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Abstract

Purpose Proteoglycans are important to the functioning

of the intervertebral disc. In addition to aggrecan there are

the small leucine-rich proteoglycans (SLRPs). These are

less common but in other locations their functions include

collagen organisation, sequestering growth factors and

stimulating inflammation. We have performed a compara-

tive analysis of the SLRP core protein species present in

intervertebral discs with various pathologies.

Methods Eighteen intervertebral discs from patients with

scoliosis (n = 7, 19–53 years), degenerative disc disease

(n = 6, 35–51 years) and herniations (n = 5, 33–58 years)

were used in this study. Proteoglycans were dissociatively

extracted from disc tissues and the SLRPs (biglycan,

decorin, fibromodulin, keratocan and lumican) assessed by

Western blotting following deglycosylation with chondro-

itinase ABC and keratanase.

Results Intact SLRP core proteins and a number of core

protein fragments were identified in most of the discs exam-

ined. Biglycan and fibromodulin were the most extensively

fragmented. Keratocan generally occurred as two bands, one

representing the intact core protein, the other a smaller frag-

ment. The intact core protein of lumican was detected in all

samples with fragmentation evident in only one of the older

scoliotic discs. Decorin was less obvious in the disc samples

and showed little fragmentation.

Conclusion In this cohort of pathological intervertebral

discs, fragmentation of certain SLRP core proteins was

common, indicating that some SLRPs are extensively

processed during the pathological process. Identification of

specific SLRP fragments which correlate with disc

pathology may not only help understand their aetiopatho-

geneses, but also provide biomarkers which can be used to

monitor disease progression or to identify particular disc

disorders.

Keywords Small leucine-rich proteoglycans (SLRPs) �
Intervertebral disc � SLRP core protein fragmentation �
Degenerative disc disease � Scoliosis

Introduction

The intervertebral disc (IVD) is an important weight

bearing structure with unique viscoelastic and hydrody-

namic functional properties conveyed by the interplay of

connective tissue molecules of diverse structure and func-

tion. The outer region of the IVD, the annulus fibrosus

(AF), is a collagen-rich tissue with the fibres being highly

organised into bundles and concentric lamellae [34]. In

contrast, the central nucleus pulposus (NP) is rich in the

hylauronan-binding proteoglycan (PG), aggrecan, with
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more than a hundred glycosaminoglycan (GAG) side

chains attached. This is responsible for the water retaining

and hydrodynamic properties of the extracellular matrix,

allowing the composite IVD to act as a weight bearing

cushion [33]. Whilst aggrecan is the major IVD PG, there

are also small leucine-rich proteoglycans (SLRPs) present,

with decorin, biglycan, fibromodulin and lumican all

having been reported in the disc [18, 29, 30].

The SLRPs are members of a large family of leucine-

rich repeat (LRR) proteins [9] and have been categorised

into a number of sub-families on the basis of gene orga-

nization, LRR number and GAG substitution patterns.

Eight IVD SLRPs have been identified, including the

chondroitin sulphate/dermatan sulphate-substituted decorin

and biglycan and keratan sulphate-substituted lumican,

fibromodulin and keratocan [16]. Non-glycanated disc

SLRP members have also been identified including proline

arginine-rich protein (Prolargin, PRELP), chondroadherin

and asporin [16]. The function of the SLRPs depends on

both their core proteins and GAG side chains. Their core

proteins facilitate interaction with fibrillar collagens and

regulate fibrillogenesis and sterically protect the fibrils

from proteolysis in vitro [5], whilst the GAG side chains

facilitate fibril–fibril interactions [28].

Decorin, biglycan, fibromodulin and lumican interact with

many other matrix components other than the fibrillar colla-

gens, including types VI, XII and XIV collagens, fibronectin,

elastin, in addition to growth factors and cytokines such as

EGF, TGFb and TNFa [3, 13, 16, 23]. The GAG chains of the

SLRPs provide them with their growth factor binding prop-

erties through which they can sequester these in the extra-

cellular matrix. The SLRPs have diverse functions as

modulators of tissue organization, cellular proliferation,

matrix adhesion, and the cellular responses to growth factors

and cytokines [13, 16, 23]. This family of proteoglycans have

emerging roles in mammalian biology in health and disease

and are now recognised as key signalling molecules with

growth factors and a number of receptors which regulate cell

growth, morphogenesis and immunity [13, 16, 23, 27].

Decorin [11], fibromodulin [8] and biglycan [15] are

degraded by proteases such as matrix metalloproteinases

(MMPs) or aggrecanases in vitro, and similar cleavages

probably occur in vivo. Certainly, biglycan and fibromodulin

are fragmented in models of IVD degeneration and osteoar-

thritis (OA) [19, 35] and in articular cartilage from total knee

and hip replacement patients and from menisci of OA joints

[17]. SLRPs are also extensively fragmented in pathological

tendon and ligament [10, 24, 25]. Fragmentation of SLRPs

may alter their function significantly, possibly rendering

them more potent at stimulating inflammation.

In the present study we undertook a comparative eval-

uation of decorin, biglycan, fibromodulin, lumican and

keratocan core protein species evident by Western blotting

in extracts of human IVDs. We found SLRP core proteins

to be present, some of them in fragmented form, in these

discs from patients with various disc disorders.

Materials and methods

IVD samples

All tissues for this study were obtained with either informed

consent under the authority of our institutional human ethics

committee or from our existing Human Tissue Authority-

licensed archive collection. Discs were removed from three

groups of patients during anterior surgical procedures for

scoliosis or degenerative disc disease (DDD) or via a posterior

approach for herniation (detailed in Table 1). DDD samples

were graded according to Thompson et al. [32]. Primarily

annulus fibrosus tissue was used for biochemical analysis to

provide consistent source location. This was clearly identifi-

able macroscopically in the scoliotic and DDD samples and

dissected after excision from the patient. Herniated disc

samples were more heterogeneous but AF tissue was defined

by the operating surgeon and confirmed by their appearance

microscopically.

Extraction and preparation of tissue samples

for SLRP analysis

SLRPs were extracted from finely diced disc tissues in 4 M

GuHCl as previously described [17]. In brief the tissue

Table 1 Details of IVD samples

Sample Pathology Grade Level Gender Age

1 Scoliosis T9–T10 M 19

2 Scoliosis T11–T12 M 19

3 Scoliosis L1–L2 M 19

4 Scoliosis T5–T6 F 27

5 Scoliosis T12–L1 F 34

6 Scoliosis L2–L3 F 42

7 Scoliosis L2–L3 F 53

8 DDD I L5–S1 M 35

9 DDD II L5–S1 F 36

10 DDD III L5–S1 F 40

11 DDD III L4–L5 M 43

12 DDD IV L5–S1 F 50

13 DDD IV L5–S1 M 51

14 Herniation L5–S1 F 33

15 Herniation L5–S1 M 44

16 Herniation L4–L5 M 46

17 Herniation L4–L5 M 48

18 Herniation L5–S1 M 58

Eur Spine J (2012) 21 (Suppl 2):S154–S159 S155

123



extracts were dialysed (Mw cut-off 6–8 kDa), freeze dried

and re-dissolved (2 mg dry wt/ml) in Tris acetate buffer

before digesting with chondroitinase ABC (0.1 U) and

keratanase (0.05 U) to remove the GAG chains.

Lithium dodecyl sulphate (LDS) PAGE and detection

of SLRP fragments by Western blotting

Aliquots of the chondroitinase ABC, keratanase digested

samples (0.1 ml) were mixed with 49 LDS PAGE appli-

cation buffer (35 ll) and 500 mM dithiothreitol (15 ll).

The samples were heated at 70�C for 30 min, cooled and

25 or 15 ll aliquots were applied to pre-poured NuPAGE

10 or 15 well Bis Tris 4–12% gradient gels and electro-

phoresed under reducing conditions in NuPAGE MOPS

SDS running buffer at 200 V constant voltage for 35 min.

The gels were electroblotted to nitrocellulose membranes

(0.22 lm) either as previously described [17] using

NuPAGE transfer buffer supplemented with 10% methanol

at 30 V constant voltage for 1 h (Protocol 1) or transferred

using an iBlot system and iBlot Gel Nitrocellulose Transfer

Stacks (Invitrogen) and Program 3 (Protocol 2). SeeBlue-2

prestained protein molecular weight standards were also

electrophoresed to enable calibration of molecular weights

and to assess the blotting transfer efficiency.

For Protocol 1, blots were initially blocked for 3 h with

5% BSA in 50 mM Tris–HCl 0.15 M NaCl pH 7.2 (TBS)

before primary antibodies diluted in 2% BSA in TBS were

applied overnight at 4�C. Antibodies used were against

keratocan (obtained from BC), biglycan, lumican and

fibromodulin (from PR) and decorin (obtained from

Developmental Studies Hybridoma Bank, Iowa) as detailed

in Table 2. After a brief TBS rinse, goat anti-rabbit or anti-

mouse IgG secondary antibodies conjugated to alkaline

phosphatase (1:5,000 dilution) were added, as appropriate.

After 1 h the blots were washed in TBS (3 9 10 min) and

NBT/BCIP substrates were then added in alkaline phos-

phatase development buffer (0.1 M Tris–HCl pH 9.5 con-

taining 5 mM MgCl2) for detection of immune complexes.

Colour development was allowed to proceed for 20 min at

room temperature then the blots were rinsed in distilled

water and dried.

For Protocol 2, following the transfer to nitrocellulose

antibody detection was carried out using iBlot Western

Detection Stacks and iBlot Western Detection Chromo-

genic Kits (Invitrogen). Briefly, primary antibodies were

applied at double the concentration specified in Table 2

using an antibody matrix in the iBlot apparatus and

Program 7. The appropriate secondary antibodies (anti-

rabbit at 1:2,000 or anti mouse at 1:5,000) were also

applied with a fresh antibody matrix within the iBlot

apparatus using Program 7. The blots were then washed

(4 9 5 min) with 19 wash solution (Invitrogen) and then

washed with autoclaved distilled water (2 9 5 min). The

water was autoclaved to remove any alkaline phosphatase

activity. The chromogenic substrate was then applied to the

membrane and colour development carried out for 1 h at

room temperature.

Western blots were repeated a minimum of three times

for each extract. Extracts of non-enzyme treated bovine

nasal cartilage were run as positive controls for each of the

SLRPs investigated; these produced bands in the region of

expected molecular weight (data not shown). Control blots

were also conducted omitting primary antibody to check

that no IgG species were present in the tissue extracts

which cross-reacted with the conjugated secondary detec-

tion antibodies.

Statistical analysis

Age differences between the members of the sample group

were assessed using a two-tailed Student T test with

statistical significance being taken at p B 0.05.

Results

Intervertebral discs of the three pathological groups

examined in this study were obtained from a mixture of

male and female donors. The scoliotic group had four

female and three male specimens; the DDD group had

three female and three male specimens and the herniation

group one female and four male subjects. The mean age of

the subjects in the DDD group was 42.5 ± 6.8 years

(mean ± SD) and 45.8 ± 9 years for the herniation

group. The scoliotic patients (mean age 30.4 years ± 13.3)

were significantly younger than the herniated patients

(P \ 0.05).

Table 2 Summary of antibodies used in the study

SLRP Class Antibody Epitope Dilution Ref.

Decorin I mAb DS-1 C-terminal of core protein 1:500 [21]

Keratocan II mAb Ker-1 Epitope not identified 1:100 [4]

Biglycan I pAb PR-85 C-terminus (CGG)TDRLAIQFGNYKK 1:1,000 [35]

Lumican II pAb PR-586 C-terminus (CGG)LRVANEITVN 1:1,000 [31]

Fibromodulin II pAb PR-184 C-terminus (CGG)LRLASLIEI 1:1,000 [35]
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Western blotting for each individual SLRP showed

different patterns of core protein presence and fragmenta-

tion. The intact biglycan core protein was detected as

expected at *46 kDa in most samples. All but one sample

had biglycan core protein fragments with two core protein

fragments at 39 and 42 kDa forming a predominant triplet

of bands with the intact core protein in the majority of

samples. Other core protein fragments were also detected

down to molecular weights of 25 kDa (Fig. 1); sometimes

as many as five clear bands could be seen. A decorin core

protein of 45 kDa was detected but little fragmentation was

evident in any of the specimens examined.

Full-length keratan sulphate-containing fibromodulin

core protein was detected as a relatively polydisperse

56–65 kDa band (Fig. 2). Fibromodulin generally dis-

played a high degree of fragmentation in the size range

25–54 kDa, but with fewer bands evident in the DDD

discs. Full length keratocan core protein was detected with

a molecular weight of 35 kDa (Fig. 3) and usually co-

existed with a keratocan core protein fragment of 33 kDa.

Fragments were also detected at 31 or 29 kDa in some

samples, with the 29 kDa band being more prevalent in the

older IVD samples. Lumican displayed little fragmentation

in any of the samples examined with a slightly polydisperse

42–48 kDa band corresponding to the full-length core

protein with KS linkage regions (Fig. 4). A 23 kDa lumi-

can fragment was observed in the 42-year-old scoliotic

IVD specimen.

In summary, our results demonstrated intact SLRP core

proteins and fragmentation, particularly of biglycan,

fibromodulin and keratocan. A band at 55 kDa was seen in

some of the blots especially when biglycan was the pri-

mary antibody. This may be due to non-specific binding

with the heavy IgG chain as identified by [2] or alterna-

tively may be due to the presence of PRELP which does

interact with some IgG preparations (Roughley, personal

Fig. 1 Identification of biglycan core protein in IVD via Western

blotting. The intact core protein can be seen for most samples at

45 kDa (large arrow). Bands of lower molecular weight represent

fragments of biglycan core protein down to 25 kDa in size, sometimes

with multiple fragments. In some samples an intense band was

observed at 55 kDa, which may be non-specific or cross-reactive with

PRELP (see text). Details of individual samples can be seen in

Table 1. DDD degenerative disc disease

Fig. 2 Identification of fibromodulin core protein in IVD via Western

blotting. The intact core protein can be seen around the molecular

weight of 59 kDa (large arrow). Several bands of lower molecular

weight represent fragments of fibromodulin. Details of individual

samples can be seen in Table 1. DDD degenerative disc disease

Scoliosis DDD Herniated

Mol wt 
std (kDa)

Lane 1 2 3 4  5 6 7 8 9 10

Sample ID 2  6 7 8 9 11 15 16 18

Fig. 3 Identification of keratocan core protein in IVD via Western

blotting. The intact core protein can often be seen at 35 kDa (solid
arrow) in addition to a band at 33 kDa (dotted arrow). Details of

individual samples can be seen in Table 1. DDD degenerative disc

disease

Mol wt 
std (kDa)

Scoliosis DDD Herniated

Lane 1     2 3 4     5  6   7 8 9 10

Sample ID 2    6 7   9    11 13  15 16 17

*

Fig. 4 Identification of lumican core protein in IVD via Western

blotting. Bands for intact core protein can be seen at about 45 kDa

(large arrow) with no evidence of fragmentation apart from a faint

band (asterisk) at 23 kDa in sample 6 (42-year-old scoliotic). Details

of other samples can be seen in Table 1. DDD degenerative disc

disease
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communication); sometimes there was also a non-specific

band at 21 kDa from the light IgG chain.

Discussion

It has long been known that SLRPs have a major influence

on the size and organisation of collagen fibres and hence

the structure of the extracellular matrix of tissues within the

eye and in the IVD, but their role as signalling molecules,

for example, in regulating inflammatory pathways, is a

more recent recognition [26]. Biglycan has been shown to

trigger cell-mediated inflammation via its effect on

chemokines and B cell activation and has been described as

a multireceptor signalling complex. When the complex is

activated it can lead to many other effects including

caspase activation and generation of the cytokines, TNFa
and IL-1b [20]. There is some evidence that fragments may

be more potent in cell signalling than intact molecules [27].

The presence of SLRPs within the IVD has been well-

documented [1, 6, 12, 14, 18, 30], although as far as we are

aware this is the first report of keratocan in human IVD.

Whilst during aging and degeneration, the distribution of

SLRPs within the disc extracellular matrix has been shown

to vary, little has been reported on fragmentation, espe-

cially in pathological human discs.

In this study we have demonstrated fragmentation to

some extent in all the SLRPs investigated in these patho-

logical discs. Whilst this study is restricted by not having

normal disc material for comparison, previous reports

of fragmentation in human discs refer to ‘normal’ post-

mortem tissue. Sztrolovics et al. [30] report little frag-

mentation of fibromodulin although a smaller fragment was

observed in the AF tissue of older ([35 years) individuals.

Two fragments of lumican have been reported to be present

(38 and 32 kDa) in aged human disc [19]. In contrast,

human adolescent discs (from scoliotics) showed no deg-

radation of biglycan, decorin, fibromodulin and lumican

[7]. Hence it appears that there may be a general increase in

fragmentation in diseased IVDs studied here, compared to

young or normal discs, similar to that seen in other

degenerative joint diseases such as osteoarthritic cartilage

[17].

Diffuse bands were seen for the intact core proteins of

fibromodulin and, to some extent, lumican. This could be

due to the enzyme treatment used to remove keratan

sulphate in this study (keratanase, which is active pre-

dominantly against mono-sulphated GAG chains). These

KS-containing SLRPs are likely to be over sulphated in the

IVD so may not have been completely deglycosylated such

as might have been achieved if keratanase II had been used.

On the other hand, keratocan was detected as discrete

bands which may indicate that this SLRP in these discs was

either non-glycosylated or contained mono-sulphated GAG

chains.

There was virtually no fragmentation seen of the lumi-

can core protein, which was present in all the samples

studied. This is consistent with the findings from an animal

model of disc degeneration where no lumican core protein

fragments were found in the injured ovine discs [19].

This suggests that unlike the other SLRPs investigated, the

lumican core protein undergoes little if any enzymic

cleavage with disc pathology.

Whilst degenerative disc disease has many similarities

to osteoarthritic changes seen in articular cartilage, it

appears that there may be subtle differences with respect to

SLRP degradation. Unlike the little or no fragmentation of

lumican seen here in IVD, Melrose et al. [17] found frag-

mentation of lumican to occur in osteoarthritic articular

cartilage and meniscus. Similarly, whereas we report

fragmentation of fibromodulin in the pathological IVDs,

there was little evident in osteoarthritic cartilage. Differ-

ences such as these could prove very useful in developing

tissue-specific biomarkers. There is currently a great deal

of interest in this area with a paucity of accurate and spe-

cific markers for degenerative disc diseases.

SLRP fragmentation products may help to delineate

different pathways of degradation. For example, in catab-

olism of tendon PGs, aggrecanase rather than MMPs has

been identified as the predominant protease in degrading

SLRPs and aggrecan [22]. Identification of the proteinases

responsible for the generation of SLRP fragments in IVD

degeneration may provide guidance to potential therapeutic

targets for disorders of the IVD. In addition, isolation of the

SLRP fragments we have identified in pathological IVDs

and studying how they affect disc cells in vitro could

identify pathways which they influence. This would likely

help our understanding of the mechanisms and aetio-

pathogenesis of different disc disorders.

Conclusion

Overall, fragmentation of certain SLRP core proteins was

common within these groups of pathological IVDs, sug-

gesting that cleavage of core proteins occurs during the

various pathological processes. Identification and isolation

of these core protein fragments may provide insights to the

cause and development of disc pathology in addition to

possibly providing IVD-specific biomarkers.
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