secreted proteins

Glycoproteins
Proteoglycans
Collagen

ECM regulators

1. Enrichment of ECM Proteins From NP Tissues
The ECM proteins are large, diverse molecules with high inter-

connectivity, which makes them insoluble in low concentration of 
salts and detergents. In this study, we tried to extract the ECM 
proteins with various buffers (1X laemelli, 2% SDS, guanidium-
HCl, Tris-acetate Nacl, and RIPA) with different composition and 
found sequential extraction with 22 different buffers: RIPA fol-
lowed by 2% SDS was found to yield better prefractionation pro-
file in 10% SDS-PAGE as observed in (Supplementary Fig. 1A).

Following sequential enrichment, the interference of the high 
concentration of glycosaminoglycans (GAGs) in the protein 
prefractionation on SDS-PAGE was a significant challenge. The 
interfering GAGs, salts, detergents were precipitated using: ace-
tone; ethanol; tricholoroacetic acid (TCA)-acetone; 3kDa 
membrane cutoff device and methanol-chloroform. A broad-
ening of lanes was observed with the use of ethanol and 3kDa 
cutoff device, showing the inefficiency of the methods to re-
move salts. Similarly, acetone precipitation failed to remove the 
interfering GAGs (Supplementary Fig. 1B). TCA-acetone pre-
cipitation shows the loss of proteins, especially around the 66-
kDa region (circled in Fig. 4B).

Interestingly the prominent 67-kDa protein was completely 
TCA soluble. Out of these, methanol-chloroform was found to 
be efficient as shown (Supplementary Fig. 1B) in terms of remov-
al of glycans, salts and detergents, and the recovery of the total 
protein (Table 1) was close to 62%. Supplementary Fig. 2A illus-
trates the efficiency of a sample clean-up by methanol-chloro-
form with that of acetone, and 3-kDa membrane cutoff device.

Following sample clean-up with methanol-chloroform and 
prefractionation on 10% SDS-PAGE, the functional annotation 
for BP in the samples revealed proteins involved in comple-
mentary activation, positive regulation of inflammatory re-

sponse, and inflammatory response proteins (Supplementary 
Fig. 2B) which failed to show up before sample clean-up. This 
indicates the importance of sample clean-up in detecting pro-
teins of low abundance, which might be of clinical significance.

2. �Identification of NP Related Proteomic Signatures by 1D 
Gel Analysis
We deployed shotgun proteomics to determine the total pro-

teins in healthy IVD tissues of 9 organ donor samples by using 
LC-MS/MS analysis. A total of 1,116 proteins were identified, 
and the identified proteins’ accessions and their peptides were 
verified against the Uniprot database (2018). Uncharacterized 
or putative or fragment proteins were excluded, and they are 
documented in Supplementary Table 1.

The entire matrisome list of normal IVD was created by 
comparing it with the matrisome database (http://matrisome.
org/). The quantitative analysis based on their peptide spectral 
matches (PSM) revealed that normal NP proteome consisted of 
57% of matrisomal proteins (core matrisome, regulators, ECM 
affiliated, and secreted factors) and 43% of other proteins (cyto-
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Fig. 5. Representative enrichment GO terms for 
the 242 high confidence proteins with PSM > 5 
and present in all the samples subjected in this 
study using ‘cluster Profiler’ in R 3.4.0 3.6.1 (2019-
07-05). Dot plot represents the genes associated 
with molecular function (A), biological process 
(B), and cellular component (C). The size of the 
plot indicates the number of gene counts in the 
respective functions, and the color of the plot 
shows the p-value (the brighter red color the p-
value is more significant).C
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skeletal proteins, intracellular proteins, membrane proteins, 
and blood components). The matrisome further consisted of 
90% of core matrisomal proteins and 10% of matrisome-associ-
ated proteins (Fig. 4). The core matrisome was further charac-
terized as proteoglycans (80%), glycoproteins (17%), and colla-
gens (3%). The matrisome-associated proteins were categorized 

as ECM regulators (86%), ECM-affiliated (11%), secreted pro-
teins (3%). The quantitative distribution of the proteins is illus-
trated in Fig. 4.

3. GO Analysis
A cutoff PSM ≥ 5 was applied to the total proteins identified 
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to increase the confidentiality of the GO process. With this fil-
ter, 242 of 1,116 proteins were considered for GO enrichment 
analysis under BPs, MF, and CC using cluster profiler in R ver. 
3.6.1 (2019-07-05). The overall spread of GO that was all sig-
nificantly enriched is depicted in Fig. 5.

In BP, the majority of the proteins were associated with the 
ECM and structural organization along with other metabolic 
processes that involve keratinization, cell differentiation, com-
plement activation, collagen fibril organization, and cornifica-
tion whereas in MF proteins were associated with structural 
constitution and resistance of matrix compression. As expected, 
in the CC category, proteins expressed were related to the ECM 
followed by the membrane and cytoplasmic regions.

4. Pathway Enrichment Analysis
Pathway analysis was performed with 242 proteins using the 

STRING database, and a total of 105 significant pathways were 
found to be enriched (Supplementary Table 2). Out of these, 
pathways required for IVD homeostasis were found to be high-
ly significant (p< 0.05). Pathway enrichment revealed that most 
of the glycoproteins and proteoglycans were involved in ECM 
organization pathways. Collagens and glycoproteins identified 
were involved in activation of the Collagen biosynthesis, colla-
gen chain trimerization, and integrin cell surface interaction 
pathways. ECM glycoproteins, collagens, and proteoglycans 
were a part of nonintegrin membrane-ECM interactions and 
carbohydrate metabolism. Cytoskeletal proteins were observed 
in the formation of the cornified envelope pathways, develop-
mental biology, and Keratan Sulfate Biosynthesis. These path-
ways along with their genes, are enlisted in (Table 2). While the 
most significantly enriched pathway was the formation of a 
cornified envelope ECM organization, it was interesting to ob-
serve that the maximum number of proteins was involved in 
the immune system pathways followed by ECM organization.

5. Cluster Analysis and PPI Networks
The filtered proteins were clustered into 5 main categories 

with high interactions: collagens, cytoskeletons, proteoglycans, 
glycoproteins, and serine protease inhibitors (SERPINs) (Fig. 6). 
The total PPI network obtained from STRING comprised 221 
connected nodes and 325 edges with an enrichment p-value of 
< 1.0e-16.

Top 10 ranked hub proteins were predicted using cytohubba 
based on 3 crucial network topological parameters: degree, max-
imum neighborhood component (MNC), and closeness (Fig. 
7A, B). From both degree and MNC parameters, the top 10 Ta
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proteins ranked in the following order: ALB (albumin), FN1 
(glycoprotein), GAPDH (glycolytic pathway enzyme), TIMP1 
(ECM regulators), HP (haptoglobin), C3 (complement), CO-
L1A1, APOA1 (lipoprotein), VTN (vitronectin, glycoprotein), 
and CLU (clusterin). Based on closeness, we observe the same 
order of proteins as above except SERPINA1 (ECM regulators) 
and ceruloplasmin instead of APOA1 and CLU.

Comparative analysis between organ donor IVD proteins 
obtained in this study with reported proteome literature: (1) 

other species (murine, ovine, and bovine); (2) scoliosis; and (3)  
lumbar spines burst fracture patients

We performed a literature survey to compare our results with 
existing candidate proteins associated with IVD reported by 
transcriptional profiling and protein localization studies in bo-
vine and murine (Supplementary Table 1).11-19 The comparison 
showed 24 proteins common to human and bovine and 57 pro-
teins common to human and murine (Fig. 8A). The percent-
age/number of total proteins may be varied since the compari-

Cluster of Glycoproteins A Cluster of Cytoskeletal Proteins B

DCluster of ProteoglycansCCluster of Collagens

Fig. 6. Clusters of high confident proteins: cytoskeletal 
cluster (A), collagen cluster (B), glycoprotein cluster (C), 
proteoglycan clusters (D), cluster of serine protease inhibi-
tors (SERPINs) (E). The tight interactions between these 
molecules indicate the complex signaling mechanisms un-
derlying disc homeostasis, alteration of which can lead to 
disc degeneration.ECluster of Serpins
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son was made irrespective of met hodology.
Similarly, we found 60 proteins from our study to be in com-

mon to scoliosis and 51 proteins common to lumbar spine 
burst fracture discs, as reported in the literature (Fig. 8B). An-
other important finding is that between the reported 111 pro-
teins from scoliosis control discs20 and 692 proteins lumbar 
burst spine fracture control discs,21 only 15 proteins were com-
mon (Supplementary Table 3).

6. IHC Evaluation
IHC analysis was performed to evaluate the localization and 

expression of a subset of IVD proteins found in our study. Both 
lumbar spinal NP tissues subjected to IHC analysis showed 
positive staining against collagen type II, fibromodulin (FMOD), 
serine protease inhibitor (SERPINA1), and SERPINE2 (Fig. 9). 
Type II collagen was found throughout the matrix reconfirm-
ing the normalcy of adult discs. We found more pronounced 
staining of FMOD in cytoplasmic regions, whereas SERPINA1 
and SERPINE2 along with cytoplasm as well as nuclear areas. 
As expected, all the proteins were found much localized to the 
matrix regions.

DISCUSSION

This study is the first to document the exact proteome profil-
ing of adult NP of MRI normal IVDs, harvested from brain 

Fig. 7. (A) Top 10 ranked (HUB) proteins based on closeness were; ALB (albumin), FN1 (glycoprotein), GAPDH (glycolytic path-
way enzyme), TIMP1 (ECM regulators), COL1A1 (collagen), SERPINA1 (ECM regulators), VTN (vitronectin - a glycoprotein), 
CP (ceruloplasmin), HP (haptoglobin), and C3 (complement). (B) Among the top 10 based on both degree and MNC parameters, 
we observed a similar order of proteins except APOA1 (lipoprotein), and CLU (Clusterin) instead of CP and SERPINA1.

A B

Fig. 8. (A) Venn diagrams comparing the proteins extracted 
in this with other literature only 24 proteins were common to 
bovine data versus 57 common to murine study. This shows 
the vast variation in the proteomic constitution of animals 
and humans, therefore questioning the suitability of animal 
models for translational research in disc degeneration. (B) All 
human discs appearing normal in magnetic resonance imag-
ing cannot be considered as pure controls as only 60 proteins 
were common to our data and discs obtained from scoliosis 
and 57 common to discs harvested from burst fractures. NP, 
nucleus pulposus.

A

Our study on comparison with other species

B

Our study on comparison with other reported controls

Human

Human NP Human NPScoliosis NP

1,092 24 61 1,059 57 1,252

1,056 60 51 511,065 504

Lumbar burst 
fracture NP

Human MurineBovine
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Fig. 9. Immunohistochemical staining in the nucleus pulposus of disc samples from normal discs against a subset of interverte-
bral disc proteins (collgen type II, FMOD, SERPINA1, and SERPINE2). Immunohistochemistry specimens were counter stained 
with hematoxylin. The magnification was × 400 for all the specimens. FMOD, fibromodulin; SERPIN, serine protease inhibitor 
(SERPINA1-Alpha-1-Antitrypsin; SERPINE2-Protease Nexin 1).

Adult NP

Adult NP

Collagen type II

SERPINA1

Fibromodulin

SERPINE2

cent to fractures. In this study, we have characterized the pro-
teome of adult human NP by analysing 9 IVDs harvested from 
brain dead yet alive organ donors which showed each sample id 
positively correlated with each other and also compared it with 
the reported proteome of discs obtained from patients with 
scoliosis and lumbar fractures. A vast variability of the pro-
teome of scoliotic and lumbar fractured samples when com-
pared to the normal proteome of our data, again stresses the 
fact that they might not be appropriate biological controls. All 
the samples analysed in our study showed positive correlation 
with each other (Fig. 10).

2. Optimization of Appropriate Methodology
Standardization of proteomic experiment methodology is es-

sential for reproducibility results in experiments and requires 
the selection of proper buffer solutions and clean-up agents. 
Optimal buffer conditions are necessary for removing interfer-
ing substances and reducing the sample complexity of IVD. We 
compared 5 different buffers such as 1X laemelli, 2% SDS, gua-
nidium-HCl, Tris-acetate NaCl, and RIPA and found that se-
quential extraction using radio RIPA buffer followed by 2% 
SDS resulted in the maximum yield of proteins. Further, mini-
mal protein loss during sample clean-up is of paramount im-

dead yet alive organ donors without history LBP. We employed 
an in-gel-based proteomic approach coupled with tandem mass 
spectrometry, and identified a total of 1,116 different proteins 
and have characterized the proteome of adult NP.

Two significant challenges that exist in the application of pro-
teomics in human IVD include (1) identification of the normal 
IVD proteome and (2) optimization of appropriate methodolo-
gy for maximal extraction of proteins from the complex carti-
lage tissues.

1. Normal IVD Proteome
While blood samples have been accessed from healthy volun-

teers to define the normal plasma proteome, the harvest of nor-
mal IVDs from asymptomatic individuals is unethical and im-
possible, leaving behind a vast lacuna in the literature on what 
constitutes a normal disc proteome. Previously, many authors 
have tried to address this problem by harvesting IVDs from pa-
tients undergoing surgery for scoliosis and trauma, and some 
have done studies on cadaveric discs also. Though they appear 
normal in MRI, at the molecular level, they might not be accu-
rate biological controls due to altered mechanical stress levels 
and remodeling secondary to uneven/asymmetric loading in 
scoliosis and endplate damage or inflammation in discs adja-
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portance to enhance the sensitivity and scalability of protein 
identification. We used the following agents’ acetone; ethanol; 
TCA-acetone; 3-kDa membrane cutoff device and methanol-
chloroform; and out of these, methanol-chloroform was found 
to be efficient in terms of removal of glycans, salts and deter-
gents, and recovery of total proteins. Another interesting obser-
vation was the contribution of many uncharacterized proteins 
and cDNA fragments to nearly 6% of the total proteins identi-
fied in the samples before the clean-up, signifying the necessity 
for sample clean-up process to remove such proteins.

3. Validation of the NP Phenotype
To validate the proteomic characterization of the normal NP, 

we employed a candidate approach for NP associated genes 
previously identified by transcriptome, microarray, immunolo-
calization, proteomics analysis of bovine,6 murine,7 canine,8 and 
human disc tissues.14,17,20,21 Out of 31 reported candidate genes, 
15 were found in our study. Similar to other molecular studies 
on human NP using various platforms, our proteomics analysis 
also identified well-characterized core matrisome proteins such 
as ACAN (aggrecan), COL12A1 (collagen 12A1), DCN (deco-
rin), LUM (lumican), ANXA3 (annexin), A2M (alpha 2 mac-
roglobulin), and intracellular proteins such as Keratins-KRT19, 

KRT18, KRT8, VIM (vimentin), and DSC2 (desmocollin-2). 
These findings validate our study on control NP and demon-
strate its normalcy.

4. Proteomic Signature of Adult Human IVD
The proteome of NP was characterized by the presence of 

1,116 proteins with 57% of matrisomal proteins (core matri-
some, regulators, ECM affiliated, and secreted factors) and 43% 
of other proteins (cytoskeletal proteins, intracellular proteins, 
membrane proteins, and blood components). Among the 1,116 
proteins, 242 proteins with a PSM > 5 were subjected to GO 
analysis, which revealed that the majority of these proteins were 
involved in ECM organization. These proteins were mainly 
concentrated in the ECM, followed by the membrane and cyto-
plasmic regions. Further, 105 significant pathways representing 
mechanisms of IVD homeostasis was identified. Among these 
pathways, it was surprising to see that the maximum number of 
proteins were involved in the immune system (57 proteins) and 
innate immune system (45 proteins) followed by 37 proteins in-
volved in ECM organization and Development Biology. Based 
on enrichment (p-values), the most significant pathway was the 
formation of cornified envelope followed by ECM organization 
and platelet degranulation. Further, the core matrisome groups 
of glycoproteins, proteoglycans, and collagens were involved in 
integrin cell surface interaction-pathway, which is believed to 
play a significant role in maintaining cellular homeostasis by 
mediating the cross-talk mechanisms between intracellular and 
extracellular region. Another interesting finding was that 
among the clusters of proteins that form tight interactions with 
each other, apart from collagens, glycoproteins and proteogly-
cans, SERPINs, and keratins were also found.

5. Collagens
Collagen 1 and 2 are the most discussed collagens in IVD, 

and in our study, 14 Collagen types-1, -2, -5, -6, -7, -8, -9, -10, 
-11, -14, -15, -18, -20, and -24 were identified in the NP. Colla-
gen 2 is believed to be the main constituent in NP, which forms 
a fibrillary network and helps in aggregating proteoglycan to 
provide tensile strength.22 Collagen types-3, -6, -9, and -11 have 
also been reported to contribute to disc homeostasis.23 Apart 
from cell adhesion and cross bridging, collagen 3 are believed 
to be associated with collagen 6. Collagen 6 forms chondrons 
and fibrous capsules that can encapsulate cells and have got cy-
toprotective effect by counteracting apoptosis and oxidative 
damage. While collagen 9 cross-links to collagen 2 and regu-
lates its size, collagen 11 plays a vital role in maintaining the 

Fig. 10. Pair-wise correlation analysis for 9 intervertebral disc 
samples using ‘corrplot’ package ver. 0.84 in R (ver. 3.6.1). Posi-
tive correlations were displayed in blue color. The color inten-
sity and the size of the circle are propotional to correlation 
coefficents. In the right side of the correlogram, the legend 
color shows the correlation coefficents and the corresponding 
colors. All samples show positive correlation with each other.
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spacing and width of type 2 collagen. However, the role of col-
lagen types-18, -20, and -24 in IVD remains unknown and 
needs further research. The presence of 14 types of collagen in 
the NP of human IVD has never been reported before and it 
could be that though collagen 2 constitutes the most of NP, the 
regulatory and supporting roles of other collagens might be 
very crucial for the survival and functioning of other molecules 
and has been neglected by most researchers.

6. Glycoproteins
Among the highly ranked proteins, which formed a cluster, 

some of the notable glycoproteins which formed tight interac-
tion with other proteins include: FN1 (fibronectin), THBS1 
(thrombospondin-1), EFEMP1 (epidermal growth factor-con-
taining fibulin-like extracellular matrix protein-1), VTN, 
MTN2 (matrilin-2), MTN4 (matrilin-4), MMRN1 (multimer-
in-1), TGFB1 (transforming growth factor beta-1), and TNC 
(tenascin-C). FN1 is a normal constituent of ECM known to 
bind collagen molecules and has an immense role in cell adhe-
sion and cell motility. The upregulation of FN1 has been associ-
ated with aging and DDD in previous studies.24 On the other 
hand, downregulation of THBS1 is associated with DDD. 
Matrilins are essential adhesive glycoproteins for maintaining 
the ECM volume and also are believed to have regenerative po-
tential.25 Multimerin is another adhesive glycoprotein that is 
soluble and has been reported to be present in endothelial cells, 
with its role in IVD unknown.26 EFEMP1 also known as fibu-
lin-3 is an essential modulator of ECM as it upregulates the ex-
pression of tissue inhibitor of metalloproteinase (TIMP)-1 & 3, 
thereby inhibiting the expression of MMP-2, MMP-3, and 
MMP-9.27 Similarly, TGFB1 stimulates the ECM precursors and 
has excellent potential in tissue regeneration. TNC has im-
mense anti-inflammatory, and antiangiogenic properties and its 
downregulation have been associated with aging, and DDD.28 
Vitronectin is an essential ECM glycoprotein, which binds to 
integrin and thus promotes cell adhesion.29 A quantitative pro-
teomic study estimating the expression of these molecules is 
critical to understand their role in aging and DDD. Apart from 
their role in the maintenance of ECM, a majority of glycopro-
teins also have metabolic and functional properties.

7. Proteoglycans
OMD (osteomodulin), FMOD, ASPN (asporin), BGN (big-

lycan), DCN, PRELP (prolargin), OGN (osteoglycin), LUM, 
and chondroadherin (CHAD) formed significant interactions 
among the proteoglycans. These molecules belong to a family 

of proteins called small leucine-rich proteoglycans (SLRPs), 
which have been implicated in IVD homeostasis, and DDD.30 

FMOD and LUM are close homologs, and while the accumula-
tion of FMOD is related to aging and DDD, an abundance of 
LUM indicates healthy IVD. DCN and BGN are closely associ-
ated with each other and are believed to have a significant role 
in fetal development and its regulation. Apart from interacting 
with collagens, DCN, BGN, FMOD, and LUM also regulate 
growth factors such as TGFB and fragmentation of these SL-
RPs, induce an inflammatory state, and initiate the degradative 
process. The upregulation of ASPN negatively regulates the ex-
pression of collagen 2 and Aggrecan by inhibiting TGFB and is 
associated with IVD degeneration.31 

8. Serine Protease Inhibitors
Twelve different types of SERPINs identified were found to 

interact with each other in our study. Some of the SERPINs 
such as SERPINA1, A3, and E2 have been studied in vivo and 
in vitro in disc disease. Neutrophil elastase is a critical regulato-
ry molecule in degenerative and inflammatory diseases through 
its active involvement in proteolysis of elastin and collagen-IV 
of ECM. SERPINA1, which is one of the top-ranked proteins in 
our PPI analysis, plays a vital role in inhibiting neutrophil elas-
tase and thereby is essential to inhibit a catabolic cascade of 
events.32 While SERPINE2 inhibits the extracellular proteases 
via the internalization process,33 SERPINA3 inhibits a pro-in-
flammatory enzyme called neutrophil cathepsin G and helps in 
limiting ECM remodeling, coagulation, apoptosis, and inflam-
matory process.34 The expression and function of other SER-
PINs and their correlation in normal IVD need to be elaborated 
with more experimental evidence to understand its role in the 
maintenance of normal homeostasis.

9. Cytoskeletal Proteins
Besides SERPINs, tight interactions were noted between the 

intermediate filament keratins, which are one of the 3 major 
cytoskeletal assemblies in higher organisms.35 Intermediate fila-
ment network play a crucial role in the spatial organization of 
microtubules and microfilaments or both. Keratins are respon-
sible for cellular homeostasis, resistance to stress response ex-
erted by mechanical and nonmechanical factors, cellular integ-
rity, growth, and survival. Expression of KRT 8 and KRT 18, a 
member of intermediate filament assembly, which exerts resis-
tance towards multiple mechanical or toxic mediated stress re-
sponses, in our study serves as a proof of concept for disc ho-
meostasis. VMN is a cytoskeletal protein, and it was found to 
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be interacting with KRT8 in our study. VIM is known for sev-
eral cellular functions and significant physiological changes 
during development and its loss is associated with DDD.36 KRT 
19, which is considered as an NP marker, was also found in our 
study, which assures that the samples we have used are repre-
sentative of normal IVD.

10. �Can Discs Harvested From Scoliosis and Lumbar Burst 
Fractures Be Considered Controls?

We compared our proteomic data with that of studies which 
have used discs from lumbar burst fractures21 and scoliosis.20 

This analysis showed only 60 proteins common to the scoliosis 
group and our research compared to 51 proteins common be-
tween the lumbar burst fracture study group and our research, 
indicating the vast difference in both their physiological states 
despite appearing normal in MRI.

On analyzing the unique proteins of lumbar burst fracture 
disc group, it was interesting to note the presence of proteins 
such as HECTD1 (HECT domain E3 ubiquitin-protein ligase 
1), ANKRD12 (ankyrin repeat domain 12), UBR4 (ubiquitin-
protein ligase E3 component n-recognin 4), and LTN1 (listerin 
E3 ubiquitin-protein ligase 1) participating in either one of the 
processes such as class I major histocompatibility complex me-
diated antigen processing, antigen-presenting, and ubiquitina-
tion, which are catabolic degradative pathways mediated by the 
ubiquitin-proteasome complex. The upregulation of degenera-
tive pathways in these MRI normal discs may be secondary to 
the traumatic molecular changes such as edema, bleeding, and 
endplate disruption occurring adjacent to the burst fractures. 
Besides, ubiquitin-mediated degradation has been reported as a 
very typical observation in our previous study indicating the 
rapid deterioration of the IVD intracellular proteins. Taken to-
gether, this illustrates that discs adjacent to LBF cannot be con-
sidered as true biological controls and studies treating them as 
controls will fail in biomarker discovery in DDD.

Similarly, the unique proteins from scoliotic discs such as 
AHSG (alpha 2-HS glycoprotein), DERA (deoxyribose phos-
phate aldolase), ORM1 (alpha-1-acid glycoprotein 1 precursor), 
PPBP (platelet basic protein precursor), VNN1 (pantetheinase 
precursor, vanin), PKM2 (pyruvate kinase), POTEKP (putative 
beta-actin-like protein 3) participate in platelet degranulation 
& neutrophil degranulation. Besides, the presence of proteins 
such as; ORM1, which is known to play a significant role in 
acute phase inflammation; DERA, a protein highly responsible 
for stress-induced damage by producing energy through deoxy 
nucleoside degradation and VNN1, an inducer of oxidative-

stress response, clearly indicates the inflammatory response to 
the abnormal stress induced by asymmetric physical loads in 
these scoliotic discs. Therefore, these scoliotic discs are far from 
being considered normal discs and thus being an abysmal con-
trol; they cannot be used for comparative studies for defining 
the pathological states of degenerate human IVD.

Further, it is not surprising that most of the basic science re-
search is being conducted in animal models, and regenerative 
therapies for DDD are under trial for their possible implica-
tions in humans. However, the basic requirement of this trans-
lational research is the need for animal tissues to resemble that 
of humans. However, from our analysis, it is evident that the 
proteome of the normal IVD of humans differs immensely 
from that of animal models such as bovine, murine, and canine 
discs. The extrapolation of results from molecular studies done 
in animals to solve human pathologies should be done with ex-
treme caution considering the above facts.

11. Implications
To summarise, this study has defined the proteomic signa-

ture of human IVD for the first time by analyzing the MRI nor-
mal discs harvested from brain dead yet alive voluntary organ 
donors. These discs represent true biological controls, unlike 
discs harvested from patients with scoliosis and trauma, and 
therefore are ideal for comparative proteomics studies and bio-
marker discovery. Two essential steps for maximal identifica-
tion of proteins from IVD, viz. sequential extraction using 
RIPA and 2% SDS followed by sample clean-up have been dis-
cussed. The various proteins, their BPs, along with pathways 
that play a significant role in disc homeostasis, have been en-
listed. Through immunohistochemistry, we have validated the 
localization & expression of a subset of IVD proteins. Further, 
apart from collagens, proteoglycans, and glycoproteins, the im-
portance of SERPINs and Keratins in maintaining disc homeo-
stasis has been highlighted which needs further research to un-
derstand their regulatory mechanisms and involvement in disc 
degeneration.

12. Limitations
Only 9 IVDs were available for analysis at the time of this 

study. However, it is acceptable considering the rarity of MRI 
normal discs from voluntary organ donors. A comparison of 
proteins derived from our research with earlier reports might 
not be ideal as they vary in methodology. However, the total 
number of proteins identified in this study is much higher than 
the previously reported ones and it is highly unlikely that our 



Proteomic Signature of Intervertebral Discs Rajasekaran S, et al.

https://doi.org/10.14245/ns.2040056.028 � www.e-neurospine.org   441

data can miss out on the proteins considered unique to the oth-
er groups. A detailed description of all the proteins and path-
ways is beyond the scope of this study, and each of these pro-
teins has to analyzed individually for their role in health and 
disease.

CONCLUSION

We identified a total of 1,116 proteins in our study, which ac-
counts to be the highest number of proteins reported in human 
IVD so far. The samples obtained from brain dead organ do-
nors can be described as a biologically normal NP, whose cellu-
lar mechanism reflects the ideal scenario of a healthy disc. In 
comparison, the upregulations of inflammatory and degrada-
tive pathways in scoliosis and lumbar burst fracture discs, re-
spectively, imply that these previously used controls are far 
from ideal controls. The methodology used in the analysis of 
the proteome also captures proteins involved in ECM homeo-
stasis, which has not been reported until now in healthy NP.
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Supplementary Table 3. Catalog of proteins that were found in our study and other literatures

Study population of MRI normal discs Collagens Keratins SERPIN super family of proteins

D�iscs harvested from brain dead organ  
donors in living conditions-Our study

COL1A2 KRT1 SERPINA1

COL1A1 KRT2 SERPINA3

COL2A1 KRT4 SERPINA4

COL5A3 KRT5 SERPINA5

COL6A1 KRT6A SERPINB1

COL6A2 KRT6C SERPINC1

COL6A6 KRT15 SERPINE1

COL7A1 KRT16 SERPINE2

COL8A1 KRT17 SERPINF1

COL9A2 KRT19 SERPINF2

COL10A1 KRT33A SERPING1

COL11A2 KRT72 SERPINI1

COL14A1 KRT73

COL15A1 KRT76

COL18A1 KRT79

COL20A1 KRT80

COL24A1 KRT84

KRT85

Samples harvested from discs during scoliosis 
surgery- Yee et al., 201619

COL1A2 Nil Nil

COL14A1

COL16A1

COL20A1

Samples harvested from discs during scoliosis 
surgery- Yee et al., 201619

COL1A1 KRT1 SERPINA1

COL1A2 KRT2 SERPINC1

COL2A1 SERPINE2

COL3A1

COL6A3

MRI, magnetic resonance imaging; SERPIN, serine protease inhibitors.
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Supplementary Fig. 1. Comparative proteome profiling of nucleus pulposus observed during protein extraction and protein 
clean-up followed by prefractionation on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. (A) Total pro-
tein extraction using various buffers: 2% SDS; radio immunoprecipitation assay buffer (RIPA) buffer (S1 fraction) + 2% SDS (S2 
fraction); 1X laemmli buffer; guanidium-HCl buffer; tris-acetate buffer, red-colored circle indicates spillage pattern due to inter-
fering glycans. (B) Sample clean-up using various organic solvents after extraction of proteins to remove the interfering glycans 
before proteome analysis by ESI-LC-MS/MS. The red circle indicates the interfering glycans which were not removed after pre-
cipitation with acetone. With tricholoroacetic acid (TCA)-acetone, the loss of proteins is shown with a circle in the respective 
lane. ESI-LC-MS/MS, electrospray ionization-liquid chromatography tandem mass spectrometry.
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Supplementary Fig. 2. Comparative profile of the intervertebral disc nucleus pulposus tissue on a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis after sample clean-up using: acetone; methanol-chloroform; 3-kDa membrane cutoff device. 
(A) Presence of interfering glycan’s during prefractionation (circled in red), in acetone precipitation and 3 kDa, cutoff device 
compared to methanol-chloroform. (B) Biological processes of proteins identified before and after sample clean-up with metha-
nol-chloroform organic solvent. RIPA, radio immunoprecipitation assay buffer.    
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