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Abstract

Study Design—Immunohistochemical analysis of type IX collagen in disc tissue from spinal
fusion patients.

Objective—To determine if collagen IX can be detected in adult disc tissue removed at spinal
fusion surgery from patients either with or without degeneration-associated tryptophan SNPs and
whether the distribution is associated either with severity of degeneration or incidence of a
collagen X SNP genotype.

Summary of Background Data—Genetic factors are strongly associated with risk of
development and/or progression of disc degeneration. Two single nucleotide polymorphisms that
introduce tryptophan polymorphisms in COL9A2 and COL9A3 are independently linked to an
increased risk of lumbar disc disease. Although tryptophan variants are associated with accelerated
degeneration, it is not known if collagen IX can be detected in adult disc tissue.

Methods—We selected age-matched disc samples from five clinical groups: Fracture with
Trp(—) (6 cases), Herniation (6 cases), Degeneration (5 cases), Spondylolisthesis with Trp(-) (8
cases) and Spondylolisthesis/Herniation/Fracture with Trp(+) (6 cases of Trp3 allele and 1 case of
Trp2 allele). Using H&E staining and immunohistochemical staining (collagens IX and 11A), 78
sections from 32 patients were analyzed. Selected disc tissues were assayed biochemically for
collagen IX.

Results—Focal deposition of collagen 1X was observed in regions of adult human disc tissue
from spines showing degenerative changes in patients whether or not they were positive for a
tryptophan SNP. However, in non-degenerative control disc tissue from fracture cases, little or no
collagen 1X was detected. The latter finding was confirmed by direct biochemical analyses for
collagen IX in pooled samples of normal adult human annulus fibrosus or nucleus pulposus.

Conclusion—During growth and maturation of the disc, collagen IX is presumably removed
completely during matrix remodeling so that the protein is absent from normal adult annulus and
nucleus but can reappear at sites of degeneration presumably as part of a repair response to
mechanical injury.
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Introduction

It is now well recognized that genetic factors are important determinants of the risk of
degenerative disc disease in the lumbar spine. Heritability is responsible for over 70% of
lumbar spine degeneration after adjusting for environmental factors (1). The genetics are
complex, however, and only weak risk associations for polymorphic variants of multiple
genes have been found. For example, two single nucleotide polymorphisms (SNPs) that
produce tryptophan polymorphisms in different collagen type 1X genes, GIn326Trp in
COL9AZ2 (Trp2 allele) and Arg103Trp in COL9AS3 (Trp3 allele), have been linked to
increased risk of lumbar disc disease assessed clinically and by MRI in several studies of
different populations (2-6).

Collagen IX consists of a trimer of a1(1X), a2(1X) and a3(1X) chains, the products of three
different genes (7). It functions as a fibril-associated molecule covalently cross-linked to
newly formed type Il collagen fibrils in cartilages where it acts as a collagen network/matrix
bridging molecule that is required for tissue integrity and longevity (8-12,Fig. 1). It is
possible that the tryptophan-containing allelic variants of collagen 1X are detrimental to the
collagen architecture of the disc established during tissue formation (13) or, for instance,
after neo-expression in the adult tissue during healing to repair local injury, perhaps by
sustaining an inflammatory response. Inflammatory mediators, TNF-a, IL-1 and IL-6 do
appear to play a significant role in the pathogenesis of degenerative disc disease (14-16).

In the present study the question we address is whether collagen type X can be detected in
adult disc tissue removed at spinal fusion surgery from non-degenerative controls and from
patients genotyped for either of the two tryptophan polymorphisms and whether the tissue
distribution of collagen type IX can shed light on the mechanism through which a
tryptophan-encoded SNP can accelerate degeneration.

Materials and Methods

Study Design

Human disc tissue was available for analysis from a completed clinical study of collagen
type X genetic variants in patients requiring spinal fusion surgery (4). Patients were
enrolled in the study to determine whether the clinical severity of lumbar spine pathology
was associated with heterozygosity for either the COL9A2 or COL9A3 SNP variant that
previous genetic studies have linked to severity of lumbar disc disease. The results of that
study had shown a strong association of heterozygosity for the COL9A3 Trp-encoded SNP
(a3(1X) W103) with spondylolisthesis, the most severe of the five grades of lumbar spine
disease that were classified (4).

A cross-section of the surgical disc tissue samples were examined by immunohistochemistry
and Western blot analysis to determine if: 1) collagen type IX could be detected in adult
annulus fibrosus and nucleus pulposus. Spinal fracture cases resulting from traumatic injury
were included in the clinical study, so disc tissue from these served as non-degenerative
controls. 2) collagen type X was abnormally accumulated or focally distributed in
association with clinical disease severity or collagen type 1X SNP genotype.

Tissue Samples

Disc tissue was obtained from 133 patients undergoing spinal fusion surgery (4). The
Institutional Review Board at the University of Washington approved this study. The
diagnostic classification was made by four surgeons independently within a hierarchical
range of five disease severities (17,18): (1) Fracture (no degeneration); (2) Disc
degeneration; (3) Disc herniation; (4) Spinal stenosis without spondylolisthesis; (5) Spinal
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stenosis with spondylolisthesis. Of 133 patients, 11 patients were identified with either
positive SNP Trp2 (4 cases) or SNP Trp3 (7 cases) polymorphism.

We selected disc samples for analysis in each group matched by age (see Tables 1 and 2):
Fracture (6 cases), Herniation (6 cases), Degeneration (5 cases), Spondylolisthesis with
Trp(—) (8 cases) and Spondylolisthesis/Herniation/Fracture with Trp(+) (6 cases of Trp3
allele and 1 case of Trp2 allele). Due to the difficulty in judging the exact origin and
orientation of surgical samples, we grossly selected tissue samples that best represented
nucleus pulposus and annulus fibrosus based on gross appearance and texture. To compare
type IX collagen distribution in a normal young mammalian intervertebral disc as a
reference control, an intact ox tail disc (18 mo steer, local meat supplier) was analyzed.

Biochemical analysis

Antibodies

Selected disc samples were assayed for type 1X collagen. Samples were minced and
extracted in 4 M guanidine HCI, 0.05 M Tris-HCI, pH 7.4, containing protease inhibitors (2
mM phenylmethylsulfonyl fluoride, 10 mM o-phenanthroline, 2 mM EDTA, 5 mM
benzamidine), at 4°C for 48 h to remove non-cross-linked matrix proteins and
proteoglycans. Residues were washed thoroughly with water, digested with CNBr in 70%
formic acid under N, at room temperature for 24 h and freeze-dried. The CNBr digests were
dissolved in 1% (v/v) trifluoroacetic acid (TFA) and chromatographed on a C8 reverse-
phase HPLC column (Brownlee Aquapore RP-300) using a linear gradient (10-60%) of
acetonitrile:n-propanol (3:1, v/v) in aqueous 0.1% (v/v) TFA at 1 ml/min over 60 min,
monitoring 220-nm absorbance as described previously (19). Reverse-phase HPLC fractions
of CNBr-peptides were run on SDS-12.5% (w/w) polyacrylamide gels and transblotted to a
nitrocellulose membrane (Bio-Rad Laboratories) using a Milliblot-SDE electroblotting
apparatus (Millipore). Western blot analysis was performed using a polyclonal antiserum
that recognizes multiple epitopes in all three chains of human and bovine collagen type 1X
(UW 186; 20) and a peroxidase-conjugated secondary antibody. Immuno-reactive CNBr-
peptide bands were detected using chemiluminescence Western blot assay.

In addition, we used pepsin digestion in an attempt to isolate collagen 1X from adult human
annulus and nucleus (after 4 M guanidine HCI extraction) following a procedure developed
for articular cartilage, in which the 1.8 M NaCl precipitate of a pepsin digest contains most
of the type IX collagen (8).

Three antibodies were used in this study. To identify the biosynthetic activity of disc cells,
rabbit anti-type 1A antiserum, which was kindly provided by Linda Sandell (21), was used.
This antibody has been demonstrated to identify type Il collagen procollagen NHy-peptide
intracellularly and extracellularly (21,22). A polyclonal rabbit anti-type 1X serum (UW186)
was used to recognize collagenous domains of all three chains of type IX collagen and a
rabbit anti-al(1X) NC4 serum (UW176) raised against a recombinant protein according to
human o1(IX) NC4 sequences was used to demonstrate the presence of the long form of
a1(1X) chain that contains the NC4 globular domain.

Immunohistochemistry

Disc samples were embedded in OCT compound (Miles Laboratories, Inc., Elkhart, IL) and
frozen at —70°C. 10um frozen sections were cut, mounted on polylysine-coated slides
(Fisher Scientific Co.) and stored at —70°C before analysis.

Frozen sections were air dried and fixed in 10% PBS-buffered formalin, pH 7.4, for 30
minutes at room temperature. After washing in water to remove residual formalin,
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endogenous peroxidase was blocked by 3% H,05 in water for 30 minutes at room
temperature. Tissue sections then were digested with 1% hyaluronidase in PBS, pH 7.4, for
45 minutes at 37°C. After several PBS washing steps, sections were blocked with 2.5% goat
serum (Universal Elite®, ABC Kit, Vector, Inc.) at 37°C for one hour. A series of sections
were then incubated with different concentrations of each primary antibody, anti-type 1A at
1:1000, UW186 at 1:500 and UW176 at 1:500 overnight at 4°C. All antibodies were diluted
in PBS with 1% BSA. Thereafter, to detect primary antibody, the avidin-biotin system
(Universal Elite®, ABC Kit, Vector, Inc.; and Peroxidase Substrate Kit Vector® VIP,
Vector, Inc.) was applied according to manufacturer’s instructions. The photo images were
viewed and recorded by a digital imaging system.

A ranked scoring system based on the degree of positive staining was applied: 1) (—) absent
staining; 2) (x) weak positive staining; 3) (+) clear positive staining; 4) (++) strong positive
staining. For a negative control, we treated parallel sections with normal rabbit serum
(Sigma) at the same dilution but without the primary antibody.

Histology and immunohistochemistry

The control bovine disc tissue showed a histological gradation in matrix appearance from
NP to annulus typical for a young, recently developed disc (23). The immunolocalization of
type IX collagen in ox tail disc tissue revealed a distribution pattern expected for the radial
gradient of increasing type Il collagen concentration from outer annulus to nucleus pulposus
(Fig. 2, A and B). Type IX collagen was strongly detected in pericellular and inter-territorial
matrix in NP and inner annulus, but not in outer annulus (not shown) where type | collagen
is more prominent (24).

All the human disc tissue analyzed was from discs in the spinal segment L3 to S1 except one
fracture sample from T11-L1 and one Trp3-positive sample from T4T5 or T5T6. A total of
78 sections from 32 patients were analyzed by H&E staining and immunohistochemistry.

Three histological structures, nucleus pulposus (NP), end plate (EP) and inner annulus (1A),
were identified microscopically. As we expected, tissue alterations consistent with
degenerative and reparative lesions, such as clusters of chondrocytes (cloning), clefts and
tears in NP and 1A, were evident in most specimens from herniated, degenerative and
spondylolisthesis cases. From the spinal fracture cases, only older individuals (50-60 years)
showed signs of chondrocyte cloning. In some cases, some focal mucoid degeneration of the
NP was evident. Regions of advanced degeneration and reparative change were seen in disc
tissue from most degenerative and spondylolisthesis cases. Large chondrocyte clusters
(clones) were most commonly seen in disc tissue from older individuals.

Tables 1 and 2 summarize the immunohistochemistry results for type 11A procollagen, type
IX collagen and the NC4 domain of the long form of the a1(1X) chain in control (fracture)
and degenerative human disc samples. Fig. 3 shows examples of the immuohistochemical
staining on tissues from herniated discs either with (D7063) or without (D8892, D3550) a
Trp3 allele and a spondylolisthesis disc with a Trp3 allele (D3806).

The fracture group, with no clear clinical history of back pain, was considered to be age-
matched normal controls. By immunohistochemistry these disc samples showed no type I1A
procollagen in nucleus pulposus (NP) or end plate (EP). In two cases, D1447 and D1110,
some 1A was localized in the annulus adjacent to EP, where type I1X collagen and type IX
NC4 domain were also detected. Immunohistostaining of type 1X collagen and type IX NC4
were not detected in NP and EP of fracture cases.
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In contrast to the fracture group, there was very strong immunohistostaining of type 1A
procollagen in herniated, degenerative and spondylolisthesis discs (Table 2). Type 1A
procollagen was extensively localized intracellularly and in the pericellular matrix of NP
and inner annulus (Fig. 3, A, D, G and J) in almost all cases and in EP in some cases. Again,
some type 1A procollagen was evident in annulus tissue adjacent to EP in the fracture group
samples.

There tended to be a co-localized immunostaining distribution of type 1X collagen and type
I1A collagen to the same tissue region, though type IX was less intensive. Type IX collagen
was clearly detected in NP, EP and annulus. This was most evident in herniated discs from
young to middle aged individuals (D5646, D3550, D8892) in the pericellular matrix (Fig. 3,
Panel A-F). In contrast, there was less immunostaining of type 1X collagen in degenerative
discs, and least in spondylolisthesis discs with or without a Trp-encoding SNP
polymorphism. Type IX collagen was detected in EP of most cases (Tables 1 and 2).
Comparing this to the spondylolisthesis diagnostic group there was a possible trend for more
collagen type 1X staining in the subset without a Trp-encoding SNP than in those with a
Trp-encoding SNP (lower set in Table 2 vs. lower set of Dx SP in Table 1). Interestingly, the
long form of a1(1X) chain that contains the NC4 globular domain was mainly detected
intracellularly and in the pericellular matrix of EP and annulus, most consistently seen in
annulus adjacent to EP (Fig. 3, panel L). There was no clear immunolocalization of a1(1X)
NC4 globular domain in NP in most samples except one case (D7063) of spondylolisthesis
with a Trp SNP (Fig. 3, panel I). Herniated discs tended to show more staining for the
al(1X) NC4 domain (Table 2).

Isolation and Western blot analysis of type IX collagen from disc tissue

No type IX collagen could be detected in the 1.8M NaCl precipitate of a pepsin digest of a
large sample of either annulus fibrosus or nucleus pulposus from adult human disc tissue by
Coomassie Blue staining. From the results in comparison with yields from adult articular
cartilage (8) we could estimate that no more than 0.01% of the total collagen in adult disc
tissue could be type IX collagen. This contrasts with immature disc tissue, which does yield
significant amounts by this procedure.

Figure 4 shows the results of Western blot analysis for type IX collagen in an SDS-PAGE
separation of a CNBr-digest of spondylolisthesis disc, from a Trp(+) patient (D9341). After
reverse-phase HPLC to concentrate type 1X collagen peptides by resolving the bulk of the
type Il collagen CB peptides (19), several linear and cross-linked type IX collagen CNBr-
peptides could be identified from nucleus pulposus and end plate using the anti-collagen 1X
serum (Fig. 4). A particularly strong epitope is recognized in a fragment (CB2) of a3(IX) by
this polyclonal antiserum as a definitive marker of type IX collagen (19). The findings
confirm the positive identification of type IX collagen in the disc tissue samples examined
immunohistochemically.

Discussion

The findings indicate deposition of type IX collagen in regions of adult human disc tissue
where degenerative changes are occurring. In control tissue from fracture cases, little or no
collagen 1X was detected in disc tissue itself, only in end- plate cartilage. This conclusion
was supported by the direct biochemical analyses for type 1X collagen, which could barely
detect the protein in normal adult human annulus fibrosus and nucleus pulposus. Our
findings are consistence with an earlier report that type X collagen can be detected in adult
rat and bovine disc tissue but not in adult human discs (25). This presumably reflects the
large chronological difference in age of mature human discs versus rat and bovine. It is
notable that young nucleus pulposus and young discs generally, which do contain type IX
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collagen (26,27), differ from hyaline cartilage in the molecular form of type 1X collagen
deposited during disc development. The molecule contains a short chain form of a1(1X), the
product of an alternative promoter, that lacks the amino terminal NC4 globular domain
present in cartilage type 1X collagen (12). Notably, the NC4 domain was detected mainly
associated with cells and pericellular matrix of EP and in annulus adjacent to EP (Fig. 3,
panel L) with no clear immunolocalization of a1(1X) NC4 in NP.

Strong staining for type 1A procollagen and type IX collagen was seen in disc samples from
patients with disc herniation, degeneration and spondylolisthesis but not from the control
fracture group. The most likely explanation for this is the expression of type 1A and type I1X
collagen in regions of disc tissue undergoing degenerative changes in response to injury, for
example, caused by herniation and on exposure to macrophages and the innate immune
system. It has been shown that in osteoarthritic (OA) joints there is a stimulated expression
in articular cartilage of several collagen genes, including the I1A form of COL2A1 (28,29).

During growth and maturation of the collagen fibril network, therefore, collagen IX is
presumably removed completely by matrix remodeling so that it is virtually absent from
normal adult annulus and nucleus but can make a reappearance at sites of degeneration and
mechanical injury. This contrasts with the situation in adult human articular cartilage where
about 1% of the adult collagen is still type 1X (9). The amount of collagen 1X deposited in
degenerate discs does not appear to be related to the patient’s Trp allele genotype status. The
main determinant appears to be whether degenerative changes have occurred or not, with
herniation apparently resulting in the strongest collagen IX presence (Table 2).

The findings may be relevant in understanding the mechanism through which SNPs
encoding tryptophan in collagen type IX are associated with risk of progressive, early onset
lumbar disc degeneration (2-6). Though an impaired anatomical structure during
development is one possibility (13), the Trp-containing allelic product is known to be
incorporated into cross-linked collagen in fetal cartilage (20) and, as shown here, can be
deposited and apparently cross-linked into reparative tissue in adult discs (Fig. 4). In
considering how the neo-expression of collagen IX containing a chain from a Trp-positive
allele in an injured disc could promote and sustain further damage, one possibility is through
chronic activation of macrophages, but only in individuals with a genetically susceptible
innate immune system.

Key Points

« In non-degenerative control disc tissue from fracture cases, little or no collagen
IX was detected either by immunohistostaining or direct biochemical analysis.

« Deposition of type IX collagen was found in inner regions of adult human disc
tissue showing degenerative changes where type 11A procollagen was also
expressed.

e The results support a concept that re-expression of type X collagen occurs at
sites of disc degeneration as part of a repair response to mechanical injury.

e We speculate that the products of COL9 Trp alleles associated with lumbar disc
disease may compound degeneration in genetically susceptible individuals.
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Type IX Collagen Molecules

Type |l Collagen Fibril

GIn326Trp
A{ Arg103Trp!

Tryptophan Polymorphisms

Figure 1.

Diagram showing type IX collagen molecules covalently link to the surface of type Il
collagen fibrils. Also shown are the two identified sites of tryptophan polymorphisms in
type IX collagen.
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Figure 2.
Immunolocalization of type IX collagen on ox tail disc. Panel A: inner annulus. Panel B:
Nucleus pulposus.
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Type lIA procollagen Type IX collagen al(IX) NC4

Figure 3.

Immunohistochemistry of type 1A procollagen, type IX collagen and the long form of
a1(IX) chain that contain the NC4 globular domain.

Panel A, B and C: disc herniation (D8892)

Panel D, E and F: disc herniation (D3550)

Panel G, H and I: disc herniation with Trp3 polymorphism (D7063)

Panel J, K and L: spondylolisthesis disc with Trp2 polymorphism (D3806).
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End Plate

Nucleus

T CB11
g3CBﬁxa30B2 ora1CB5
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a2CB7

a3CB2
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28303234 28303234

Fraction number 27293133

Figure 4.

Western blot analysis of type IX collagen CB-peptides from spondylolisthesis disc with
Trp3 polymorphism (D9341). The collagen CB-peptides were partially resolved by reverse-
phase HPLC, column fractions were run on SDS- 12.5% PAGE and then transblotted to
nitrocellulose membrane, and the collagen IX fragments were revealed using an anti-type IX

collagen rabbit antiserum (UW 186).
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