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Abstract

For next generation tissue-engineered constructs and regenerative medicine to succeed clinically, the
basic biology and extracellular matrix composition of tissues that these repair techniques seek to restore
have to be fully determined. Using the latest reagents coupled with tried and tested methodologies, we
continue to uncover previously undetected structural proteins in mature intervertebral disc. In this study
we show that the “embryonic” type IIA procollagen isoform (containing a cysteine-rich amino propeptide)
was biochemically detectable in the annulus fibrosus of both calf and mature steer caudal intervertebral
discs, but not in the nucleus pulposus where the type IIB isoform was predominantly localized. Specifi-
cally, the triple-helical type IIA procollagen isoform immunolocalized in the outer margins of the inner
annulus fibrosus. Triple helical processed type Il collagen exclusively localized within the inter-lamellae
regions and with type IIA procollagen in the intra-lamellae regions. Mass spectrometry of the a1(lIl) colla-
gen chains from the region where type IIA procollagen localized showed high 3-hydroxylation of Proline-
944, a post-translational modification that is correlated with thin collagen fibrils as in the nucleus pulposus.
The findings implicate small diameter fibrils of type IIA procollagen in select regions of the annulus fibro-
sus where it likely contributes to the organization of collagen bundles and structural properties within the
type I-type Il collagen transition zone.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

In the adult spine, the function of carrying and
transmitting mechanical compressive load, as well
as flexibility that allows bending and twisting, rests
on the intervertebral discs (IVD) that join adjacent
vertebral bodies [1-3]. Anatomically, the mature
disc consists of three distinct but integral regions,
(i) the soft inner nucleus pulposus (NP) in the center
of the disc, (ii) the robust annulus fibrosus (AF), a
specialized fibrocartilage that laterally encloses
the NP, and (iii) the cartilaginous end plate that ver-
tically encloses the NP [4,5].

The main structural macromolecular components
of all the regions are collagens (types | and Il) and
proteoglycans (aggrecan, biglycan, decorin,
fibromodulin) [6-13]. Types llI, IX, XI and VI colla-
gens have also been found in minor amounts [14-
17]. The collagens polymerize into fiber bundles in
the AF lamellae that are concentrically formed
around the NP [18]. Although the precise function
of all types of collagens in the VD is still not clear,
it is established that type | and type Il collagens
are responsible for the load bearing properties [7].
There is a decreasing gradient of type Il collagen
from the NP to the outermost lamellae of the AF
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and conversely a decreasing type | collagen gradi-
ent from the outer AF to the NP where this collagen
is not present [6]. Type Il collagen is essential for
the removal of the notochord and the formation of
IVD [19]. The other fibrillar structural proteins, elas-
tin and fibrillin, have also been detected within the
lamellae of the AF of the IVD [20,21]. Fibrillin is pre-
sent in radial cross-bridging elements within AF
lamellae of sheep discs, bovine tails, and adult
human discs [22] that appear to be a consequence
of vascular regression during development [23,24].

The inter-lamellar architecture within the AF is of
intense biochemical interest as it has been shown
that transverse microscale deformation occurs as
a result of interlamellar skewing and not sliding
between annular layers [25]. Immunohistochemical
imaging of normal bovine and human AF suggests
that interlamellar connections involve a variety of
molecular interactions including collagen, elastin
and fibrillin-1 [22,26 24]. Collagen and fibrillin, rather
than elastin, contribute to the rigid connection
between the lamellae of the rat IVD [25]. Scanning
electron microscopy of rat AF also revealed large
diameter collagen fibers that contained many small
diameter fibrils. This study also revealed an inter-
esting micro-ultrastructural feature where the colla-
gen in the AF formed distinct small tubules of inner
diameters 1—2 pum that appeared to run along the
length of the collagen fibers in the AF [27]. Similar
tubules were also observed in the radial zones of
articular cartilage [28]. The composition of this tubu-
lar network is still unclear, prompting further investi-
gation of previously unidentified collagen types in
this fibrocartilaginous tissue.

Of interest to this study are the alternatively-
spliced isoforms of type Il collagen. Like all fibrillar
collagens, type Il collagen is generated first as
precursor procollagen containing a triple helical
domain flanked by a 5-amino and a 3'- carboxy
propeptide. Alternative splicing of the type Il
procollagen precursor mRNA (Col2a1) has been
well described during cartilage development
whereby the A isoform (generated by precursor
chondrocytes) is formed by inclusion of exon 2 in
the amino propeptide while the IIB isoform
(synthesized by differentiated chondrocytes) is
generated by exclusion of exon 2 [29-32]. This
developmentally-regulated  alternative  splicing
event has also been detected during embryonic
development of the human IVD, particularly in the
inner annulus and NP [33]. Interestingly, previous
studies have reported apparent re-expression and
matrix deposition of this “embryonic” IIA procolla-
gen isoform in osteoarthritic cartilage [34] as well
as within degenerated adult human intervertebral
disc tissue [35]. We have also shown that
transgenic mice engineered to synthesize only the
IIA procollagen isoform developed normally and
deposited this collagen isoform into cartilage extra-
cellular matrix (ECM) during adulthood [36,37].
Given these observations that the IIA procollagen

can be deposited in adult connective tissues, we
explored the possibility that this “embryonic” iso-
form may be present within the annulus fibrosus
of healthy mature bovine and calf intervertebral disc
tissue.

We show here that the type IIA procollagen
isoform is biochemically detectable in the AF of
both mature steer and calf caudal IVD and that it
immunolocalizes to the outer margins of the inner
AF. Furthermore, by mass spectrometry, we
determined that the a1(ll) collagen chains from the
defined area containing the type IIA procollagen
isoform shows specific post-translational
hydroxylation modifications often found associated
with thin collagen fibrils. These novel findings
demonstrate the presence of type IlIA procollagen
at the type I-Il collagen transition zones in the
annulus fibrosus of post-natal intervertebral disc
tissue, thereby suggesting an important and
previously unrecognized role for this isoform in
tissue ultrastructure or in maintaining tissue
homeostasis.

Methods

Tissue specimens

Caudal Intervertebral discs from two healthy adult
steer tails (4 year old) and two calf (3 month old)
tails were obtained fresh from the local butcher/
abattoir and used immediately for collagen
analyses, mass spectrometry or frozen at —80 °C
for immunohistochemistry. Fetal bovine spinal
columns (2 fetuses, 2-3 month gestation) were
obtained from Sierra (Whittier, CA). Lumbar discs
L3 and L4 were dissected and frozen at —80 °C
for isolation of collagen and mass spectrometry.

Collagen extraction and analysis

Clean gelatinous white NP was first dissected
from three largest adult tail IVDs and pooled.
Next, a region of the inner annulus adjacent to the
NP was dissected and designated as the Inter-
zone. Moving radially outward, the region of the
inner annulus (IA) and the outer annulus (OA) was
dissected and designated as the annulus fibrosus
(AF). The outermost tough AF was discarded (see
Fig. 1A, B). The pooled disc tissues were rinsed
with PBS and proteoglycans, non-cross-linked
and/or newly synthesized collagen were extracted
with 50 mM Tris buffered 4 M Guanidinium HCI
(GuHCI) for 24 h at 4 °C [38,39]. Following thorough
dialysis in distilled water, the extracts were lyophi-
lized. Type Il collagen in the residue was solubilized
with pepsin (0.5 mg/ml) in 0.5 M acetic acid (pH 3)
for 18 h at 4 °C [38,40] and used for mass specrom-
etry. Mouse type IlA procollagen from 4 M GuHCI
extracts of rib cartilage from the type IIA procollagen
knock-in mouse (ki/ki) [36,37] was used as a con-
trol. Control type IIB collagen was extracted from
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Fig. 1. Intervertebral disc tissue sampling and antibodies used to detect type IIA procollagen. A) Bovine steer tail
whole intervertebral disc showing area dissected for immunofluorescence staining. OA, outer annulus, IA, inner
annulus, the inter-zone and NP, nucleus pulposus. B) Composite image of sagittal sections showing regions of the
disc containing OA, IA, the inter-zone and NP. Note the green fluorescence staining in the OA region indicating type
IIA procollagen and red fluorescence staining indicating the triple helical domain of type Il collagen. C) Cartoon
showing the structure of type IlA N-procollagen containing the amino propeptide (N-propeptide). Location of epitopes
recognized by each antibody are also highlighted: Col IIA antibody binds to the exon 2 encoded cysteine-rich (CR)
domain in the N-propeptide; Col II-HLX antibody binds to the triple helical domain of type Il collagen; 1C10 antibody
recognizes a region of the triple helical domain closer to the C-terminal end. Col IIA and Col II-HLX antibodies were
used for immunofluorescence staining and Col IIA and 1C10 antibody was used for Western blots. The region of the
ADAMTS-2 or 3 N-propeptidase cleavage site is also shown. These enzymes process type |l N-procollagen to form
mature type Il collagen. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

the Swarm rat chondrosarcoma RCS-LTC cell line
that we have shown to synthesize only the type
1IB procollagen isoform [41].

For smaller calf IVDs, the clear transparent NP
was removed and the entire annulus fibrosus was
dissected, kept intact and tissues from the three
largest tail discs were pooled. Proteoglycans, non-
cross-linked collagen and newly synthesized
collagen from the AF was extracted with 4 M
GuHCI as described above. Following 4 M GuHCI
extraction, residual proteoglycans and
procollagens in the calf AF residue were extracted
further by treating first with 0.125 unit/ml
chondroitinase ABC (EC4.2.2.4) (Seikagaku
Kogyo Co., Tokyo, Japan) in 4 ml of 0.05 M—Tris/
HC1/0.06 M-sodium acetate buffer, pH 8.0,
containing 2 mM-phenylmethanesulphonyl
fluoride, 2 mM-EDTA, 5 mM-benzamidine and
10 mM-N-ethylmaleimide at 22 °C (room
temperature) for 24 h and then with 0.5 M NaCl in
50 mM Tris-HCI, pH 7.5 for 25 h at 4 °C [16,42].
These chondroitinase ABC extracts were then
dialyzed against distilled water and lyophilized.
The 0.5 M NaCl extracts were dialyzed against
0.1 M acetic acid, centrifuged and the supernatant
(acid soluble) and residue (acid insoluble) were lyo-
philized separately.

The NP from calf disc was highly hydrated and
near transparent. Non-cross-linked collagen from
calf discs was easily extracted with chondroitinase
ABC leaving a highly cross-linked mature collagen
network in the residue that was not analyzed
further. Aliquots of all lyophilized material were
dissolved in Laemmli sample buffer for
electrophoresis.

Western blots

Intact and processed type Il collagen chains in
tissue extracts were resolved by SDS-PAGE (6%
gel), transferred to PVDF membrane and probed
with  monoclonal antibody to type Il collagen
(1C10, a gift from Dr. David Eyre, University of
Washington, Seattle) which recognizes a domain
in the triple helical region [43-45] and a polyclonal
antibody to type IIA procollagen (a gift from Dr.
Linda Sandell, Washington University, St. Louis)
which recognizes the exon 2-encoded domain in
the amino-propeptide of type IIA procollagen (Col
[IA) [36,46] (Fig. 1C). Intact and processed type
[IA/11B collagen chains were identified by molecular
weight and migration pattern as we have done
before [37,41]. For type lIA procollagen control we
used type Il collagen extracted from the rib cartilage



of a transgenic mouse (ki/ki) engineered to synthe-
size only the IIA procollagen isoform [37].

Immunofluorescence staining

Cryo-sections (8-10 um, sagittal orientation) of
the AF and NP were cut and incubated with 1%
hyaluronidase (Sigma) for 30 min at 37 °C [20]. Sec-
tions were rinsed with PBS and blocked with 10%
goat serum for 1 h at room temperature and then
incubated overnight at 4 °C with the rabbit poly-
clonal anti-type IIA antibody (Col 11A) that recog-
nizes the exon 2-encoded cysteine-rich domain
within the amino-propeptide of type Il procollagen
[38,35,46] and a rat polyclonal antibody (a gift from
the lab of Dr. Andrew Kang, University of Ten-
nessee, Memphis) against the triple helical domain
of type Il collagen (Col 1I-HLX) [47]. Each antibody
was diluted 1/400, and 1/100 respectively in 2%
goat serum. Following 1x PBS washes, sections
were incubated with species-specific secondary
antibodies (1/250 dilution) that were conjugated to
Alexa fluorescent dyes (Invitrogen: goat anti-rabbit
Alexa 488; goat anti-rat Alexa 594) for 1 h at room
temperature. DAPI mounting medium was applied
following three rinses in PBS and stained sections
were cover-slipped. A Nikon Eclipse E800 fluores-
cence microscope was used to view the fluorescent
images. The FITC and TRITC band pass filter sets
were used to view sections labeled with Alexa 488
(green) and 594 (red) dyes, respectively and the
DAPI filter set was used for viewing cell nuclei
[37]. Fig. 1C shows the specificity of antibodies to
the type IlA procollagen molecule.

Mass spectrometry

Regions of bovine steer caudal IVDs shown, by
immunohistochemistry, to be enriched in both type
I and type IlIA collagens were carefully dissected
and pooled. These regions encompassed the
most distal part of the inner annulus (relative to
the NP) together with the outer annulus fibrosus.
Type Il collagen from adult NP, adult inner AF,
adult outer AF, fetal NP, fetal AF, adult bovine
articular cartilage, fetal bovine rib, spinal process
cartilage and adult bovine vitreous was solubilized
with pepsin as described above and analyzed by
mass spectrometry. To compare 3-Hydroxyproline
(8Hyp) occupancies in type Il collagen before birth
and in adult, fetal rather than calf tissue was
analyzed. Pepsin solubilized collagen chains were
resolved by SDS-PAGE under reducing conditions
and identified by Coomassie Blue staining.
Individual collagen o-chains were excised and
subjected to in-gel trypsin digestion [40,48]. Electro-
spray MS was performed on the tryptic peptides
using an LTQ XL linear quadrapole ion-trap mass
spectrometer equipped with in-line liquid chro-
matography (ThermoFisher Scientific) using a C8
capillary column (300 x 150 mm; Grace Vydac
208MS5.315) as we have described before

[49,50]. Thermo Xcalibur software and Proteome
discoverer software (ThermoFisher Scientific) were
used for peptide identification using the NCBI pro-
tein database. Collagenous peptides not found by
the software had to be identified manually by calcu-
lating the possible MS/MS ions and matching these
to the actual MS/MS. The percentage 3Hyp at a par-
ticular site was determined from the abundance of
3Hyp-containing peptide ions as a fraction of the
sum of both 3Hyp and Pro versions of the same
tryptic peptide [36]. Results from two different ani-
mals are reported as average + SD. n = 4, for adult
outer AF, inner AF, NP, vitreous and fetal AF and
NP at P944; n = 2, for adult and fetal cartilage at
P944; n = 2, for all tissues at P707 and P986. A
two-sample unequal variance, two-tailed t-test was
used to determine significance at p < 0.05 using
MS Excel.

Results

Biochemical identification of type IIA
procollagen in bovine IVD

Western blot analysis showed the presence of
type Il procollagen chains containing the IIA amino
propeptide and devoid of the carboxy propeptide
[pN-a1(l1A)] as a single band (~150 KDa) in the
4 M GuHCI extract of adult steer AF (lane 3) but
not in the NP and the AF/NP inter-zone (lanes 4—
5) (Fig. 2A). A robust signal was observed for
control pN-a1(llA) chain (lane 1), from the
transgenic mouse (ki/ki) engineered to synthesize
only type IIA isoform as we have shown
previously [37]. As expected no reactivity was
observed for the type IIB procollagen extracted from
the RCS-LTC cell line (lane 2) [41].

Since we had expected to detect type IIA
procollagen chains in healthy bovine NP, but not
in bovine AF, the data in Fig. 2A prompted us to
probe another blot of IVD extracts from a different
animal and containing higher concentrations of
protein per lane. Wider wells were used to
accommodate these concentrations. This western
blot (Fig. 2B) confirmed a solitary band in the
same molecular weight range (~150 KDa) as the
type A procollagen chains in the AF (Fig. 2A). In
an identical blot, the monoclonal antibody to the
triple helical region of al(ll) chain (1C10),
revealed abundant fully processed a1(ll) collagen
chains in NP, AF and the NP/AF inter-zone
extracts (Fig. 2C). Note the slower migration of
the pN-a 1(lIA) band in Fig. 2B, lane 1, when
compared to the processed a1(ll) band in Fig. 2C,
lanes 1-3). Fig. 2D is a Coomassie blue stained
gel showing equivalent loads of a1(ll) chains of
type Il collagen. Identical loads were
electrophoresed for western blots shown in
Fig. 2B and 2C. Blot of a1(ll) chains in Fig. 2C
show equivalent loading in all lanes as a control.

The unexpected presence of type IIA
procollagen in adult steer AF but not in NP lead
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Fig. 2. Detection of type IIA procollagen in steer annulus fibrosus. A) Western blot analysis using established type
IIA collagen antibodies showed the presence of the pN-a1(l1A) chain as a single band, in the 4 M GuHCI extract of AF
(lane 3) but not in the samples of NP and the AF interzone (lanes 4-5). A robust signal was observed for control type
IIA procollagen (lane 1) and no signal for type IIB collagen as expected (lane 2). Note the line drawing under the
western blot showing that pN- a1(IIA) comprises the type Il collagen triple helical domain (black) bound to the 1A
amino-propeptide containing the exon 2 encoded cysteine-rich domain (red). B) Probing a different blot with wider
lanes and higher protein loads of IVD extracts, confirmed the presence of pN-a1(l1A) chain only in the AF. C) Probing
an identical blot to B, the type Il collagen antibody 1C10, revealed the abundant presence of processed a1(ll) collagen
chains (containing only the helical domain) in NP, AF and the interzone. Note the slower migration of the pNa1(ll1A)
chain band in (A) and (B) as compared to the fully processed o1(ll)chain band shown here in (C). This blot also serves
to show equivalent lane loads for type Il collagen. D) Coomassie Blue stained gel showing equivalent loads of a1(Il)
chains of type Il collagen in the three lanes. Identical loads were electrophoresed and western blotted in (B) and (C)
above. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

us to examine younger calf intervertebral disc
tissues. We used classical reagents known to
extract non-cross-linked type V procollagen, type
VI and type Il procollagen based on their
interactions with other molecules in the
extracellular matrix. [16,37,42]. As shown in
Fig. 3A, pN-a1(llA) chains were not detected in
the chondroitinase ABC enzyme digests of both
AF (lane 1) and NP (lane 5). In the chaotropic
4 M GuHCI extracts of AF (lane 2), pN-a 1(lIA)
chains were identified as a single band similarly
detected in the adult AF (Fig. 2). The high salt
0.5 M NaCl extracts showed strongly reactive
bands in the range of pN-a 1(llA) chains and pro-
a1(llA) chains in the acid-soluble fraction (lane 3).
The acid-insoluble fraction showed a faint reactivity
to only pro-a1(llA) chains (lane 4). A probe of an
identical blot with the type Il collagen monoclonal
antibody 1C10 with an epitope in the triple helical
region of a1(Il) chain, (Fig. 3B) revealed abundant
and pN-a1(IIB) collagen chains in the chondroiti-
nase ABC digest as well as both pro «1(lIB) and
pN-a1(lIB) in the other extracts. This antibody
was also able to identify, although faintly, pN-o1

(HA) and pro-a1(llA) bands (Fig. 3B, lane 3, 4,
white asterisks) in the 0.5 M NaCl extracts. We
have published on a similar pattern of native and
unprocessed collagen for type [IA/type 11B collagen
in epiphyseal cartilage from one week old wild
type, homozygous and heterozygous type IIA pro-
collagen knock-in mice [37]. The presence of type
Il collagen processing intermediates is indictive of
collagen synthetic activity which is reflected in calf
disc. In adult disc where synthetic activity is low
there is a near absence of unprocessed type Il col-
lagen chains (Fig. 2). These results, using chaotro-
pic, salt and enzymatic extraction agents, indicate
differences in type IlA collagen molecular assem-
bly and/or differential interaction of this collagen
with other collagens or matrix components.

Immunolocalization of type IIA procollagen in
the mature IVD

To precisely localize type IIA procollagen and
triple helical type Il collagen protein, we used the
type IIA propeptide antibody (Col 1lA) and the
antibody that recognizes the triple helical domain
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Fig. 3. Detection of type IIA procollagen in calf annulus fibrosus. A) In western blots, type IIA collagen antibodies
(Col 11A) also identified the pN-a1(llA) chain and the slower moving, pro-a1(llA) collagen chain in the 0.5 M NaCl
extract (acid soluble) of calf AF (lane 3), with faint reactivity to the pro-a1(IlA) chain in the acid insoluble fraction (lane
4). No pN- a1(llA) chains were detected in the chondroitinase ABC digests of both AF and NP (lane 1, 5). In 4 M
GuHCI extracts, pN- a1(l1A) chains were identified as a single band (as expected from Fig. 2). B) The type Il collagen
antibody (1C10) revealed an abundance of, pN- a1(lIB) collagen chains in the chondroitinase digest (lanes 1, and 5)
as well as the 4 M Gu HCI extract. Pro-a1(IIB) chains were also observed in the 4 M GuHCI and the 0.5 M NaCl
extracts (lanes 2—4). The faint bands in the 0.5 M NaCl soluble and insoluble extracts marked with a white asterisk (*)
are in the same molecular weight range as pN-a1(IlA) and pro-a1(IIA) chain bands. These extraction results indicate
differences in type IIA collagen molecular assembly or differential interaction of this collagen with other matrix
components. Note the line diagrams underneath the western blots shown in (A) and (B) indicating the (pro)collagen
forms identified in the labeled protein bands. Red line (1A amino propeptide containing exon 2-encoded cysteine-rich
domain), blue line (1B amino propeptide devoid of the cysteine-rich domain), black line (helical domain), black loop
(carboxy propeptide). (For interpretation of the references to colour in this figure legend, the reader is referred to the
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of type Il collagen (Col II-HLX) in sagittal sections of
steer IVD. As seen in Fig. 4 (A-D) upper panel, the
a1(l1A) N-propeptide of type IIA collagen (Col IIA,
green) was clearly detected in the outer annulus
(Fig. 4A) and within the intra-lamellar regions in
the outer area of the inner annulus (Fig. 4B, white
arrows) but was not detected in the interzone
closer to the NP (Fig. 4C) or in the NP (Fig. 4D).
Immuno-localization of triple-helical type I
collagen (Col II-HLX, red) clearly shows no triple
helical type Il collagen was detected in the outer
annulus (Fig. 4E) but was present in the inner
annulus adjoining the outer annulus (Fig. 4F). In
this region, triple helical type Il collagen seemed
to be concentrated within the inter-lamellar regions
(Fig. 4F, vertical red tracks indicated by orange
arrows), but was also detected in the intra-lamellar
regions. Abundant triple-helical type Il collagen
was also detected in the interzone closer to the
NP (Fig. 4G) and in the NP (Fig. 4H). When both
signals were merged [Fig. 4 (I-L) lower panel], it
was clear that the Col II-HLX (red) signal was
more localized to the inter-lamellar regions of the
inner annulus (J, vertical red tracks, orange

arrows) and both Col II-HLX and Col IIA (green)
signals co-localized in intra-lamellar regions and
was seen as yellow/lighter green (J, white arrows)
. This indicated triple helical type IIA procollagen
in the intra-lamellar regions. Col II-HLX did not co-
localize with Col IIA (Fig. 4l) in the outermost
regions of annulus.

This co-localization is better visualized in
Figure 5. Type IlIA procollagen (green) and triple
helical type Il collagen (red) were both clearly
localized in the extracellular matrix (Fig, 5B), and
were merged in areas where they co-localized
(yellow). In Figure 5F, a higher magnification of
the boxed area in B shows co-localization in even
more detail within the intra-lamellar region of the
inner annulus and closer to the outer annulus
(white arrows). This section however, also showed
regions where type I[IA propeptide and triple
helical type Il collagen (F, white asterix) were not
merged and distinctly separate in localization.
There was no co-localization of type IIA
procollagen and triple helical type Il collagen in
any of the other regions even under high
magnifications (Fig. 5, panels A, C D,E G, H)
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Fig. 4. Fluorescence immunolocalization of type IIA procollagen in steer IVD. Sagittal sections of steer
intervertebral disc probed with type Il collagen antibody (Col II-HLX, red), and Col IIA, green) antibodies. Panels
A-D, Col IIA staining of outer annulus (OuA), inner annulus (InA), interzone, region between InA and NP (Inter),
nucleus pulposus (NP). Panels E-H, Col II-HLX staining of OuA, InA, Inter, and NP. Panels I-L, merged Col IIA and
Col II-HLX staining in OuA, InA, Inter, and NP. Col IIA signal (green) was detected in the intra-lamellar regions of the
inner annulus (B, white arrow) and the OuA (A). In InA, Col II-HLX (red) seemed to be concentrated in the inter-
lamellar regions (F, orange arrows). When both the signals were merged, it was clear that both Col II-HLX (red) and
Col IlIA (green) signals localized together (J, light green/yellow signal, white arrows). In the inter-lamellar regions of
the inner AF (J, orange arrow) only the Col II-HLX (red) signal was seen. Punctate blue DAPI stained nuclei were
clearly seen in all sections. Scale bars = 100p. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Differences in post-translational proline 3-
hydroxylation in type Il collagen from mature
IVD

A post-translational modification that may have
an influence on type IIA/IIB collagen molecular
assembly and fibrillogenesis is the 3-hydroxylation
of specific proline residues in al(ll) chains
[37,50,51]. Fig. 6 shows representative full scan
mass spectra from LC-MS profiles of the in-gel tryp-
sin digests of a1(Il) tryptic peptides containing 3Hyp
at P944 from IVD and other type Il collagen contain-
ing tissues. A tissue specific pattern was observed
for 3Hyp occupancy at this site. As seen in Table 1,
the a1(ll) collagen chains from bovine vitreous
humor, fetal bovine NP, and adult NP, 3Hyp occu-
pancy was 75%, 43% and 19% respectively. The
type Il collagen fibrils in these tissues are known
to be of very thin diameters (<20 nm) [52,53]. Carti-
lage has low 3Hyp occupancy (14% in adult and 4%
in fetal). Cartilage is known to have thicker type Il
collagen fibrils (=20 nm) when compared to the
NP and vitreous [46,53,54]. Type Il collagen from

the adult outer annulus showed a significantly
higher 3Hyp occupancy (27%) at this site than that
found in the inner annulus (15%) (p = 0004). Differ-
ences in 3Hyp occupancy in adult NP (19%) and
outer AF and inner AF was not significant. It should
be reiterated here that, based on the immunofluo-
rescent staining data, type IIA collagen localized
to the outer regions of the inner annulus (Figs. 4
and 5) and this region was dissected with the outer
annulus for collagen analysis by mass-
spectrometry.

We also assessed if there were variations in 3Hyp
at two other known sites in type Il collagen within
these tissues. 3Hyp occupancies at three known
sites for the various tissues analyzed are
summarized in Table 1. P944 and P707 residues
are specifically hydroxylated by the prolyl 3-
hydroxylase 2 enzyme [49] and we had observed
15-18% 3Hyp at P707 in a week old mouse rib car-
tilage [36] but no 3Hyp at P707 in human NP [51].
Tissue specific variations in 3Hyp occupancy were
only observed at the P944 residue in type Il colla-
gen. P707 is not 3-hydroxylated in any of the bovine
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Fig. 5. Co-localization of type IIA procollagen and triple helical type Il collagen. Panels A - D show higher
magpnifications of the bottom panel of Fig. 4. Panels E, F, G, H are higher magnification images of the boxed regions in
A, B, C, D, respectively. Type IlA collagen (green, A, B, E, F,) and helical type Il collagen (red, B, C, D, F, G, H) were
both clearly localized in the extracellular matrix, and when merged, were co-localized (light green/yellow) in some
areas of the inner annulus (B) and seen clearly in a higher magnification of the boxed area (F, white arrows). Regions
where type IIA collagen and type |l collagen were not merged and distinctly separate in localization were also seen (F;
white asterix). Nuclei are stained blue and can be seen in all regions of the IVD. Bar = 100 in A, B, C, D. and 20p in E,
F, G, H. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

tissues examined here. P986 residue which is
known to be hydroxylated by the prolyl 3-
hydroxylase 1 enzyme [55], is nearly fully 3-
hydroxylated in the fetal tissues (92—95%) and adult
tissues (80—-88%).

Discussion

Previous work identified type IIA procollagen
protein in human degenerated intervertebral disc
tissue [35]. However, because the human tissue
obtained after discectomy was heterogenous in nat-
ure, it was not possible to unambiguously determine
if the staining was present in regions of VD tissue or
associated the cartilaginous endplate. In this study,
we were able to biochemically and immunohisto-
chemically investigate type IIA procollagen expres-
sion following careful dissection of bovine caudal
intervertebral discs. Western blot analysis clearly
shows that intact a1(llA) procollagen chains (N-
propeptide containing the IIA exon 2-encoded
cysteine-rich domain + triple helical region) were
present in mature steer and calf AF and is absent
in NP where only type IIB collagen chains were
observed (Figs. 2, 3). This finding of 1A procollagen
protein expression in normal adult IVD is novel.
Type IIA procollagen has also been localized to
osteoarthritic tissues [34,56] as well as in cartilage
repair tissue after autologous implantation [57].
We have characterized type IIA procollagen from
epiphyseal and rib cartilage from newborn and

growing transgenic mice exclusively expressing o1
(l1A) isoform [37]. We have also shown that the type
IIA procollagen can form heteropolymers with type
Il, IX and Xl in these mice [36].
Immunohistochemistry localized the intact o1(11A)
procollagen chains to the lamellae of the outer
margins of the adult inner annulus (Fig. 4), a fibro-
cartilaginous region normally abundant in both
type Il and type | collagens [6]. We have observed
a similar immunolocalization pattern of type IIA pro-
collagen and type | collagen in human fetal IVD [33].
Here, intense type IIA procollagen staining was
seen in the junction of the inner and outer AF where
it co-localized with type | collagen. The exon 2 in a1
(IIA) N-propeptide bears similarity to the o1(l) N-
propeptide of type | collagen including conserved
cysteine residues [29]. From our findings we specu-
late that the hybrid structure of the o1(IIA) procolla-
gen chains could allow for heteropolymeric
assembly of type | and type IlA procollagen in fibrils
and confer unique structural properties within fibro-
cartilagenous interfaces. Formation of cross-linked
types ll-type Ill, V/XI collagen heteropolymers in
articular cartilage, NP of the intervertebral disc
and meniscus, is not uncommon [58-60] but even
in these tissues, what unique structural characteris-
tics such heteropolymers confer is unknown and
like for the IVD, necessitates further investigations.
It is also important to consider that the a3(XI) chain
of type Xl procollagen and the a1(Il) chain of type Il
procollagen are encoded by the same gene [61,62]
but the o3(XI) chain is post-translationally over-
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Table 1 Comparison of 3-Hydroxyproline occupancy in
type 1l collagen from bovine adult and fetal annulus
fibrosus (AF), nucleus pulposus (NP), vitreous humor and
cartilage. Percentage of 3-Hydroxyproline at each sub-
strate site is shown. The percentages were determined
based on the ratio of the m/z peaks for each posttrans-
lational variant. At P944, differences in occupancies for
Adult outer AF/Adult inner AF p = 0.004; Adult NP/Adult
vitreous p < 0.001; Fetal NP/Fetal AF p = 0.001; Fetal NP/
Fetal cartlage p = 0.001; Fetal NP/Adult cartilage
p = 0.008 and Fetal AF/Adult outer AF p = 0.05 are
significant.

% 3-Hydroxyproline

P944 P707 P986
Adult outer AF 27.3+3.3 0 85.0+ 1.4
Adult inner AF 145+45 0 86.0+1.4
Adult NP 193+76 0 80.0 + 2.8
Adult vitreous 74.8 + 3.8 0 85.3 + 4.1
Adult cartilage 145+49 O 88.0 7.1
Fetal AF (inner + outer) 19.5 + 5.1 0 94.5 + 0.7
Fetal NP 43315 0 915+ 2.1
Fetal cartilage 40+14 0 925 + 3.5

glycosylated and retains the amino propeptide in
the native molecule [63,64]. We have shown that
in newborn and growing transgenic mice exclusively
expressing ol1(llA) isoform, a1(llA) procollagen
chains can be incorporated into the type Xl collagen
molecule [36]. So, here in the adult AF, a proportion
of molecules having a chain composition of o1 (XI)
a2(Xhpro a1(llA) could also exist but remains to
be validated.

The presence of intact type 1A procollagen in the
lamellae of adult inner AF was a surprise since
immunoreactivity to type A N-propeptide is lost
during development [33]. As fetal type Il collagen
containing tissue develops, exon 2 in the N-
propeptide is spliced out [30,33,37] and/or the N-
propeptide of type IIA/B collagen is processed by
ADAMTS-2/3 [65] and although thought to be
rapidly degraded by metalloproteinase or internal-
ized by cells [66,67], we have shown type Xl colla-
gen molecules with a chain composition of o1(XI)
a2(XI) pro a1(llA) can exist [36]. Interestingly, the
C-propeptide trimer of type Il collagen has been
shown to be a prominent matrix component of
immature cartilages and intervertebral disc tissue
[42]. Whether the type IIA procollagen detected in

<

the adult AF is part of an existing network of type Il/-
type | collagen fibrils and is somehow exposed or is
newly synthesized type IIA procollagen is not clear
from our data and will need further investigation.
The presence of type IIA N-propeptide staining in
the adult outer annulus is also interesting. This
seemed to parallel our previous studies where the
superficial layer of cartilage from the hind limbs of
one month-old wild type mice also showed positive
staining with the IlA-specific antibody [37]. How-
ever, it was not clear in the superficial layer and
here in the outer AF, if this is cleaved type IIA N-
propeptide or a proportion of type IIA procollagen
chains incorporated in type XI collagen. As
expected from the biochemical data (Figs. 2, 3),
no type IIA N-propeptide immuno-localized to the
NP (Fig. 4, D) where the type Il collagen triple helix
was abundant (Fig. 4, H). We have previously
shown that triple helical type IIA procollagen is pre-
sent in the NP of 72 day old developing human disc
but by day 101 the type IIA N-propeptide was
removed and not detected here after development
of the disc. [33]. So, we presume here that type
IIA procollagen is either not synthesized in adult
NP or if synthesized the N-propeptide was cleaved,
rapidly degraded and the epitope lost [66,67].

It is of note that there are biostructures in the AF
that have not vyet been biochemically
characterized. By high-magnification scanning
electron microscopy, latridis and ap Gwynn have
reported on the presence of distinct small
diameter fibrils and collagenous tubules that run
parallel to collagen fibers in rat AF [27]. This micro-
tubular network was observed only in sagittal sec-
tions of the IVD and not in transverse sections.
Interestingly, we detected a robust type IIA procolla-
gen signal in sagittal sections of the inner AF
(Figs. 4, 5) but in transverse sections faint to no sig-
nal was detected (data not shown). Radial cross-
bridging elements in AF of sheep discs, bovine tails
and adult human discs containing fibrillin have been
reported within the AF lamellae [22,68]. These ele-
ments seem to be a consequence of vascular
regression during development and stain positive
for PECAM-1 an endothelial cell marker [23]. Type
I1A procollagen transcript has been localized in vas-
cular tissues as in the epimyocardium of the ventri-
cle and atrium in embryonic mouse heart [32,69].
Based on the localization of type IIA collagen

Fig. 6. A representative full scan mass spectrometric profiles of the tryptic peptide containing 3-hydroxyproline at
P944 in type Il collagen chains. Trypsin digests of type Il collagen chains from bovine adult outer annulus fibrosus (A),
adult inner annulus fibrosus (B), adult nucleus pulposus (C), adult articular cartilage (D), adult vitreous humor (E), fetal
annulus fibrosus, (F), fetal nucleus pulposus (G), fetal epiphyseal cartilage from facet joint in spine (H) were analyzed
by mass spectrometry (MS). The peptide of interest is shown at the top of the MS profiles of the tissues. Results for %
3-hydroxyproline (3Hyp) occupancy are shown in boxes. See Table 1 for a summary of the relative abundance (%) of
3-hydroxylation of three proline residues in o1(Il) collagen chains.
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described here, it is tempting to speculate that fibrils
of type IIA procollagen collagen could assemble
within these biostructures and play a functional role
in this location.

The localization of a proportion of triple helical
type Il collagen exclusively within the interlamellar
regions of the inner annulus (Fig. 4, F & J, orange
arrows) is also an interesting finding. Type |
collagen although normally abundant within the
lamellae of the inner and outer AF [6,7] did not co-
localize here (data not shown). It is possible that
type 1l collagen fibrils could confer slightly different
mechanical properties to the interlamellar regions
of the AF. It is known that under shear, sliding does
not occur between AF lamellae and that rigid inter-
lamellar connections are governed primarily by col-
lagen and fibrillin [25]. It is also noteworthy that type
Il collagen has been observed in regions of tendons
that are heavily loaded and also in the enthesis
where the extracellular matrix contributes to the
ability to withstand compression [70].

What type of fibrils would type IIA collagen be
expected to assemble within the fibro-
cartilaginous AF? Type IIA collagen has been
shown to be associated with thin fibrils in
cartilage [46] and the vitreous humor of the eye
[53]. We looked for clues in an unique post-
translational modification in the «1(ll) collagen
chain that influences type Il collagen fibril assembly
and was also elevated in the vitreous humor of the
eye [49,51]. Regions of AF closer to the outer
annulus where type IIA procollagen was localized
(Figs. 4, 5) had a relatively elevated 3Hyp occu-
pancy at P944 (27%) when compared to the type
Il collagen in the inner annulus (15%) and had
comparable levels to adult NP (15%) (Table 1). In
tissues with very thin type Il collagen (<10 nm)
as in vitreous humor and fetal NP [52,53], a high
occupancy (75%, 43%) was found (Table 1) but
in thicker fibrils (>20 nm) of adult and fetal carti-
lage [46,53,54], a low occupancy of 3Hyp at
P944 in o1(ll) chains (15%, 4%) was observed.
In type Il collagen from meniscus, another fibrocar-
tilaginous tissue with a decreasing gradient of type
Il collagen from the inner to the outer zone, a rela-
tively high occupancy of 3Hyp at P944 (66%) was
also observed [51]. Our data suggests that type I1A
collagen in the AF could assemble into thin fibrils.
Such smaller diameter fibrils and a tubular network
running parallel to the large diameter collagen
fibers characteristic of type | collagen was
observed by scanning electron microscopy and
were assumed to be collagen based [27]. A
prospective and more detailed examination of the
micro and nano-biostructure by immune-electron
microscopy and a larger sample sizes for mass
spectrometric analyses may be able to shed more
light on our present observations.

In summary, we biochemically  and
immunohistologically show that type IIA
procollagen is present in the AF of mature steer

and calf caudal intervertebral disc. Mass
spectrometry of type Il collagen chains extracted
from this region of the AF revealed an elevated
level of a specific post translational modification
that is normally observed in tissues where thin
fibrils of type Il collagen assemble. The
localization of a proportion of type Il collagen
exclusively within the inter-lamellae regions of the
inner annulus is also an interesting finding. These
observations warrant further investigations into
understanding intermolecular interactions that help
stabilize inter-lamellar adhesion within the
intervertebral disc.
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