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Abstract

Previous study claimed that disc degeneration may be preceded by structure and matrix changes in 

the intervertebral disc (IVD) which coincide with the loss of distinct notochordally-derived 

nucleus pulposus (NP) cells. However the fate of notochordal cells and their molecular phenotype 

change during aging and degeneration in human are still unknown. In this study, a set of novel 

molecular phenotype markers of notochordal NP cells during aging and degeneration in human 

IVD tissue were revealed with immunostaining and flow cytometry. Furthermore, the potential of 

phenotype juvenilization and matrix regeneration of IVD cells in a laminin-rich pseudo-3D culture 

system were evaluated at day 28 by immunostaining, Safranin O and type II collagen staining. 

Immunostaining and flow cytometry demonstrated that transcriptional factor Brachyury T, 

neuronal-related proteins (brain abundant membrane attached signal protein 1, Basp1; 

Neurochondrin, Ncdn; Neuropilin, Nrp-1), CD24 and CD221 were expressed only in juvenile 

human NP tissue, which suggested that these proteins may be served as the notochordal NP cell 

markers. However, the increased expression of CD54 and CD166 with aging indicated that they 

might be referenced as the potential biomarker for disc degeneration. In addition, 3D culture 

maintained most of markers in juvenile NP, and rescued the expression of Basp1, Ncdn and Nrp 1 

that disappeared in adult NP native tissue. These findings provided new insight into molecular 

profile that may be used to characterize the existence of a unique notochordal NP cells during 

aging and degeneration in human IVD cells, which will facilitate cell-based therapy for IVD 

regeneration.
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Introduction

The human intervertebral disc (IVD) that lies in the space between adjacent vertebral bodies 

provides load support, flexibility, energy storage and dissipation in the spine. The healthy 

IVD relies upon the well hydrated and proteoglycan-rich nucleus pulposus (NP), and the 

organized lamellar collagen rings of the anulus fibrosus (AF) to exert its mechanical 

function in the spine. IVD function may become compromised with aging-associated 

degeneration or in pathologies such as IVD herniation, processes that are associated with 

loss of disc height, decreased hydration, and a dramatic loss of cellularity in the IVD [1]. 

During IVD aging and degeneration, the most dramatic change is that the centrally located 

NP cell phenotype transits from initial notochordally-derived immature NP cells towards 

smaller fibrochondrocyte-like cells [2]. This NP cell phenotypical transition coincidentally 

matches the first signs of disc degeneration can be observed in IVD [3]. Consequently, 

significant cell-mediated tissue remodeling occurs in IVD with aging, which is marked by an 

increasingly fibrotic nucleus pulposus (NP), disoriented lamellae in the AF, and calcified 

vertebral endplates [4]. For lots of animal species, immature NP cells persist throughout 

adult life [5], while in human, immature NP cells will disappear after the first decade of life 

[3]. Importantly, notochordal cell disappearance during aging suggested an initiation of 

metabolic imbalance in the IVD that may contribute to IVD degeneration [6]. Therefore, 

cell-based therapy that focuses on rejuvenating and functionalizing tissue is becoming a 

promising strategy in tissue engineering. However, the phenotype changes and functionality 

of IVD cells during aging and degeneration are not fully understood although the heathy 

discs were found express some anabolic genes in common with chondrocyte, such as sox9, 

collagen II and proteoglycan [7]. As a consequence, current disc regeneration is confined to 

relive the disc pain symptom instead of recovering disc function owning to the unknown disc 

cell phenotype. Previous studies have focused on identification of unique markers for NP or 

AF cells to better characterize cell phenotype. It has been reported that mRNA or protein for 

HIF-1α, laminin isoforms (LM511 and LM322), laminin receptors (CD239 and integrin 

subunits α3, β1, α6, and β4), GLUT-1, MMP-2, CD24, CD44, CD56, CD151, glypican3, 

cytokeratin 8, 18 and 19, CDH2, SNAP25, BSAP1 and FOXF1 were highly expressed in NP 

as compared to AF [8–17]. Microarray study even highlighted more genes expressed in NP 

cells [18]. These studies detected the differential expression between AF and NP regions, yet 

it remains unclear whether these genes can be used as markers to define disc cell phenotypes 

and to distinguish NP cells from AF cells during aging which are related to disc 

degeneration. Recently, Spine Research Interest Group of the Orthopedic Research Society 

made a clear definition about NP markers. They recommended the stabilized expression of 

HIF-1α, Glut-1, aggrecan/collagen II (ratio>20), Shh, Brachyury, KRT18/19,CA12,CD24 as 

the heathy NP phenotypic markers [19]. However, further investigations on the molecular 

cell phenotype change during aging and degeneration may be helpful for identifying specific 

soluble factors that produced by these cells which stimulate matrix regeneration and 

facilitating cell-based therapy for disc degeneration.
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Our recent data disclosed the tissue-specific gene expression and age-related differential 

expression of NP markers (CD24, CD90, CD155, CD221, Brachyury T, Basp1, Ncdn and 

Nrp-1) exist in immature and aged rat tail disc cells [20]. However, it is unknown whether 

these proteins will be expressed in human NP cells, and whether they will change or 

preserve during aging and degeneration. In this study, we identified those specifically 

phenotypic NP marker expression profile in juvenile and aged human disc tissues.

Materials and Methods

IVD Tissue Dissection and Isolation

The human IVD tissues were obtained from to-be-discarded disc surgical waste from 

juvenile patients (6–16 year-old, n=4) and adult patients (39–69 year-old, n=7) within 30 

minutes after surgery for scoliosis or degenerative disc disease (Table 1) following 

procedures classified as non-human subjects research according to approved Duke university 

institutional review board (IRB protocol number Pro00008824), these tissues were de-

anonymized and only data for patient age, gender and race were recorded. Then the tissues 

were dissected and separated into zones of AF and NP according to their highly 

heterogeneous anatomical regions and distinct morphological appearance as described 

previously [21]. Any adherent extraneous invasive subchondral, bone tissues and blood were 

removed. After wash with phosphate buffered saline, PBS (EMD Chemicals, Gibbstown, NJ, 

USA), AF and NP tissues were processed separately for incubation and immunostaining 

evaluation.

IVD Tissue Incubation and Cell Expansion

Tissue incubation was performed as the previous procedure [22]. Briefly, AF and NP tissues 

were washed with washing medium (DMEM basal medium with 100μg/ml kanamycin 

(Sigma, St. Louis, MO, USA) and165μg/ml gentamycin (Gibco, Grand Island, NY,USA), 

1.25μg/ml fungizone (Gibco, Grand Island, NY,USA) for extra three times, and then these 

cleaned tissues were cut into small pieces and cultured in F-12 (Invitrogen Life 

Technologies, Carlsbad, CA) supplemented with 10% FBS (Hyclone, South Logan, Utah, 

USA) in 25-cm2 flask coated with 0.1% gelatin (Sigma) at 37°C, 5% CO2 condition. 

Medium was changed every two days. The cells migrated out of tissues will be used for the 

following experiments. Details of human IVD surgical tissue were described in Table I.

Flow Cytometry

Cells were detached from tissue culture flask, and immunolabeled with specific antibodies 

against human (Table 2) for 30min at 4°C, then incubated with secondary antibodies 

(AlexaFluro 488 conjugated, Eugene, OR, Invitrogen, USA) for 30min at 4°C. The 

percentage of cells with positive proteins (%) and mean fluorescence intensity (MFI) were 

analyzed by flow cytometry (Accuri C6, BD Accuri Cytometers Inc., Ann Arbor, MI, USA).

Immunohistochemical Stain

AF and NP tissues were embedded in Optimal Cutting Temperature (OCT) compound 

(Sakura Finetek, Torrance, CA), flash-frozen in liquid nitrogen, and stored at −80°C until 

cryosectioning. 7 μm-thick sections were fixed and incubated with specific human 
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antibodies for NP markers (Table 2). For evaluation of Basp1, Brachyury T, Ncdn and 

Nrp-1, tissue sections were fixed in acetone for 10min at −20 °C, permeabilized with 0.2% 

triton (Sigma) for 10 min at room temperature, then blocked with solution (3.75% BSA /5% 

goat serum, Zymed, Carlsbad, CA) for 30 min. Subsequently, the sections were incubated 

for overnight with primary antibodies (Table 2). To detect CD proteins, sections were fixed 

in 4% formaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 10min at room 

temperature, blocked and then incubated with primary antibodies (Table 2). Control sections 

were incubated with only blocking solution or appropriate mouse or rabbit IgG isotype 

control antibodies (Table 2). All sections were incubated with appropriate secondary 

antibodies (AlexaFluro 488, Molecular Probes, Eugene, OR) for 30 min in blocking 

solution, counterstained with propidium iodide (0.2 mg/ml, Sigma) to label cell nuclei and 

imaged using confocal laser scanning microscopy (Zeiss LSM 510; 20× NA 0.5 and 63× 

water immersion NA 1.2 objectives; Carl Zeiss, Thronwood, NY).

Pseudo-3D Culture System

Matrigel (BD Biosciences, San Jose, CA) was thawed overnight at 4°C, coated the Costar 

Transwell inserts (Corning, Corning, NY) with 60 μl each, and the gel was allowed to 

solidify and dry at 37°C for 2 hours. Disc cells were seeded at 0.5×106 cells per Transwell 

(n=3) arranged in 24-well plate, and cultured in F-12 basal medium supplemented with 2.5% 

matrigel, 10% FBS plus 2.5mg/ml L-ascorbic acid-2-phosphate (sigma) according to the 

protocol modified from the previous study [23]. Medium was changed twice per week for 

the duration of cell pellet culture.

Hematoxylin Eosin (H&E) and Safranin O staining

Slides were fixed with 10% neutral buffered formalin (Azer Scientific, Morgantown, PA, 

USA), stained with Mayer’s hematoxylin solution (Sigma) and immersed in an eosin Y 

counterstain solution with traces of glacial acetic acid for visualizing the cell structure. A 

separate set of sections that stained with Mayer’s hematoxylin solution were washed in 1% 

lithium carbonate solution (Mallinckrodt Chemicals, Phillipsburg, NJ), and stained with 

0.5% safranin-O solution (Sigma, St. Louis, MO) for staining of extracellular matrix. After 

serial steps of dehydration, sections were then mounted with histological mounting medium 

(Permount, Fair Lawn, NJ) and visualized with light microscopy.

Type II Collagen Immunochemical Staining

Slides were fixed in 10% formalin (Azer Scientific, Morgantown, PA, USA), and incubated 

with peroxo-block solution (Invitrogen Life Technologies, Carlsbad, CA) to quench 

endogenous peroxidase activity for two minutes, and digested with pepsin solution 

(Invitrogen) for five minutes followed by covering with blocking serum for 30 minutes in 

4°C. Then they underwent an incubation period of 2 hours with collagen II primary antibody 

II-II6B3 (Developmental Studies Hybridoma Bank, Iowa City, IA) or negative control. 

Subsequently, the secondary antibody, enzyme conjugate, and substance chromagen mixture 

were applied sequentially at room temperature. Between each reagent, the samples were 

rinsed in 1X PBS (Calbiochem, La Jolla, CA, USA) for 5 minutes. Finally, the slides were 

counterstained with Mayer’s hematoxylin (Sigma).
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Statistic Analysis

Statistical differences were tested using a one-way analysis of variance (ANOVA). All 

analyses were performed using StatView 5.0 (SAS institute, Inc. Cary, NC, USA). P-values 

less than 0.05 were considered to be significant.

Results

Protein Localization of NP Phenotype in Human Surgical Tissue

Immunostaining analysis was performed to identify the protein expression in native surgical 

disc sample. A set of CD proteins (CD24, CD54, CD90, CD155, CD166, CD221), neuronal-

related proteins (Basp1, Ncdn, Nrp1) and transcriptional factor (Brachyury T) displayed 

differential expression profile and localization in AF and NP regions regardless of juvenile 

and adult human samples.

The intensive staining of CD24, CD155 and CD221 was found only in juvenile NP tissue 

(6yo) instead of the aged group (65yo) and AF tissue (Fig 1. A1 and B1). Noticeably, CD24 

and CD221 expression demonstrated a network structure, which connected cell and matrix 

as a whole. CD 90 was expressed both in AF and NP tissue cross all ages (Fig 1. A1 and B1) 

(AF image data in Supplemental data S1–S3). Interestingly, although CD54 and CD166 

expression were very faint in younger NP tissue, they showed stronger expression in aged 

NP tissue in cell cluster, which suggested these proteins most likely distributed on cell 

surface area (Fig 1. B1).

Compared to AF tissue, neuronal-related proteins displayed an exclusive localization in NP 

tissue. Basp1, Ncdn and Nrp1 exhibited a clearly tissue-specific expression in younger NP 

region versa aged NP, and they mostly localized in the nucleus. Among them, Basp1 showed 

the strongest expression (Fig 2. A1). In addition, transcriptional factor, Brachyury T, showed 

the similar expression pattern, which was locally expressed in younger NP cell nucleus 

instead of aged NP or AF tissue (Fig 3. A1).

NP Phenotypical Marker Detection by Flow Cytometry

Flow cytometer was used to identify NP phenotypical markers in the cells migrated out of 

disc tissues. Results showed the high fluorescence intensity of all CD markers and brachyury 

T in younger NP cells (Fig 1. A2 and Fig 3. B) compared with aged NP cells (Fig 1. B2 and 

Fig 3. B). CD24 was specifically expressed in younger NP cells with higher positive 

percentage and mean fluorescence intensity (MFI ) (32.5%, MFI: 88), while it significantly 

decreased in aged NP (4.4%, MFI: 6.8) (p<0.01). Similar expression pattern was found in 

Brachyury T with much higher intensity and positive percentage in younger NP (31.8%, 

MFI: 212) compared to aged NP (5%, MFI: 66) (p<0.01). Interestingly, compared to 

juvenile NP with CD54 (31.5%,MFI: 69) and CD166 (46%, MFI:338), there was an obvious 

increase in aged NP with CD54 (35.5%,MFI:135) and CD166 (91%, MFI:1434) (p<0.01), 

while CD155 expression was decreased from juvenile NP (51.6%, MFI:146) to (39.4, MFI:

160). No obvious change of CD221 and CD90 expression between younger NP and aged NP 

cells was observed (Fig 1. A2 and B2; Fig 3. B; Table 3). Note: the value of flow cytometry 
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in Fig 1. A2, B2 and Fig 3. B are individual samples, the value of Table 3 are Average ± SE, 

n=5).

NP Phenotype Changes under 3D Environment

After four-week (28 days) culture, the phenotypic markers of NP in 3D constructs were 

detected with immunochemical staining. CD24, CD54, CD90, CD221 displayed strong 

intensive staining with a good network appearance in juvenile NP after 3D culture. They 

were maintained very well compared with native surgical tissue (Fig 1. A3). However, only 

CD90 and CD221 were retained in adult NP construct. Interestingly, CD155 and CD166 

became lost in both juvenile and adult NP constructs after 3D culture, although they were 

strongly expressed in adult NP native tissue (Fig 1. A3 and B3; Fig 3. C). In addition, the 

neuron-related protein demonstrated dramatic changes after 3D culture. In juvenile NP 

group, Basp1 Ncdn and Nrp-1 showed stronger and more enriched staining in a network 

structure compared with native surgical sample (Fig 2. A); however, in adult 3D construct, 

only Basp 1 was maintained versa Ncdn and Nrp-1 (Fig 2. B). Brachyury T completely 

disappeared after 3D culture. (Fig 3. C).

Histological Changes under 3D Environment (H&E/Safranin O Staining)

H&E staining clearly illustrated the cell and extracellular matrix structure of disc cells in 3D 

constructs at day 28 across the juvenile and adult age. NP cells displayed a bigger nuclear 

than AF cells. Interestingly, enriched extracellular matrix in NP construct appeared as a 

network that cells and matrix assembled into a cluster (Fig. 4). Furthermore, Safranin O 

staining showed an enriched cell-matrix cluster distribution in 10-year old NP construct 

compared with 62-year old NP construct (Fig. 5). However, this network structure was not 

observed in AF constructs.

Type II Collagen Expression

After four-week 3D culture, immunostaining demonstrated collagen II expression both in 

juvenile and aged AF and NP construct. More intensive and well-distributed collagen II 

staining was observed in NP 3D construct particular in 10 year-old NP compared to AF 

constructs where collagen II distributed sparsely at the rim of the construct (Fig. 6)

Discussion

IVD immature NP are believed to originate from the notochord with many unique 

morphologic features, including larger cell size, vacuolated appearance, heterogeneous 

populations of notochordal cells [24]. During the aging process, NP region of the disc is 

replaced by a more solid fibrous tissues gradually, and the morphological characteristics of 

NP cells are absent in adult human. It was reported that disc disorders and resulting pain 

may be preceded by changes which first occur in the NP region of the IVD, where 

significant alterations in tissue cellularity, cell function, extracellular matrix composition, 

morphological distinction and structure begin early in life and continue with increasing age 

and degeneration [3, 4, 25, 26]. Consequently, the degenerated discs incurred a limited 

capability to regenerate due to these phenotype changes and cellularity decline. Accordingly, 

more and more research has been steered to the regeneration of functional tissue which aims 
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to restore the cell phenotype or extracellular matrix by cell-based therapy [27,28]. However, 

the underlying molecular phenotype profile involved in IVD aging and degeneration still 

remains poorly understood. Our previous study revealed some interesting data about novel 

NP phenotype markers and their changes with aging in the rat tail disc [20]. Cell surface 

receptors (CD24, CD90, CD155 and CD221), transcriptional factor (Brachyury T) and 

neuronal-related proteins (Basp1, Ncdn and Nrp-1) were found expressed in a tissue specific 

and age-related expression pattern in rat tail disc cells. However, whether these molecular 

phenotype markers exist in human IVD cells and the fate of these markers with aging or 

degeneration still needs to be investigated.

In this study, immunostaining demonstrated the significant tissue or age-specific expression 

for a set of novel NP markers, neuronal-related proteins (Basp1, Ncdn, Nrp1), transcriptional 

factor (Brachyury T) and CD proteins (CD24, CD54, CD155, CD166 and CD221) between 

juvenile and adult IVD tissues. Brain abundant membrane attached signal protein1 (Basp1) 

is a novel myristoylated calmodulin-binding protein found predominantly in neurons and the 

spinal cord, which involved in neurite outgrowth and synaptic plasticity [29]; Neurochondrin 

(Ncdn) is a cytoplasmic leucine-rich protein that parcitipated in neurite outgrowth and 

chondrocyte differentiation [30]; Neuropillin-1 (Nrp-1) is a neuronal cell transmembrane 

glycoprotein that mediates neuronal guidance and angiogenesis [31]. These three neuronal-

associated proteins were found highly expressed in human juvenile NP, not in aged NP or 

AF tissue. However, Minogue et al. [14] reported that BASP1 is expressed both in bovine 

NP and AF cells (it is higher than in AF cells). Our previous rat data also showed that the 

three proteins are expressed through the young to adult age (from 1month to 21month) even 

if the expression was decreased with aging [20]. These data indicates that there is a 

differential expression of BASP1, Ncdn and Nrp -1 across different species. Interestingly, 

3D culture maintained BASP1, Ncdn and Nrp1 expression pattern in juvenile NP, which is 

similar to the network protein distribution existing in native surgical tissue. In addition, 3D 

culture rescued BASP1 and Ncdn expression in adult NP cells after 28 day’s culture 

compared to native tissue where the two proteins disappeared in adult NP. These suggested 

that the 3D culture might help the aged NP cells to regain the phenotype. Thus, BASP1 and 

Ncdn may be served as the phenotypical marker for identifying human juvenile NP cells 

from AF or aged NP.

Brachyury T is known to be a specific marker for notochord or notochord-derived tumor 

[32], and also is the essential transcriptional factor for genesis, differentiation and survival of 

mesoderm and notochord [33]. It has been a controversy about notochord cell’s fate during 

IVD development [34,35]. Although majorities of notochordal cells are replaced by 

fibroblast in the vertebral bodies and eventually formed NP cells in the intervertebral discs 

during embryogenesis [36], still some notochordal-like cells could be detected in the 

immature nucleus pulposus of several species of animals [5] and humans [1]. Our previous 

study showed an age-dependent gene expression of brachyury T from immature rat NP (1m) 

to 12m and 21m NP, while its protein expression only appeared in immature NP [20]. In this 

study, brachyury T was documented for the first time that its protein expression only existed 

in younger human NP (6-year old) and not in aged NP or AF through immunochemical 

staining; flow cytometry further confirmed this at protein level. Unfortunately, brachyury T 

was not retained as BASP1 and Ncdn after 28day’s 3D culture except for a faint green 
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fluorescence at the edge of the construct (it could be a false signal). The expression of 

brachyury T in young NP cells suggested some notochodal cells probably are still preserved 

in human juvenile NP cell population.

CD24, a glycosylphosphatidylinostitol-anchored cell surface protein, was found to express 

in rat NP cells and notochordal tumor of rat and human [11]. Here, CD24 was found 

strongly expressed in native human juvenile NP and also maintained well in 3D construct 

with a tissue-specific manner via immunohistochemical staining and flow cytometry. It is 

consistent with our previous data in rat and human [20, 22]. These findings indicated that 

CD24 may be served as a human NP phenotypic marker in the early stage of disc 

development, which has been defined as a healthy NP marker by Risbud et al in 2015 [19].

CD221 (IGF-1R, insulin-like growth factor receptor-1) is a high affinity receptor for IGF-1, 

which contains a kinase domain responsible for initiating a signaling cascade [37]. It has 

been reported that IGF-1R expressed higher in young NP cells than in mature NP cells of 

bovine and rat [20, 38] and also was found in degenerated human NP and inner AF [39]. 

Many studies showed that IGF is capable of enhancing proteoglycan synthesis in IVD cells 

[37] and exerting antiapoptotic effects on IVD cells by combining with its receptor, IGF1R 

[40]. In this study, CD221 was found to express in both NP and AF native tissue in juvenile 

human versa aged disc by immunostaining and the flow cytometry. Noticeably, 3D 

constructs kept CD221 expression in juvenile NP and also rescued CD221 in aged NP cells. 

These findings indicated that CD221 may be as a phenotypic marker for juvenile NP.

CD54 (ICAM-1) is a cell surface glycoprotein expressed in a variety of cell types including 

endothelial cells, activated leukocytes, infiltrated macrophages [41]. In this study, we found 

CD54 was strongly expressed in degenerated NP tissue as a cluster compared to juvenile NP 

tissue where only a slight expression of CD54 was detected. This is consistent with our 

previous study that CD54 expression could be up-regulated by proinflammatory cytokines 

IFN-γ and TNF-α in human disc cells [42]. It suggested CD54 may be used as a biomarker 

to evaluate the inflammation-associated disc degeneration. The similar expression pattern 

was also found in another surface receptor, CD166. CD166 (ALCAM) is a member of the Ig 

protein superfamily [43]. Previous reports showed that CD166 was expressed in normal 

salivary gland epithelium [44] and the expression increased in synovium from patients with 

rheumatoid arthritis [45]. Current study showed that CD166 was expressed higher in aged 

disc (AF and NP) tissue than that in juvenile disc tissue, and 3D culture obviously reduced 

CD 166 expression. These implied CD166 might be as a potential biomarker for evaluating 

disc degeneration

CD90 (Thy-1), a cell-surface-anchored glycoprotein [46], has been found in many kinds of 

stem/progenitor cells [47]. Our previous data showed CD90 expression was AF-specific in 

rat tail disc tissue [20], while here CD90 was noted expressed both in juvenile and 

degenerated human NP tissue, which is consistent with previous data that CD90 expressed in 

degenerated human disc cells [48].

CD155 (poliovirus receptor, PVR), is an Ig-like cell surface protein expressed on many cell 

types that has been discovered to bind to the extracellular matrix molecule vitronectin [49], 
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and reported to have immune regulatory properties [50]. This study showed CD155 was 

expressed in juvenile NP, and disappeared in degenerated NP although flow cytometry found 

a positive signal in degenerated NP cells (it probably because CD155 expression is sensitive 

to culture condition).

Concerning the phenotype changes in 3D culture environment, we were inspired to detect 

matrix production in 3D construct. Previous report showed the key components of ECM, 

proteoglycan and collagen in IVD, are commonly used to indicate the successful chance of 

biological therapies for IVD degeneration [51]. In this study, H&E staining demonstrated 

much more compact and clustered and network structure in juvenile NP 3D construct than 

the aged. AF construct showed an elongated single cell shape instead of cluster. Safranin O 

staining exhibited an enriched proteoglycan matrix in juvenile NP 3D construct versus aged 

NP construct, and a weak and sparse distribution of proteoglycan matrix was showed in AF 

construct. Additionally, immunostaining illustrated a positive type II collagen expression in 

both NP and AF 3D construct across the whole age groups (more intensive in juvenile NP). 

Importantly, phenotype marker CD221, BASP1, Ncdn and Nrp-1 were found appeared in 

aged NP cells after 3D culture although they were only expressed in juvenile NP tissue. 

Particular CD221 and BASP1 demonstrated strong expression with enriched fluorescence 

intensity. The results implied that laminin-rich 3D culture system might help to rejuvenate 

cell phenotype and reconstruct matrix. These results corresponded with other studies that 3D 

culture system promotes matrix production and cell converse from dedifferentiation to 

redifferentiation and thus help disc repair [52].

ORS Spine Research Interest Group proposed that define NP markers according to the 

proposed markers with physiologic importance that have not only been investigated through 

gene expression studies but also validated at the protein level using multiple methods. 

Therefore, they recommend using stabilized expression of HIF-1α, GLUT-1, aggrecan/

collagen II ratio>20, Shh, Brachyury, KRT18/19, CA12 and CD24 to define healthy NP 

phenotypic markers [19]. In our study, CD24 and Brachyury were found expressed only in 

juvenile NP at protein level through immunostaining and flow cytometry measurement, 

which is consistent with the point of ORS Spine Research Interest Group on healthy NP 

markers. New neuronal-related protein, Basp1, Ncdn and Nrp1, were found expressed only 

in juvenile NP tissue, while they were restored in aged NP cells after 3D culture (particular 

BASP1). It indicated that laminin-rich 3D culture system may promote rejuvenation of NP 

phenotype including maintaining NP cell differentiated phenotype and redifferentiation 

capacity.

In conclusion, this study provided evidence for identifying the molecular phenotype of cells 

in the human intervertebral disc, and disclosed a set of novel phenotype marks and their 

protein expression profile in human NP cells. In the meantime, the potentiality of NP 

markers was evaluated with a laminin-rich pseudo-3D culture system. Among these markers, 

transcriptional factor brachyury T, was expressed exclusively in juvenile NP instead of AF 

and aged NP, which suggested it may be serve as a specific marker for notochordal NP cells. 

Neuronal-related protein, Basp1, Ncdn and Nrp1 were expressed specifically in juvenile NP, 

indicated that they may be as the potential notochordal NP markers as well. In addition, 

CD24 and CD221 may be served as the notochordal NP candidate markers due to their 

Tang et al. Page 9

J Orthop Res. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exclusive expression in juvenile NP. CD54 and CD166, that were expressed more in aged 

NP than juvenile NP suggested that they may be as the potential biomarker for evaluating 

disc degeneration. Taken together, these age-related phenotype changes offer new insight for 

a molecular profile that may be used to reveal and characterize the existence of a unique 

notochordal-like NP cells during human disc aging and degeneration. The data will provide 

a scientific basis for evaluating disc degenerative changes and facilitate cell-based therapy 

for disc regeneration based on NP markers.
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Figure 1. Immunostaining and flow cytometry detection for NP CD markers
Immunostaining and flow cytometry illustrated aging-related changes in the expression of 

NP phenotype markers (A: Juvenile, B: Adult). A1 and B1: staining in native surgical tissue. 

Bar: 50μm; A2 and B2: Flow cytometry. Representative histograms of flow cytometry at left 

illustrate the relative fluorescence intensity of NP markers on X-axis for isolated cells via 

tissue incubation (cell surface: CD24, CD54, CD90, CD 155, CD166 and CD221). The 

numbers appeared in each histogram indicate the percentage of positive fluorescence labeled 

cells and mean fluorescence intensity (MFI) for each cell type. (Black line: isotype control, 

blue line: AF cells, red line: NP cells); A3 and B3: staining in 3D construct (days 28). Bar: 

50μm.
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Figure 2. 
Immunostaining detection for NP neuronal-related markers in age-dependent surgical NP 

tissue and 3D construct (days 28). A: Juvenile; B: Adult. Bar=50μm. (A1 and B1: surgical 

tissue; A2 and B2: 3D construct).
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Figure 3. 
Immunostaining detection and flow cytometry for transcriptional factor marker in age-

dependent surgical NP tissue and 3D construct (days 28). A: staining in surgical tissue; B: 

Flow cytometry. Representative histograms of flow cytometry at left illustrate the relative 

fluorescence intensity of NP markers on X-axis for isolated cells via tissue incubation 

(Brachyury T). C: staining in 3D construct. Bar=50μm.
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Figure 4. 
H&E staining of AF and NP cell constructs at days 28 (cells from 10yo and 62yo surgical 

tissue incubation respectively). Scale bar: 100 μm
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Figure 5. 
Safranin O staining of AF and NP cell constructs at days 28 (cells from 10yo and 62yo 

surgical tissue incubation respectively). Scale bar: 100 μm
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Figure 6. 
Collagen II immunostaining in AF and NP cell constructs at days 28 (cells from 10yo and 

62yo surgical tissue incubation respectively). Scale bar: 200 μm
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Table 1

Details of patients involved in this study from human IVD tissue.

Age/Gender Case Disease Disc Level

6y/M Scoliosis, Infanies, spondylolisthesis T8–T9

10y/M Prader willi syndrome, scoliosis T8–T9

12y/M Spinal bifida, scoliosis L4–L5

16y/M Scoliosis L4–L5

39y/F Idiopathesis Scoliosis, stenosis L4–L5

44y/M Cervical disc Myelopathy C5–L1

47y/F Spinal stenosis lumbar and spondylolisthesis L4–L5

62y/M Scoliosis,Spinal stenosis T12–S1

64y/M Scoliosis degenerative L3–L4

68y/F Scoliosis,Spinal stenosis L1–L5

69y/F Scoliosis,Spinal stenosis L4–L5
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Table 2

Antibodies for protein analysis.

Target Antibody

Order number Host/type(application) Isotype control

BASP1 AB9306 (Millipore) Rb/Polyclonal (IHC) None

Ncdn AB88877 (Abcam) Ms/Polyclonal (IHC) Ms IgG (BD)

Nrp-1 2621-1 (Epitomics) Rb/monoclonal (IHC) Rb IgG (Epitomics)

BrachyuryT SC-166962 (Santa Cruz) Ms/monoclonal (IHC & FC) Ms IgM (BD)

CD24 551133 (BD) Ms/monoclonal (IHC & FC) Ms IgM,k (BD)

CD54 MCA773GA (Serotec) Ms/monoclonal (IHC & FC) Ms IgG1(Millipore)

CD90 MCA47RT (Serotec) Ms/monoclonal (IHC & FC) Ms IgG1(Millipore)

CD221 SC-713 (Santa Cruz) Rb/polyclonal (IHC) None

Pvr/CD155 MAB25301(R&D) Ms/monoclonal (IHC & FC) Ms IgG1(Millipore)

CD166 MCA1926 Ms/monoclonal (IHC & FC) Ms IgG1(Millipore)

Rb: rabbit; Ms: mouse; IHC: immunohistochemical staining; FC: flow cytometry.
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