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Abstract

Annulus fibrosus (AF) injuries can lead to substantial deterioration of intervertebral disc (IVD) which characterizes
degenerative disc disease (DDD). However, treatments for AF repair/regeneration remain challenging due to the intrinsic
heterogeneity of AF tissue at cellular, biochemical, and biomechanical levels. In this study, we isolated and characterized a
sub-population of cells from rabbit AF tissue which formed colonies in vitro and could self-renew. These cells showed gene
expression of typical surface antigen molecules characterizing mesenchymal stem cells (MSCs), including CD29, CD44, and
CD166. Meanwhile, they did not express negative markers of MSCs such as CD4, CD8, and CD14. They also expressed Oct-4,
nucleostemin, and SSEA-4 proteins. Upon induced differentiation they showed typical osteogenesis, chondrogenesis, and
adipogenesis potential. Together, these AF-derived colony-forming cells possessed clonogenicity, self-renewal, and multi-
potential differentiation capability, the three criteria characterizing MSCs. Such AF-derived stem cells may potentially be an
ideal candidate for DDD treatments using cell therapies or tissue engineering approaches.
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Introduction

As the major cause of low back pain which affects about 80% of

the population, degenerative disc disease (DDD) has evolved into a

serious medical problem and significantly contributes to healthcare

costs [1]. Tissue engineering has emerged as a promising approach

toward DDD therapy [2]. As a component which plays a critical

role in the biomechanical properties of intervertebral disc (IVD),

the annulus fibrosus (AF) is essential for confining nucleus pulposus

(NP) and maintaining physiological intradiscal pressure [2].

However, despite recent advancements [3–6], major challenge

remains toward AF tissue engineering, mainly due to the

tremendous complexity of AF tissue at cellular, biochemical,

microstructural, and biomechanical levels [7,8].

Cells play a central role in determining the quality of engineered

tissues. Currently, tissue engineering of AF mainly involve the use

of AF cells [4,9,10], chondrocytes [5], or bone marrow stem cells

(BMSCs) [3,6] of various origins. However, due to the ageing of

differentiated cells, low cellularity, and the intrinsic phenotype

heterogeneity of AF cells, application of AF cells or chondrocytes

for AF repair/regeneration is limited [11,12]. Use of BMSCs,

which have been overwhelmingly used and shown effectiveness in

AF tissue engineering, also confronts with a problem of limited cell

availability (only 0.001–0.01% BMSCs in bone marrow aspirates

or marrow tissue) [13]. Therefore, seeking new cell sources for AF

tissue engineering appears to be necessary.

To date, mesenchymal stem cells (MSCs) have been isolated

from a variety of adult tissues and they differ in many ways [14].

As a rule of thumb, MSCs from adult tissues tend to be tissue

specific, meaning that MSCs originated from a certain tissue

preferentially differentiate into the type of cells residing in this

tissue [14–17]. Recently, it has been suggested that stem cell niches

are present at the border of the AF and that the stem cells or

progenitor cells migrate into the AF [15,16,18]. There have been

several lines of evidence implying that stem/progenitor cells exist

in AF, such as formation of cartilage, bone, and nerve tissues in AF

during IVD degeneration, likely as a result of the differentiation of

progenitor cells in AF or NP [8,15,19–21]. Such stem/progenitor

cells, if successfully isolated, may be a valuable source for AF cell

therapy and tissue engineering due to their AF tissue specificity.

To this end, this study aimed to isolate and characterize stem

cells from AF tissue. Such stem cells should possess clonogenicity,

self-renewal capability, and multipotency, the common character-

istics of MSCs [22]. Since rabbit is a commonly used model for

IVD research taking advantage of its moderate size, ease of

surgery, and post-surgery analyses [15,16,23], we used rabbit

IVDs to isolate a population of AF-derived colony-forming and

characterize the properties of these cells. As expected, we found

that these cells could self-renew and be readily induced to

differentiate into osteocytes, chondrocytes, and adipocytes. Such

findings revealed the existence of AF-derived stem cells, which
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may potentially be a valuable source for repair or regeneration of

AF tissue.

Materials and Methods

Isolation of AF-derived Cells
AF samples were isolated from IVDs of female New Zealand

white rabbits (6–8 weeks old) (Fig. S1) and minced and digested

using 150 U/ml Collagenase I (Sigma, Cat.# C0130) in DMEM-

LG medium for 4–6 hr. The suspension was then centrifuged at

1000 rpm for 10 min. The cell pellet was re-suspended in

DMEM-LG supplemented with 20% FBS, 100 U/ml penicil-

lin,100 mg/ml streptomycin and plated in 100 mm tissue culture

dishes. Cells were maintained in a humidified incubator at 37uC
with 5% CO2. The medium was changed every 2 days until the

cells reached sub-confluence, then cells were harvested using

0.25% trypsin-EDTA. Isolation of spleen cells as a control for RT-

PCR analysis was described in the file Methods S1. The animal

surgery protocols were approved by the Institutional Animal Care

and Use Committee (IACUC) of Soochow University.

Colony Forming Assay
To test the colony forming capability of AF-derived cells, a

colony forming unit-fibroblast (CFU-F) assay was performed.

Highly diluted single cell suspensions with cell densities of 200–

5,000 cells/ml were plated and cultured for 10 days. Then the cells

were washed and fixed with 4% paraformaldehyde for 15 minutes.

After further rinsing twice with PBS, cells were stained with 0.07%

crystal violet (in ethanol) at 4uC and the colonies were counted.

Polymerase Chain Reaction for Gene Analysis
Total RNA was extracted from cells using Trizol reagent

(Invitrogen, Cat.# 15596-026) and then reversely transcribed to

cDNA using a reverse transcription kit (Fermentas, Cat.# K1622)

after DNase I treatment (Fermentas, Cat.# EN0521). The genes

included MSC positive marker genes (CD29, CD44, CD166),

MSC negative marker genes (CD4, CD8, CD14), adipocyte

specific genes (peroxisome proliferators-activated receptor c,

Lipoprotein lipase), osteocyte specific genes (collagen type I, Runx

2), chondrocyte specific genes (collagen type II, Sox-9) and

housekeeping gene GAPDH. All the primer sequences are listed in

Table 1. The sequences were designed according to published

papers or designed by ourselves. All the primers were synthesized

by Invitrogen.

Immunofluorescence
Cells were fixed in cold 4% poly-formaldehyde for 15 min,

followed with treatment using methanol at 220uC for 5 min.

They were then blocked with 4% BSA for 30 min before being

incubated with mouse anti-human Oct-4 antibody (1:500,

Millipore, Cat.# MAB4401), goat anti-human nucleostemin

Table 1. Sequences of primers for RT-PCR.

Gene Size (bp) Primer sequence Type Tm (6C) Gene Bank #

CD29 242 59-GTCACCAACCGTAGCAA-39 Forward 58 AY195896.1

59-CTCCTCATCTCATTCATCAG-39 Reverse

CD44 191 59-CGATTTGAATATAACCTGCCGC-39 Forward 63 FJ360436.1

59-CGTGCCCTTCTATGAACCCA-39 Reverse

CD166 200 59-GGACAGCCCGAAGGAATACGAA-39 Forward 63 Y13243.1

59-GACACAGGCAGGGAATCACCAA-39 Reverse

CD4 273 59-GATGGAGGTGGAACTGC-39 Forward 63 NM_001082313.2

59-GGAAAGCCCAACACTATG-39 Reverse

CD8 126 59-GGGTGGAAAAGGAGAAGC-39 Forward 63 L22293.1

59-AGGTGAGTGCGGGAGAC-39 Reverse

CD14 364 59-CAGGTGCCTAAGGGACT-39 Forward 63 NM_001082195.2

59-AATAAAGTGGGAAGCGG-39 Reverse

GAPDH 107 59-ACTTTGTGAAGCTCATTTCCTGGTA-39 Forward 58 L23961

59-GTGGTTTGAGGGCTCTTACTCCTT-39 Reverse

PPARc 130 59-CATTTTCTCAAGCAACAGTC-39 Forward 54 NM_001082148.1

59-CAAAGGAGTGGGAGTGGT-39 Reverse

LPL 487 59-GGCGAGACGCACGAACA-39 Forward 54 FJ429312.1

59-CACCCGCAGTACAAACCCA-39 Reverse

Col I 81 59-CTGACTGGAAGAGCGGAGAGTAC-39 Forward 58 AY633663

59-CCATGTCGCAGAAGACCTTGA-39 Reverse

Runx-2 154 59- CAGGCAGTTCCCAAGCATTTCA-39 Forward 67 AY598934

59- TGGTGGCAGGTAGGTATGGTAGT-39 Reverse

Col II 84 59-TGGGTGTTCTATTTATTTATTGTCTTCCT-39 Forward 62 S83370

59-GCGTTGGACTCACACCAGTTAGT-39 Reverse

Sox-9 261 59-TACGACTGGACGCTGGTGC-39 Forward 67 AY598935

59-CGGGTGGTCTTTCTTGTGCT-39 Reverse

doi:10.1371/journal.pone.0108239.t001
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antibody (1:250, Neuromics, Cat.# GT15050), and mouse anti-

human SSEA-4 antibody (1:200, Invitrogen, Cat.# 41-4000), for

staining of Oct-4, nucleostemin, and SSEA-4, respectively.

Following that, Cy3-conjugated secondary antibodies were

applied. Nucleus staining was accomplished by DAPI staining.

Cells were viewed under a fluorescence inverted microscope

(EVOS f1, AMG, USA). The detailed protocols are provided in

file Methods S1.

Induced Differentiation
Passage 2–4 AF-derived cells were seeded at a density of 46104

cells/well in a 24 well plate in basic culture medium (DMEM-LG

supplemented with 10% FBS, 100 U/ml penicillin,100 mg/ml

streptomycin). They were subjected to induced differentiation by

culturing them in osteogenic, chondrogenic, and adipogenic

media, respectively. The outcomes were evaluated using Alizarin

Red S, and Safranin O, and Oil Red O staining, respectively. The

detailed protocols are shown in file Methods S1.

Statistical Analysis
All quantitative data are presented as mean 6 standard

deviation (SD) with no less than three replicates for each

experimental condition. Statistical analyses were performed using

one-way analysis of variance (ANOVA). Difference with p,0.05

was considered statistically significant.

Results

Colony Formation and Proliferation of Rabbit AF-Derived
Cells

When the rabbit AF-derived cells were cultured in the growth

medium supplemented with 20% FBS, they remained quiescent

for 3 to 4 days and then started to form colonies (Fig. 1). These

colonies differed in sizes with diameter ranging from 1 to 3 mm.

The morphology of cells in the colonies also varied, with some of

them being cobblestone-like and others being spindle-like (Fig. S2
and Fig. S3). The colony formation capacity was largely

dependent on the initial cell seeding density. An initial seeding

density of 200 cells/cm2 was found to result in the highest

efficiency of colony formation, in which about 3.4% of plated cells

formed colonies (Fig. 1D). After 10 to 12 days of culture, cells

reached sub-confluence and were harvested and sub-cultured. Cell

proliferation capacity was tested using cells at passage three

through MTT assay. It was clear that cells began to grow after 1

day and entered log phase at the 3rd day (Fig. 1E). The typical

population doubling time was 17.8 hrs, indicating the strong self-

renewing capacity of the rabbit AF-derived colony-forming cells.

Expression of Stem Cell Markers in AF-Derived Colony-
Forming Cells

The gene expression of typical MSC-associated surface antigens

in cells was tested using RT-PCR. Clearly, the AF-derived colony-

forming cells had strong expression of markers that are usually

positive in MSCs, including CD29, CD44 and CD166. Mean-

while, they had little expression of markers which seldom exist in

MSCs, including CD4, CD8 and CD14 (Fig. 2). As a control,

cells from rabbit spleen were found to express all the above genes,

which validated the efficacy of the customer-designed primers.

Further, the expression of MSC markers including Oct-4,

nucleostemin (NS) and SSEA-4 was examined at protein level

using immunofluorescence. As shown in Fig. 3, these markers

were extensively expressed in the AF-derived cells. Among them,

Oct-4 was located both within the nucleus and throughout the

Figure 1. Colony formation and proliferation of rabbit AF-derived cells. (A) Total colonies stained with crystal violet at 10 days. (B) A
representative cell colony. (C) The morphology of cells in a colony. (D) Colony forming unit assay for AF-derived cells. (E) Growth curve of AF-derived
cells at passage 3. Scale bars, 100 mm.
doi:10.1371/journal.pone.0108239.g001
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cytoplasm; nucleostemin existed exclusively within the nucleus;

whereas SSEA-4 was presented within the cytoplasm.

Multi-Potential Differentiation AF-Derived Colony-
Forming Cells

Next, the rabbit AF-derived colony-forming cells were subjected

to induced differentiation processes including osteogenesis, chon-

drogenesis, and adipogenesis to examine the multi-differentiation

potential of them. When the cells were cultured in osteogenic

medium, their morphology started to change at the 5th day. After 3

weeks, calcium deposits were highly visible in the induced cells

which were fixed and stained with Alizarin Red S (Fig. 4A). In

contrast, calcium deposits were rarely seen in control cells which

were cultured in basic medium only. In addition, the mRNA

expression of osteocytes-specific genes, including Runx-2 and Col
I, was examined using RT-PCR. Clearly, expression of both genes

was higher in induced cells, indicating that the rabbit AF-derived

cells had undergone successful osteogenesis (Fig. 4B).

When the AF-derived cells were cultured in chondrogenic

differentiation medium, they round up and became chondrocyte-

like cells. Strong production of sulfated proteoglycans in the

induced cells after 3 weeks was visualized by Safranin O staining

(Fig. 4C). The control cells cultured in basic medium also showed

considerable Safranin O staining, albeit in a much lower level. At

mRNA level, expression of chondrocytes-specific genes Sox-9 and

Col II was markedly up-regulated in induced cells compared to

control cells (Fig. 4D).

During adipogenic differentiation, the rabbit AF-derived cells

started to secrete small oil droplets, which surrounded the cells and

constantly accumulated throughout the induced culture period,

after 1 week of induction (Fig. 4E). Meanwhile, the expression of

adipocyte-specific genes, including PPAR-c and LPL, was also

markedly enhanced in induced cells compared to control cells

(Fig. 4F).

Discussion

AF plays an important role in maintaining the physiological

structure and function of IVD and its failure contributes to the

evolution of DDD [24]. Cell-based therapies, from mere cell

injection to tissue engineering, appear to be a promising approach

to AF tissue repair or regeneration. Among the several types of

cells that have been used for this purpose, MSCs remain to be the

most used one because of their easy availability. However, there

has been increasing consensus that the differentiation potential of

adult MSCs largely varies and is closely dependent on their origin.

For instance, synovium-derived MSCs showed better chondro-

genic potential compared to MSCs derived from other types of

tissues. Adipose-derived MSCs had higher adipogenic potential,

while periosteum- and muscle-derived MSCs had better osteo-

genic potential [14]. Tendon MSCs also preferentially differenti-

ated into tenocyte-like cells [25,26]. Together, such studies

indicate that adult MSCs originated from a certain tissue

preferentially differentiate into the type of cells residing in this

tissue [14,27]. Such tissue-specific stem cells, therefore, are more

appropriate cell source for cell therapies and tissue engineering of

the specific tissues.

In light of this, we tried to isolate stem cells from rabbit AF,

which may potentially be an ideal cell source for cell therapies and

tissue engineering of AF, using single-cell colony forming

technique. We found that in the best situation, about 3.4% of

seeded primary cells formed colonies. Such colony formation

efficiency is consistent to those found in other tissues such as

tendon [25,26]. The size of colonies and morphology of cells

within colonies were heterogeneous, implying that different sub-

populations of progenitor cells existed in AF. Such heterogeneity

of colony-forming cells echoes the intrinsic cellular heterogeneity

within AF. For example, cells at inner AF are chondrocytes-like,

while cells at outer AF are fibroblasts-like, contributing to the

region-dependent matrix composition of AF [28]. Cell prolifera-

tion tests indicated that these AF-derived colony-forming cells

were capable of rapid growth, with a typical population doubling

time of less than 18 hr. Such cell proliferation capability was kept

until at least passage 6, making it possible for in vitro cell

expansion to obtain sufficient number of AF cells for desired

treatments. It should be noted that the regenerative capacity of

stem cells markedly deteriorates with the aging of a living

organism. Both the self-renewal and differentiation capabilities of

adult stem/progenitor cells decrease with the age of animals [29–

31]. It is expected that the number of stem/progenitor cells in

more mature rabbits is less compared to those in younger species

and their functional fitness also weakens. Therefore, young rabbits

(6–8 weeks old) were used in this study to assure appropriate

characterizations of the AF-derived colony-forming cells.

Further, we checked whether the AF-derived colony-forming

cells expressed typical surface antigens of MSCs. Due to the very

Figure 2. Expression of stem cell markers in AF-derived colony
forming cells. AF-derived colony forming cells, but not AF cells, were
positive for CD29, CD44, CD166, but negative for CD4, CD8 and CD14.
As a positive control, spleen cells expressed all these genes.
doi:10.1371/journal.pone.0108239.g002
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limited availability of anti-rabbit antibodies, we did not evaluate

the protein expression of MSC surface markers using flow

cytometry. Instead, we examined the expression of these markers

at gene level using RT-PCR. We found that these cells expressed

the positive markers of MSCs, including CD29, CD44 and CD166

[32], whereas they seldom expressed the negative markers such as

CD4, CD8 and CD14 [33]. As a control, gene expression of cells

isolated from rabbit spleen tissue was also examined. These cells

were positive for CD4, CD8 and CD14 since spleen tissue contains

lymphocytes and monocytes which express such markers [34].

Besides, these cells also expressed positive markers of MSCs [35].

In addition to surface antigens, we also examined the expression

of several MSC marker proteins using immunofluorescence to

confirm the stemness of AF-derived colony forming cells. Among

these markers, Oct-4 is a transcription factor which is essential for

maintaining undifferentiated status of pluripotent stem cells by

inhibiting tissue-specific genes yet promoting stem cell-specific

genes [36]. Nucleostemin is a nucleolar GTP-binding protein

which is exclusively expressed in the nucleoli of stem cells, but not

in committed and terminally differentiated cells, and is required in

maintenance of self-renewal and pluripotency by controlling cell-

cycle progression [37]. SSEA-4 is an early embryonic glycolipid

antigen which is commonly used as human embryonic stem cell

marker and also identifies adult MSCs [38]. We found that the

AF-derived cells expressed all these stem cell markers, indicating

their undifferentiated status (Fig. 3). It is interesting to note that

Oct-4 was found to be presented throughout the whole cell instead

of being located only in the nucleus as reported in previous studies

[39]. Such a seemingly inconsistency may be the result of

difference in cell type and origin, as Oct-4 has been found to be

expressed in the whole cell of many somatic cells and cancer cells,

including human kidney, gastric, mesenchymal, HeLa and MCF-7

cells [40]. In addition, even in the same type of stem cells, the

distribution of Oct-4, in nucleus alone or throughout the

cytoplasm, may significantly vary depending on the type of

commercial antibodies [41].

In this study, we found that the rabbit AF-derived colony

forming cells could undergo osteogenesis, chondrogenesis, and

adipogenesis and therefore possessed multi-differentiation poten-

tial. Such results partially echo the findings from several previous

studies based on human AF-derived cells [19,20]. However, our

study differs from these studies in that we have, for the first time,

specifically isolated the cells that formed colonies, which are

presumably stem/progenitor cells of reasonable purity. It is

notable that in the chondrogenic test, the control cells, i.e., cells

without being subjected to chondrogenic induction, also showed

considerable Safranin O staining as well as expression of Sox-9
and Col II genes (Fig. 4C–D). This is indeed an indication that

such AF-derived colony forming cells have intrinsic tendency to

commit to chondrocyte-like cells which constitute the major cell

population residing in the fibrocartilage-like AF tissue. Thus, such

findings strongly support the significant potential of AF-derived

Figure 3. Immunofluorescence assays for stem cell marker protein expression in AF-derived colony forming cells. The AF-derived cells
were positive for Oct-4 (A–C), nucleostemin (D–F) and SSEA-4 (G–I). Scale bars, 200 mm.
doi:10.1371/journal.pone.0108239.g003
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colony forming cells for AF therapies and tissue engineering. It

should be noted that without in vitro expansion, the AF-derived

colony forming cells are generally too few to be directly used for

cell therapies. However, after serial passaging a considerable

number of cells may be obtained. For example, we usually

obtained 20–30 million cells from each rabbit AF segment after

three passages, which is enough for a typical cell therapy (0.4–10

million per kg of body weight) [42]. Importantly, the cells showed

no apparent difference in morphology, proliferation capacity, stem

marker expression and differentiation potential as long as they

were within passage six (data not shown). In humans, AF tissues

may be obtained through surgeries in which the disc is partially or

entirely removed, including discectomy, interbody fusion, or

scoliosis treatments [24]. Following that, the AF-derived colony

forming cells can be retrieved and expanded for cell therapy or

tissue engineering applications, as implied in previous studies

[19,20].

In addition, the differentiation potential was independent of the

morphology of colony. For example, both chondroblast-like and

fibroblast-like colonies could undergo induced differentiation. This

implies that while different cell sub-populations may exist in

colony forming cells derived from different AF regions, they all

have the potential to differentiate into AF cells or various regions.

It again signifies the importance of using such colony forming cells

for repairing/regenerating the AF tissue, which is intrinsically a

heterogeneous tissue and has distinct region-specific characteris-

tics. It should be noted, however, that compared to cells from

fibroblast-like colonies, the cells from chondroblast-like colonies

showed relatively stronger tendency to differentiate to chondro-

cyte-like cells, as indicated by the stronger Safranin O staining as

well as Sox-9 and Col II gene expression (data not shown). In

addition to induced differentiation tests, we found another piece of

evidence of the plasticity of AF-derived colony forming cells, i.e.,

substrate elasticity-dependent differentiation characteristics [43].

When they were cultured on substrates of various stiffness, their

gene expression profiles varied in a stiffness-dependent manner.

The cells became more chondrocyte-like on relatively compliant

substrate with up-regulated Col II gene expression, while they

became more fibroblast-like on stiffer substrate and markedly

expressed more Col I gene (Fig. S4).

In summary, we have successfully isolated and identified a

population of colony forming cells from rabbit AF tissue. These

cells possess clonogenicity, self-renewing capability, and multi-

differentiation potential, the common characteristics of MSCs.

Therefore, we define these cells as AF-derived stem cells (AFSCs).

Being capable of rapid in vitro expansion and multi-differentia-

Figure 4. Induced differentiation of AF-derived colony forming cells. (A–B) Osteogenic differentiation at 3 weeks. Mineralization was
stained with Alizarin red S (A). Expression of osteocyte-specific genes, including Runx-2 and Col I, were up-regulated in induced cells as analyzed by
RT-PCR (B). (C–D) Chondrogenic differentiation at 3 weeks. Cells were stained with Safranin O (C). Expression of chondrocyte-specific genes Sox-9 and
Col II levels was higher in induced cells (D). (E–F) Adipogenic differentiation at 2 weeks. Secretion of oil droplets (E) and expression of adipocyte-
specific genes PPAR-c and LPL (F) were higher in induced cells.
doi:10.1371/journal.pone.0108239.g004
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tion, the AFSCs may potentially be a valuable cell source for DDD

treatments using cell therapy or tissue engineering approaches. It

should be noted, however, that findings in this study do not rule

out the feasibility of using other cell sources for AF tissue

regeneration. In another study, we have found that after certain

treatment such as TGF-b3, BMSCs can also be a good cell source

for AF regeneration (unpublished data). Future research will

explore the lineage commitment of AFSCs toward various types of

cells within AF and compare the efficiency as cell source in AF

tissue engineering between AFSCs and other commonly used

MSCs, including bone marrow stem cells and adipose-derived

stem cells.

Supporting Information

Figure S1 Harvest of rabbit AF tissues. (A) A segment of

spinal column containing IVDs from T10 through L5 vertebra. (B)

IVD harvesting. (C) A whole rabbit IVD. The AF tissue was then

separated from the IVD by removing the nucleus pulposus.

(TIF)

Figure S2 Cell colonies formed from rabbit AF cells
using single cell culture technique. (A–B) Typical colonies

formed from single rabbit AF cells. The cells were seeded at

different initial plating densities and were stained at 10 days using

crystal violet. (C–D) Gross view of the morphology of cells within

cell colonies of various sizes. Scale bars, 100 mm.

(TIF)

Figure S3 Representative close view of the morphology
of AF cells within colonies. (A–B) Cells from the inner and

outer regions, respectively, of one colony. (C–D) Cells from the

inner and outer regions, respectively, of another colony. The cells

were stained with crystal violet.

(TIF)

Figure S4 Expression of Col I (A) and Col II (B) genes in
rabbit AF-derived colony forming cells cultured on
polyacrylamide hydrogels of different Young’s moduli
for 1 week.

(TIF)

Methods S1 Supporting methods.

(DOCX)

Author Contributions

Conceived and designed the experiments: BL HY. Performed the

experiments: QG JL CL SW YW. Analyzed the data: QG JL CL BL.

Contributed reagents/materials/analysis tools: QG JL BL. Contributed to

the writing of the manuscript: QG JL BL.

References

1. Luo X, Pietrobon R, Sun SX, Liu GG, Hey L (2004) Estimates and patterns of
direct health care expenditures among individuals with back pain in the United

States. Spine 29: 79–86.

2. Hudson KD, Alimi M, Grunert P, Hartl R, Bonassar LJ (2013) Recent advances

in biological therapies for disc degeneration: tissue engineering of the annulus
fibrosus, nucleus pulposus and whole intervertebral discs. Curr Opin Biotechnol

24: 872–879.

3. Driscoll TP, Nakasone RH, Szczesny SE, Elliott DM, Mauck RL (2013) Biaxial

mechanics and inter-lamellar shearing of stem-cell seeded electrospun angle-ply
laminates for annulus fibrosus tissue engineering. J Orthop Res 31: 864–870.

4. Koepsell L, Remund T, Bao J, Neufeld D, Fong H, et al. (2011) Tissue

engineering of annulus fibrosus using electrospun fibrous scaffolds with aligned
polycaprolactone fibers. J Biomed Mater Res A 99: 564–575.

5. Wan Y, Feng G, Shen FH, Laurencin CT, Li X (2008) Biphasic scaffold for

annulus fibrosus tissue regeneration. Biomaterials 29: 643–652.

6. Nerurkar NL, Baker BM, Sen S, Wible EE, Elliott DM, et al. (2009) Nanofibrous

biologic laminates replicate the form and function of the annulus fibrosus. Nat
Mater 8: 986–992.

7. Li J, Liu C, Guo Q, Yang H, Li B (2014) Regional variations in the cellular,

biochemical, and biomechanical characteristics of rabbit annulus fibrosus. PLoS

One 9: e91799.

8. Guterl CC, See EY, Blanquer SB, Pandit A, Ferguson SJ, et al. (2013)
Challenges and strategies in the repair of ruptured annulus fibrosus. Eur Cell

Mater 25: 1–21.

9. Bowles RD, Gebhard HH, Hartl R, Bonassar LJ (2011) Tissue-engineered

intervertebral discs produce new matrix, maintain disc height, and restore
biomechanical function to the rodent spine. Proc Natl Acad Sci USA 108:

13106–13111.

10. Mizuno H, Roy AK, Vacanti CA, Kojima K, Ueda M, et al. (2004) Tissue-
engineered composites of anulus fibrosus and nucleus pulposus for intervertebral

disc replacement. Spine 29: 1290–1297.

11. Paesold G, Nerlich AG, Boos N (2007) Biological treatment strategies for disc

degeneration: potentials and shortcomings. Eur Spine J 16: 447–468.

12. Horner HA, Roberts S, Bielby RC, Menage J, Evans H, et al. (2002) Cells from
different regions of the intervertebral disc: effect of culture system on matrix

expression and cell phenotype. Spine 27: 1018–1028.

13. Sabatino M, Ren J, David-Ocampo V, England L, McGann M, et al. (2012)

The establishment of a bank of stored clinical bone marrow stromal cell
products. J Transl Med 10: 23.

14. Yoshimura H, Muneta T, Nimura A, Yokoyama A, Koga H, et al. (2007)

Comparison of rat mesenchymal stem cells derived from bone marrow,
synovium, periosteum, adipose tissue, and muscle. Cell Tissue Res 327: 449–

462.

15. Henriksson H, Thornemo M, Karlsson C, Hagg O, Junevik K, et al. (2009)

Identification of cell proliferation zones, progenitor cells and a potential stem cell
niche in the intervertebral disc region: a study in four species. Spine (Phila Pa

1976) 34: 2278–2287.

16. Henriksson HB, Svala E, Skioldebrand E, Lindahl A, Brisby H (2012) Support of

concept that migrating progenitor cells from stem cell niches contribute to

normal regeneration of the adult mammal intervertebral disc: a descriptive study
in the New Zealand white rabbit. Spine (Phila Pa 1976) 37: 722–732.

17. Henriksson HB, Svanvik T, Jonsson M, Hagman M, Horn M, et al. (2009)

Transplantation of human mesenchymal stems cells into intervertebral discs in a

xenogeneic porcine model. Spine (Phila Pa 1976) 34: 141–148.

18. Barreto Henriksson H, Lindahl A, Skioldebrand E, Junevik K, Tangemo C, et
al. (2013) Similar cellular migration patterns from niches in intervertebral disc

and in knee-joint regions detected by insitu labeling: an experimental study in

the New Zealand white rabbit. Stem Cell Res Ther 4: 104.

19. Risbud MV, Guttapalli A, Tsai TT, Lee JY, Danielson KG, et al. (2007)
Evidence for skeletal progenitor cells in the degenerate human intervertebral

disc. Spine 32: 2537–2544.

20. Feng G, Yang X, Shang H, Marks IW, Shen FH, et al. (2010) Multipotential
differentiation of human anulus fibrosus cells: an invitro study. J Bone Joint Surg

Am 92: 675–685.

21. Sakai D, Nakamura Y, Nakai T, Mishima T, Kato S, et al. (2012) Exhaustion of

nucleus pulposus progenitor cells with ageing and degeneration of the
intervertebral disc. Nat Commun 3: 1264.

22. Bruno S, Bussolati B, Grange C, Collino F, di Cantogno LV, et al. (2009)

Isolation and characterization of resident mesenchymal stem cells in human

glomeruli. Stem Cells Dev 18: 867–880.

23. Masuda K, Aota Y, Muehleman C, Imai Y, Okuma M, et al. (2005) A novel
rabbit model of mild, reproducible disc degeneration by an anulus needle

puncture: correlation between the degree of disc injury and radiological and
histological appearances of disc degeneration. Spine 30: 5–14.

24. Bron JL, Helder MN, Meisel HJ, Van Royen BJ, Smit TH (2009) Repair,
regenerative and supportive therapies of the annulus fibrosus: achievements and

challenges. Eur Spine J 18: 301–313.

25. Bi Y, Ehirchiou D, Kilts TM, Inkson CA, Embree MC, et al. (2007)
Identification of tendon stem/progenitor cells and the role of the extracellular

matrix in their niche. Nat Med 13: 1219–1227.

26. Zhang J, Li B, Wang JH (2011) The role of engineered tendon matrix in the

stemness of tendon stem cells invitro and the promotion of tendon-like tissue
formation invivo. Biomaterials 32: 6972–6981.

27. Liu TM, Martina M, Hutmacher DW, Hui JH, Lee EH, et al. (2007)

Identification of common pathways mediating differentiation of bone marrow-
and adipose tissue-derived human mesenchymal stem cells into three

mesenchymal lineages. Stem Cells 25: 750–760.

28. Postacchini F, Bellocci M, Massobrio M (1984) Morphologic changes in annulus

fibrosus during aging. An ultrastructural study in rats. Spine 9: 596–603.

29. Kohler J, Popov C, Klotz B, Alberton P, Prall WC, et al. (2013) Uncovering the
cellular and molecular changes in tendon stem/progenitor cells attributed to

tendon aging and degeneration. Aging Cell 12: 988–999.

30. Garcia-Prat L, Sousa-Victor P, Munoz-Canoves P (2013) Functional dysregu-

lation of stem cells during aging: a focus on skeletal muscle stem cells. FEBS J
280: 4051–4062.

31. Yasen M, Fei Q, Hutton WC, Zhang J, Dong J, et al. (2013) Changes of number

of cells expressing proliferation and progenitor cell markers with age in rabbit

intervertebral discs. Acta Biochim Biophys Sin (Shanghai) 45: 368–376.

Rabbit Annulus Fibrosus Stem Cells

PLOS ONE | www.plosone.org 7 September 2014 | Volume 9 | Issue 9 | e108239



32. Boxall SA, Jones E (2012) Markers for characterization of bone marrow

multipotential stromal cells. Stem Cells Int 2012: Article ID 975871.

33. Yu Y, Fuhr J, Boye E, Gyorffy S, Soker S, et al. (2006) Mesenchymal stem cells

and adipogenesis in hemangioma involution. Stem Cells 24: 1605–1612.

34. Gibbings D, Befus AD (2009) CD4 and CD8: an inside-out coreceptor model for

innate immune cells. J Leukoc Biol 86: 251–259.

35. Levesque MC, Heinly CS, Whichard LP, Patel DD (1998) Cytokine-regulated

expression of activated leukocyte cell adhesion molecule (CD166) on monocyte-

lineage cells and in rheumatoid arthritis synovium. Arthritis Rheum 41: 2221–

2229.

36. Greco SJ, Liu K, Rameshwar P (2007) Functional similarities among genes

regulated by OCT4 in human mesenchymal and embryonic stem cells. Stem

Cells 25: 3143–3154.

37. Qu J, Bishop JM (2012) Nucleostemin maintains self-renewal of embryonic stem

cells and promotes reprogramming of somatic cells to pluripotency. J Cell Biol

197: 731–745.

38. Gang EJ, Bosnakovski D, Figueiredo CA, Visser JW, Perlingeiro RC (2007)

SSEA-4 identifies mesenchymal stem cells from bone marrow. Blood 109: 1743–
1751.

39. Seo KW, Lee SR, Bhandari DR, Roh KH, Park SB, et al. (2009) OCT4A

contributes to the stemness and multi-potency of human umbilical cord blood-
derived multipotent stem cells (hUCB-MSCs). Biochem Biophys Res Commun

384: 120–125.
40. Tai MH, Chang CC, Kiupel M, Webster JD, Olson LK, et al. (2005) Oct4

expression in adult human stem cells: evidence in support of the stem cell theory

of carcinogenesis. Carcinogenesis 26: 495–502.
41. Zuk PA (2009) The intracellular distribution of the ES cell totipotent markers

OCT4 and Sox2 in adult stem cells differs dramatically according to commercial
antibody used. J Cell Biochem 106: 867–877.

42. English K, French A, Wood KJ (2010) Mesenchymal stromal cells: facilitators of
successful transplantation? Cell Stem Cell 7: 431–442.

43. Engler AJ, Sen S, Sweeney HL, Discher DE (2006) Matrix elasticity directs stem

cell lineage specification. Cell 126: 677–689.

Rabbit Annulus Fibrosus Stem Cells

PLOS ONE | www.plosone.org 8 September 2014 | Volume 9 | Issue 9 | e108239


