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‘ activity in null cells is 50% lower
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GleAT-1 promoter activity required
that TenEBP be bound to TanE, For
7 ns this purpose, we introduced a
I 4-base pair mutation in the TonE
‘ site of the GleAT-1-D reporter plas-
mid {TTTCCA to TAAAAA). Fol-
lowing  lonoemycin  treatment,
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nucleus pulposus cells transfected
with wild type reporter plasmid evi-
dence induction of activity (Fig. 44).
In contrast, when a mutant plasmid

FIGURE & lonosnycin mediates GIcAT- promoter activation, although TonEBP is independent of calcineurin.
Nucleus pulposus cells (A}, TonEBP/NFATS wild type @, and TonEBP/NFATS mull (O MEFs were transfected with
GleATHD reporter, and actvity was measured following treatment with ionormycin with or without FK506 and
cyciosporine A Unilike TOnEBP/NFATS, null MEFs GleAT-1-D repanter activity was induced in both nucleus pulposus
and NFATS wild type cells. Caldineurin inhibitors did not suppress ionomycin-iduced or basal activity of GltAT
reporter in any of the cell types. D, effect of onomycin treatment on GIEATA-P reporter activity, The reporter was
nonresponsive (o lonomycin treatment in both TonEBP/NFATS wild type and null MEFs, Values shown are mean =

S.D. of three independent experiments performed in triplicate. *, p < 0.05,

We next examined the effect of lonomycin treatment on
GleAT-1 promoter activity in nucleus pulposus cells. When cells
are treated with fonomycin and PMA, there is an increase in activ-
ity of —1170/+61 bp GlcAT-1 promaoter (pGlcAT-1-D); the short-
est promoter fragment {pGlcAT-1-P), lacking TonE and NFAT
sites, did not show any change in activity {Fig. 34). We then deter-
mined if ionomycin-mediated activation of GlcAT-1 required cal-
cium fons. When cells were treated with the calclum chelator
BAPTA-AM along with ionomycin, there was complete inhibition
of GleAT-1-D reporter activation {Fig. 38} To investigate if
TonEBP participated in lonomycin-mediated induction of
Glc AT promoter activity, nucleus pulposus cells were tran-
siently co-transfected with plasmids encoding DN-TonEBP or
full-length TonEBP. Fig. 3C shows that forced expression

of DN-TonEBP completely abolishes lonomydn induction of
expression  of

GleAT-1  promoter  activity.  Moreover,
DN-TonBERE also suppresses the basal activity of the GleAT-
I-D) promoter fragment (Fig. 3D). A significant inhibitory effect
of DN-TonEBP expression on GlcAT-1 reporier activity is seen
at & dose of 100 ng, which is further enhanced when the con-
centration of the DN-TonBBP is increased to 400 ng (Fig. 3D),
On the other hand, overexpression of TonEBP using the
PFLAG-TonEBP vector results in a dose-dependent increase in
GleALE-D promoter activity in the absence of ionomycin (Fig,
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MEATS WT NFATS Null

is used, induction of the reporter is
completely blocked (Fig. 44). More-
over, wild type promoter also exhib-
ited a significantly higher basal
activity than the TonE mutant
reporter {not shown). We used the
ChIP assay to evaluate the interac-
tion of TonEBP protein with the
Tonk motif in the GleAT-1 pro-
moter (Fig 48}, TonERP assaciated with the TonE motif under
basal conditions. Binding of TenERP te TonE was proportional
to the amount of transfected FLAG-TonEBP vector, When an
empty FLAG vector was co-transfected in place of FLAG-
TonEBP, PCR analysis indicated that the amplicon is nat
formed. This was confirmed by cloning and sequencing of the
PCR product.

The mechanism of TonEBP activation by lonomycin in
nuclens pulposas cells was investigated. Fig. 54 shows that
onomycin treatment results in increased TonEBP mRNA
expression. Moreover, both immunofluorescence and Western
blot analysis indicate that there is a concomitant increase in
TonEBP protein expression (Fig. 5, B and C); the increase in
proteinlevelis evidentas early as 8 h,and it remains highat 24 b
{Fig. 5C). We explored the possibility that activation of Cn, a
calcium-dependent phosphatase that mediates NFATc signal-
ing, was responsible for TonEBP induction. Treatment of
nucleus pulposus cells with Cn inhibitors, FK506 and cvclos-
porine A, in the presence of lonomycin did not block induction
in TonEBP proteinlevels (Fig. 5, Band C), In addition, we meas-
ured the promoter activity of the TonEBP target gene, tauT.
Significant activation in tau T reporter activity is evident follow-
ing lonomyein treatment; simultaneous treatinent with Cn
inhibitors fails to suppress induction (Fig. 30). In contrast 1o
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tion in promoter activity, To further
validate these findings, we used
NFATS null and wild type MEFs
and measured activities of GleAT-!
reporters  following  lonomycin
treatment. Fig. 68 shows that lono-
mycin  causes  an  increase  in
GleAT-1 reporter activity. Again,
inclusion of FK506 and cvclospo-
rine did not affect promoter induc-
tion in wild type MEFs. In contrast,
in NFATS null MEFs, lonomycin
did notalter GlcAT-1reporter activ-
ity {Fig, 6C}. Moreover, neither wild
type nor null cells exhibit an
increase in GIcAT-1-P reporter
{Fig. 6.

The contribution of Cry signaling
in GleAT-1 expression was studied
by co-transfecting nucleus pulposus

040+ - - — e >3 A 3 < 3 ,‘.:«' 3 J’ ;
p ——y e Jap cells S‘;}i}? plasmids L‘}‘prw’slﬂ% ( m}
' . and CnB along with GIcAT-}-D
- - -+ - -+ FR 4+ CsA . dor Bl T4 o JUNPS T derie
CaAds - CnAf -/ reporter. Fig. 74 shows that nucleus
TauT-WT - TauT-MT pulposus cells receiving 200 ng or
@ more of Cn plasmids display sup-
= E & 4 F «  CnAp < pression in GleAT-1 reporter activ-
% 3 % 5:: ’ froemm— ity. To further explore if Cn signal-
= b < : ing plaved a regulatory role, we
£, : g ° used primary medullary fibroblasts
i*§ r’i‘gj“s % derived from CnAw m?,ll, CnAf nuii,,.
= 2 ; and wild type mice. Treatment of
= = wild type fibroblasts with ionomy-
2 s B e E B £ o cin results in little change in
» - 4 - 4 jarp - 4+ 1sp GleAT-1 reporter activity (Fig. 78}
— Interestingly, in both CnAwa null

TauT-WT  TauT-MT TauT-WT

and CnAB null cells, jonomycin

FIGURE 7, Calcineurin suppresses GlcAT- promoter function. 4, the GIcAT- reporter activity following co- trans-
fection with caldinewrin A/B constructs or empty vector pBIS in nucleus pulposus cells. Co-expression of calcineurin
wits suppressed GIcAT- reporter activity in tansfected cells, B-F, reporter ativity of medullary flaroblasts
erived from CnA WT or CndAa or CiAS pudl {—/—) mice teansfected with GlcAT- or touT (WT or MT) reporter and
treated with fonorydn and PMA with or withouwt FK508 and CsA. lonomycin did not increase GIcAT- reporter
activity in wild type cells (8), but a robust indoction was observed in both the CnAa or CnAS mill calls {Q). A similar
high induction in the activity of touT-WT reporter was observed in (nAa or CnAg null cells; a relatively smal] induc-
tive effect was seen o wild type cells, which remained constant after the addition of calcineurin inhibitors FK506 and
CsA. Neither witd type (D) nor the null cells I and Py displayed induction in tauT-MT reporter activity, Values shown
arsmean = 5.0, of three independent experiments performed in triplicate. *, p < 005,

treatment enhances activation {2-
3-fold) of the GleAT-1-D reporter
{Fig. 7). We then measured the
activity of both wild type (contain-
ing the WT TonE motif) and
mutant feu? reporter {mutant
TonE motif] in these cells, Wild
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the wild-type fanT reporter, activity of mutant tauT construct
is unaffected by jonomycin (Fig. 53 To confirm that fonomy-
cin promotes Cn-NFAT signaling in nucleus pulposus cells, we
measured the activity of 3X NFAT reporter, Fig. 5F shows that
lopomycin treatment  significantly up-regulates 3XNFAT

reporier activity, which is completely blocked by the addition of

Cn inhibitors FK506 and cyclosporine A,

To ascertain i Cn signaling together with TonEBP plays a
role in GleAT-1 expression, we treated nucleus pulposus cells
with lonomyein and PMA together with FI506 and cyelospo-
rine A. Fig. 04 shows that fonomycin treatment results in an
increase in GleAT-1 promoter activity. The presence of FK506
and cyclosporine did not block jonemycin-dependent induc-
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type cells show a small increase in

the activity of the WT-taqu7
reporter; activity is unaffected by the caleinenrin inhibitors
(Fig. 7D}, A significant induction in tauT reporter is also
seen in both CoAw (Fig. 7E) and CnAB (Fig. 7F) null cells,
Mutant tauT reporter is not induced in either the wild type,
CnAaq, or CnAf null fibroblasts,

To investigate the relationship between GleAT-] and NFAT
signaling, we transfected nucleus pulposus cells with plasmids
encoding NFAT1-4 and measured the activity of the GleAT-
=D reporter. Fig. 84 shows that co-expression of NFATT alone has
no effect on GleAT-1 reporter activity. However, when Cn (CnA
and CnB} was co-expressed with or without NFATI, there is a
significant suppression in reporter activity, Unlike NFATT, co-ex-
pressionof CA-NFAT2 (Fig. 88), NFAT3 (Fig. 8C), or NFAT4 (Fig.
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FIGURE 8. GIcAT-I promoter activity suppressed by NFAT signaling in nucleus pulposus cells, Effect of
WEAT vectors (NFATY, -2, -3, and -4) and/or CnA and CnB on GIcAT-1-D reporter activity of nudeus pulposus
cells. A, NFAT1 alone did notaffect GlcAT-reporter activity. When calcineurin was added alone or together with
NFAT1, there was a suppression in reporter activity, CA-NFAT2 {8}, NFAT3 {0, or NFAT4 (D) alone or when added
with CnA/B significantly suppressed the GIcAT-1-D reporter activity in nucleus pulposus cells. £, nucleus pulpo-
sus cells were transfected with 3XNFAT luciferase construct with or without NFAT1, CA-NFAT2, NFAT3, or
NFAT4, and reporter activity was measured. Co-expression of NFAT1 1o -4 resulied in a significant increase in
activity of 3XNFAT reporter plasmid, indicating functionality of expressed protedns, Values shown are mean
5.0, of three independent experiments. *, p < 0,05, 15, nonsignificant. £, activation and nuclear localization of
NFAT2/374 following tonomycin treatment of nudleus pulposus cells.

immunofluorescence microscopy to
confirm expression and activation of
endogenous NFAT2, -3, and -4 in rat
nucleus pulposus cells. Fig, 8F shows
that under basal conditions, NFAT?,
-3, and -4 are expressed by the
nucleus pulposus cells and mostly
localize to the cytoplasm. Increased
localization of these proteins to nuclei
is seen following a 6-h treatment of
cells with ionomycin (Fig. 8F).
Finally, we investigated i Spl activ-
ity is required for TonERBP regulation
of GlcAT-1 promoter function in
nucleus pulposus cells. We treated
nucleus pulposus cells with \WP631,
an inhibitor of Sp1 activity, with or
without ionomycin and messured the
activity of GlcAT-I reporters. Treat-
ment with WPA31 at 50~100 num
completely abolishes ionomycin-me-
diated induction in  GleAT-1-D
reporter activity as well as suppress-
ing basal promoter activity {Fig, 94).
On the other band, fonomycin did
not induce GlcAT-I-P reporter
{(--123/4+61 bp), and the activity
remained unaffected by WP631 (Fig.
98y, To further validate these find-
ings, nucleus pulposus cells were co-
transfected with plasmid encoding
DN-Spl. Fig. 9C shows that expres-
sion of DN-Spl completely abolishes
ionomycin induction of GleAT-1 pro-
moter activity. Morcover, expression
of DN-TonEBP also suppresses the
basal activity of the GlcAT-1-D pro-
moter fragment (Fig, 9D). A signifi-
cant inhibitory effect of DN-TonEBP
expression on  GleAT-1 reporter
activity is seen at a dose of 100 ng,
which is further enhanced when the
concentration  of the DN-Spl is
increased to 200 ng {Fig. 9D).

DISCUSSION

The experiments described in
this investigation demonstrated for
the first time that GleAT-1, a key
enzyme required for chondroitin
sulfate blosynthesis, was regulated

80, with or without Cn plasmids, suppresses GlcAT-1 promoter
activity in nucleus pulposus cells. To confirm that transfected
NEAT plasmids expressed functional proteins in nucleus pulposus
cells, we measured activation of an NFAT-responsive 3XNFAT
repotter. Fig. 8£ shows that there is significant activation of
3XNFAT luciferase reporter when co-transfected with NFAT I or
CA-NFATZ, NFATS, or NFAT4 expression plasmids. We used

9832

by TonEBP (NFATS). This transcription factor would serve to
promuote the expression of a critical enzyme required for GAG
chain synthesis as well as enhancing the expression of the
aggrecan core protein (4). Our studies revealed that the regu-
lated expression of GlcAT-1 in nucleus pulposus cells was
calcium-dependent. This finding is of eritical functional impor-
tance, since shifts in calcium ions serve as key transducers of
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FIGURE 5. TonEBP and Spl are both required for calcium-mediated regulation of GIcAT- promoter acti-
vation in nucleus pulposus cells. Cells were transfected with GIcAT-1-D {4} or GIcAT-1-P (B} promoter con-
structs and treated with ionomycin with or without WP631 (50~100 nuj, an Spl inhibitor, Note that suppression
of Spl function resulted in complete loss of ionomycin-mediated induction of GleAT- reporter. 8, ionomycin
falled 16 induce activity of GIAT-I-P construct lacking the TonE motif in nucleus pulposus cells; WPS31 has no
effect on the activity of this reporter. Values shown ara mean = 5.0, of three independent experiments. *, p <

conditions. Moreover, suppression
of TonEBP in the absence of iono-
mycin also blocked GlcAT-1 pro-
moter activity, indicating that this
transcription factor controlled basal
gene expression. When GleAT-1
reporters that either lacked TonE
site or contained a mutant TonE
were treated with ionomycin, there
was failure to  increase  acti-
vity. This observation lent strength
to the findings reported above and
indicated that TonEBP regulated
GlcAT-1 expression. We were able
to confirm these findings using
ChlP  analysis and  cells  from
TonEBP/NFATS null mice. ChIP
analysis confirmed binding  of
TonERP to TonE motif. Null MEFs
displayed decreased basal GleAT-1
promoter activity and failure to
induce reporter activity even when
treated with ionomycin, Together,
the results of these functional stud-
ies indicated that, in addition to reg-
ulating fauT, other osmuolytes, and

4.05; ns, nonsignificant.

applied biomechanical loads, Accordingly, loading would pro-
mote calcium flux and enhance the synthesis of hydrated pro-
teoglycans. A second major observation was that members of
the NFAT family were expressed by nucleus pulposus cells; in
this case, calcium-dependent Cn-NFAT signaling functioned
as a negative regulator of GleAT-1 expression. Thus, calcium
ions regulate GleAT-1 expression through a signaling network
comprising both suppressor (Cn-NFAT) and  activator
{TonEBP) molecules. In this way, by controlling both GAG
and aggrecan synthesis, cells of the nucleus pulposus can auto-
regulate their own osmotic environment and accommodate
mechanical loading.

Since cell function in the osmotically and mechanically
stressed environment of the nucleus pulposus is dependent on
the biosynthesis of aggrecan (2), we first evaluated the expres-
sion of GleAT-1. This protein completes the synthesis of the
common linker region of GAGs by transferring glucuronic acid
to the core protein Gal-Gal-Xyl-O-Ser trisaccharide, Predict-
ably, at both the mRNA and protein level, there was robust
expression of GleAT-1 in nucleus pulposus cells of both the
neonatal and mature rat discs; the protein was also expressed by
cells of the annulus fibrosus. This latter observation was not
unexpected, since the inner annulus, like the nucleus, is rich in
proteoglycans (1, 2). Gain and loss of function experiments
were performed to learn if calcium flux induced transcriptional
activation of GlcAT-1 reporter activity and if this activation was
regulated by TonEBP, In the presence of ionomycin, suppres-
sion of TonEBP activity blocked induction of GlcAT-L
pTonEBP enhanced GIcAT-1 reporter expression under basal

pCSEVEN
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HSP-70 (4, 14, 21}, by controlling
the expression of GlcAT-1, TonEBP
adapts nucleus pulposus cells to
the mechanically and osmotically restrained conditions of the disc
{4,22).

The mechanism of activation of TonEBP is not completely
understood, especially whether it is mediated by protein phos-
phorylation (23). In T cells and kidney cells, there is some evi-
dence to indicate that regulation may be mediated by a phos-
phatase, Cn, which is activated by calcium ions (24, 25), The
results of the studies described herein suggest that this mecha-
nism may be cell type-specific. Treatment of nucleus pulposus
cells with cyclosporine and FK506, agents that inhibit Cn sig-
naling, failed to block induction of TonEBP or change the pro-
moter activities of the TonEBP target gene tauT. Further sup-
port of the notion that Cn signaling was not required for
TonEBP-dependent GIcAT-1 promoter activation came from
studies performed on TonEBP/NFATS null MEFs. We noted
that, following ionomycin treatment, the null MEFs failed to
induce GleAT-1-D reporter activity, whereas both wild type and
null cells did not induce activation of GlcAT-1-P construct.
Although these results suggested that Cn signaling did not play
a role in regulation of basal GlcAT-1 expression, they did not
elucidate role of Cn in the absence of TonEBP activity in
nuclens pulposus cells.

To delineate the import of Cn in cells of the disc, we overex-
pressed catalytic {CnA) and regulatory {CnB) subunits and
determined GlcAT-] reporter activity, Surprisingly, GleAT-1
promoter activity was suppressed; moreover, unlike wild type
cells, ionomycin treatment of fibroblasts derived from Cn
{CnAo and CnAB) null mice strongly induced GleAT-]
reporter activity, Of interest was the observation that, unlike in
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nucleus pulposus cells and wild type NFATS MEFs, ionomycin
treatment did not increase GIcAT-1-D reporter activity in Cn
wild type fibroblasts, indicating cell type-specific differences. It
is not unreasonable to assume that in these fibroblasts simulta-
neously with TonEBP, there is a strong induction of factors that
negatively regulate the promoter activity, thereby neutralizing
TonEBP-mediated induction,

Based on these studies, it is concluded that calcineurin sig-
naling may be a negative regulator of GicAT-I expression. The
mechanism of suppression was not immediately obvious, since
ionomycin  simultaneously increased TonEBP-dependent
GlcAT-1 promoter activity, One possibility was that other
members of the NFAT family may be involved in regulating
GlcAT-1 promoter activity. Relevant to this issue, it is well doc-
umented that Cn-mediated dephosphorylation of SP motifs
results in the nuclear import of NFAT and stimulation of tran-
scription {26). To address this issue, we overexpressed individ-
ual NFATs and determined GlcAT-1 reporter activity. Since
NFATZ, -3, and -4 but not NFAT1 decreased GlcAT-I pro-
moter activity, it was concluded that GleA'T-1 promoter activity
was negatively regulated by these three NFATs but was inde-
pendent of NFATL. Activation of 3XNFAT luciferase reporter
after co-transfection with NFAT expression plasmids con-
firmed that the expressed NFATs were functional in nucleus
pulposus cells. Based on these findings and imounofluorescence
experiments that document expression and activation of endoge-
nous NFATs, we conclude that Cn-mediated activation of
NFAT2, NFAT3, and NFAT4 serve an inhibitory role in governing
GlcAT-1 promoter activity in cells of the nucleus pulposus.

A recent study indicates that there are a number of Spl bind-
ing sites close to the transcription start site in the human
GleAT-1promoter (13). This study further showed that calcium
promotes Spl activation through MEK/ERK signaling and sub-
sequent binding to the motif between ~65 and —56 bp influ-
encing GIcAT-1 expression {(see Fig. 2) (13), Our studies
confirmed that inhibition of Spl activity suppressed iono-
mycin-mediated induction of GlcAT-1 promoter activity. Inter-
estingly, ionomycin did not influence the activity of the GlcAT-
1I-P construct that lacked TonE but contained Spl motifs. Based
on these findings, it is clear that Spl together with TonEBP
regulates GlcAT-1 promoter function. Moreover, specific to
nucleus pulposus cells, our study shows that Spl activation
alone is not sufficient for induction of GicA'T-1 promoter activ-
ity, suggesting a cell type-specific regulation (13).

In summary, we demonstrate that calcium regulates expres-
sion of GleAT-1, a critical enzyme required for GAG synthesis
through TonEBP/NFATS and Cn-NFAT signaling pathways,
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Ongoing studies are being performed to test the hypothesis that
changes in the activity of GlcAT-1 are linked to the development of
degenerative disc disease.
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Microarray and Immunohistochemical
Pulposus and Anulus Fibrosus

Daisuke Sakai, MD, PhD,* Tomoko Nakai, BSe,* Joji
and Sibylle Grad, PhD1t

Study Design. Microarray gene expression profiling,
quantitative gene expression analysis, and immunohisto-
chemistry was used to investigate molecular variations
between nucleus pulposus {NP} and anulus fibrosus {AF)
of the dog intervertebral disc {IVD).

Objective. To identify specific molecules with differing
expression patterns in NP and AF and compare their pro-
file with anticular cartilage {AC).

Summary of Background Data. Although experimen-
tal and animal studies have demonstrated the potential of
cell based approaches for NP regeneration, there is still a
deficiency of basic knowledge about the phenotype of VD
cells.

Methods. Comparative microarray analysis of beagle
furmnbar NP and AF was performed. Molecules of interest
were evaluated by guantitative reverse transcriptase-
polymerase chain reaction and immunohistochemistry,
comparing lumbar and coccygeal NP and AF and AC. To
assess interspecies variations, genes that had been found
differentially expressed in rat tissues were also investi-
gated.

Results. Forty-five genes with NP/AF signal log ratio
=1 were identified. o-2-Macroglobulin, cytokeratin-18,
and neural cell adhesion molecule {CD56} mBNA were
higher in NP compared to AF and AC, and desmaocallin-2
mRNA was higher in NP than AF. The expression profiles
were similar in lumbar and coccygeal discs, although
certain variations were noticed. Interspecies differences
between rat and dog were evident in the expression of
several genes. Immunohistochemistry confirmed differ-
ences in gene expression at the protein level,

Conclusion. This study reports on the expression of
maolecules that have not been described previously in VD,
in non-notochordal discs comparable with human. inter-
species differences were noted between rat and dog tis-
sues; whereas variations between caudal and lumbar
discs were less prominent. The NP of the beagle as a
chondrodystrophoid dog breed is potentially more simi-
lar to the human than the NP of species whose discs do
not naturally degenerate. Therefore, studies on appropri-
ate species may contribute 10 a better understanding of
the cell types residing in the VD,
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Differential Phenotype of Intervertebral Disc Cells

Analysis of Canine Nucleus

Mochida, MD, PhD,* Mauro Alini, PhD,t

Key words: Microarray, gene expression, immunolo-
calization, nucleus pulposus, anulus fibrosus, canine,
chondrodystrophoid. Spine 2009;34:1448-1456

Intervertebral disc (IVD) degencration, although in
many cases asymptomatic, is associated with Jow back
pain and diseases such as sciatica, disc herniation, or
prolapse.'* It implies a decrease in disc height and alter-
ations in the mechanics of the spinal column, and in the
long term it can lead to spinal stenosis, a major cause of
pain and disability, especially in the elderly. The inci-
dence of IVD degeneration is increasing exponentially,
and it is increasingly recognized as a disorder that also
affects the younger population. In fact, about 20% of
people in their teens have discs with mild signs of degen-
eration.>*

In view of the fact that current treatmnent methods
may reduce pain but cannot repair the degenerated
disc, there is an increasing interest in novel cell-based
therapies. Their aim is to achieve cellular repair of the
degenerated disc matrix to ultimately restore disc
height and biomechanical function, One approach has
been to stimulate the disc cells to increase the rate of
matrix synthesis by application of growth factors or
gene therapy.””® However, because cell densities in
human discs are low and their vitality in degencrare
discs is impaired, stimulation of the remaining cells
may be insufficient.” Cell implantation may overcome
the paucity of cells in a degenerate disc. For cell ther-
apy, mesenchymal stem cells have been proposed, and
clinical procedures have been developed to inject these
cells into a degenerated disc.'7'2 It has also been sug-
gested that, similar to chondrogenic differentiation,
mesenchymal stem cells can differentiate toward the
NP cell phenotype in vitro.!3=1°

Although experimental work and animal studies
have demonstrated the potential of cell-based ap-
proaches, there is still a deficiency of basic knowledge
about the cellular components residing in the IVD. In
a healthy disc, the cells of the nucleus pulposus (NP)
function to maintain its highly hydrated gelatinous
matrix, which is rich in proteoglycans and in collagen
and elastin fibers. The NP is surrounded by the anulus
fibrosus (AF), which is composed of a series of concen-
tric lamellae, consisting of collagen and elastin fibers.
Whereas the cells of the outer AF appear fibroblast-
like and clongated, the NP cells in human adults are
described as chondrocyte-like because of their
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rounded morphology and their phenotypic profile.
The NP and AF cells are generally referred to as IVD
cells or chondrocytes, although they markedly differ
from cach other and from articular cartilage cells. Ap-
propriate molecular markers that define NP and AF
cells and differ from chondrocyte markers would be
instrumental in evaluating and monitoring a cell pop-
ulation with respect to the IVD-like phenotype.

In a previous study, we reported a number of genes
that were differentially expressed in NP, AF, and AC
cells in rats.'® Although distinct animal models are
useful to investigate specific associations, considerable
variations between species are evident, and findings
cannot be translated from one to another species with-
out careful consideration.'” The present study used discs
from dog of a chondrodystrophoid breed and microarray,
quantitative reverse transcriptase-polymerase chain reac-
tion {RT-PCR)} and immunohistochemistry to identify po-
tential new molecules with varying expression in NP and
AF. Furthermore, because caudal discs are often used as
models to study TVD biology and biomechanics, poten-
tial differences between caudal and lumbar discs were
assessed with respect to the molecules of interest. Finally,
the expression of the genes that had been found differ-
entially expressed in the rat was also analyzed in the dog
tissues. This allowed evaluating interspecies differences
and similarities between animals with notochordal ver-
sus chondrocytic nucleus, which is of fundamental im-
portance for the selection of a particular animal model to
study IVD degeneration and regencration.'”

B Materials and Methods

Microarray Analysis

All animal experiments were carried out according to the
protocol approved by the Animal Experimentation commit-
tee at our institution {experiment #042015). Mature female
beagle dogs {16~18 months old; n = 3; mean weight approx-
imately 10 kg; Nosan Beagle, Nosan Corp., Kanagawa,
Japan) were used for tissue harvest for microarray analysis.
NP and AF were harvested from lumbar (L2-L3 to L5-L6)
and caudal (C1/2 1o C4/5) discs in an aseptic environment,
Tissue samples were immediately placed in RNAlazer {(Am-
bion, Austin, TX} and sent for microarray analysis service to
Kurabo Industries Inc., Biomedical Dept., Osaka, Japan.
This service included high-quality rotal RNA isolation,
¢DNA synthesis, biotin-labeled ¢cRNA synthesis, cohybrid-
ization (NP/AF) ro the Affvmetrix GeneChip Dog Genome
Array (Affymetrix Inc., Santa Clara, CA), array imaging, and
analysis according to the protocol provided by the manufac-
turer {Affymetrix GeneChip Expression Analysis Technical
Manual).''" A rotal of 3 microarrays were prepared:
NP/AF cohybridizations, each with dye-swap to exclude dye
bias, The relative expression of each gene in NP versus AF
was expressed as a ratio of fluorescence intensities.

Real-time RT-PCR
NP and AF were dissected from the Jumbar (n = 9) and coccy-
geal (n = 4} discs as specified above, Articular cartilage was
harvested from femoral condyles {(n = 9} of the same animals.

VAfilime 1
L Wilkins . L

Chopped tissue samples were placed in Isogen (Nippon
Gene, Toyama, Japan), frozen in liquid nitrogen, and ho-
mogenized with a Polytron homogenizer. Total RNA was
extracted by a modified TRISpin method,*® using the SV
Total RNA Isolation System (Promega, Madison, WI). Re-
verse transcription was performed with TagMan reverse
transcription reagents (Applied Biosystems, Foster City, CA}
and random hexamer primers.

For real-time PCR, S genes were selected that showed a
high signal ratio in the NP versus AF microarray compari-
son: a-2-macroglobulin (A2M), annexin A4 (ANXA4), des-
mocollin 2 (DSC2), cytokeratin 18 (CK18), and neural cell
adhesion molecule 1 (NCAM1, CD56 140-kDa isoform). In
addition, 3 genes, that had been found differently expressed
in NP versus AC in the rat, were evaluated'®: Cartilage oli-
gomeric matrix protein (COMP), glypican 3 (GPC3), matrix
Gla protein (MGP), pleiotrophin {(PTN}, and vimentin
{VIM). Dog primers (Invitrogen, Carlsbad, CA) and Taq-
Mau probes (Sigma, St. Louis, MO} were designed using
Primer Express software, version 3.0 {(Applied Biosystems)
{Table 1). The assay for amplification of 18S ribosomal RNA
was from Applied Biosystems. PCR was performed on a
7300 Real-Time PCR System (Applied Biosystems) with
TagMan Universal PCR Master Mix (Applied Biosystems),
900 nmol/L. primers (forward and reverse), and 250 amol/L
TagMan probe. Relative quantification of target mRNA was
performed according to the comparative Cp method (ABI
PRISM User Bullerin 2, Applied Biosystems) with 185 ribo-
somal RNA as the endogenous control. Gene expression lev-
els of lumbar and coccygeal NP and AF were normalized to
the values of their corresponding AC.

Statistical significance was determined wich SPSS 14.0 soft-
ware, using Kruskal-Wallis nonparametric analysis with
Mann-Whitney U post hoc testing, and P < 0.05 was defined as
significant.

Immunohistochemistry
Mouse anti-CD356 (NCAM 1) (Clone 123C3) was purchased
from Spring Bioscience (Montigny le Bretonneux, FR) and
applied in che dilution 1:30; Rabbit anti-alpha 2 macroglob-
ulin from GeneTex, Inc. (San Antonio, TX} was applied in
the dilution 1:50; Rabbit anti-desmocollin 2 from Progen
Biotechnik {Heidelberg, Germany) was applied in the dilution
1:50; Rabbit anti-glypican 3 (aa 303-464) from Santa Cruz Bio-
technology (Santa Cruz, CA) was applied in the dilution 1:25;
Mouse anti-cytokeratin 18 (Clone C-04} from Novus Biologicals,
Inc. {Littleton, CO) was applied in the dilution 1:50,

Lumbar IVD, coccygeal IVD, and AC from the femoral
condyle were harvested from 12-month-old female beagle
dogs and fixed in 4% paraformaldehyde. Tissues were de-
calcified, embedded in paraffin, and cut into 3-§ pm sagitral
sections. Secrions were incubated with 0.005% proteinase
{Sigma) at 37°C for 10 minutes and probed with relevant
primary antibodies at 4°C for 16 hours. Subsequently, they
were treated with appropriate biotinylared secondary anti-
bodies at room temperature for 1 hour. Slides were rhen
processed using Vectastain ABC Kit (Vector Laboratories),
developed with 3,3'-diaminobenzidine (DAB) substrate and
counterstained with hematoxylin.

For detection of CK18, tissues were embedded in OCT
compound and cryosectioned into 6-pm-thick sections, IVD
tissues were not decalcified and sectioned axially. Cryoscc-
tions were incubated with primary antibody at 4°C for 16

> {8 prohibite
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Table 1. Uligonucleotide Primers and Probes Used for Real-Time PCR

%
O
S 5.8

Gene Probe
Name Gene Symbol  Ref Sequence Primer Fw (5-3"} Primer Rev {5°-3") {5'-FAM; 3'-TAMRA)
«e-2-Macraglobulin AZM XM_534893 ACT TGG CTC ACT GCC  GTT GAG CAG AGA CCC GGA ACT  AGC ACA CAT CAC CCA AGC
TITGTACT CCTCAT G
Annexin A4 ANXA4 NM_001003039 CCC AGC GCC AGG CGA CTT CAG GTC GTC CAT CA ACG GCC TAC AAG AGC
AGATTAG ACC ATC GGC
Cartilage oligomeric COMmP XM_533869 GCC GAG ACA CGG CAC GTC CTC T7G CCC TGA 6T TTC CCC GAC GAG AAG CTC
matrix protein ATT T66 C6C
Desmocollin 2 psc2 XM_537291 ACG ATG CAC ACA TGG TGA TCA CGC CTG TAG TTG  CCA TCA TCG AGC AGT TGC
CGT CTC AAA CAG CGT A
Glypican 3 GPC3 XM_§38178 CAG CCT CTT TCC AGT  CCC CTC GGA GGC ACT CAT AGC TCA TGA ACC CCG 6CC
CAT CTA CAC T5C
Cytokeratin 18 CKig XM_849849 AAG AAC TACL GAG CCC GGA TAT CTG CCATGA TC TCT ACA AAA CCA AAT CGC
BAG GAA GTA AAG CAACTCTGE G
Matrix Gla protein MGP XM_848662 CCA CCA AGC CCG GCB TAG CGBT TCG CAA AGC CTC AAC CGG GAA GCC TGT
CCT AT GAT GAC TTC
Neural cell adhesion NCAM] NM_001010950 AAG ACT CT6 GAC GGC GTC TGY GTA CTG GAT GCT  TGC GTA GCC ATG CCC GCG
molecule 1 (CD56 GGG CAC AT
140-kDa isoform)
Plelotrophin PN XM _532732 GTG CAG CAG €8T TGT CCA CAG CTG CCA AGA TG TGC AGC TGC CTT CCT GGC
CGA AAA ATT CAT
Vimentin ViM XM_844468 CAG GCG AAG CAG TCC CTT TGA 676 CAT CCA CTT  CCG GAG CCA GGT GCA GTC
GAG TCA AC [N

Probes were fabeied with the reporter dye molecule FAM B-carboxylluorescen) at the

N -tevamethylrhodarminel at the 3° end.

5

end and with the quencher dye TAMRA {Bcarboxy-N, N, N,

hours. Subsequently, sections were treated with anti-mouse
Alexa Fluor 488 goat secondary antibody (1:200, Molecular
Probes, Invitrogen). Nuclei were counterstained with 47,6~
diamidino-2-phenylindole {DAPI) and slides observed with
fluorescence microscopy.

m Results

Microarray
A comparative microarray analysis using the Af-
fymetrix GeneChip Dog Genome Array, which are
high-density oligonucleotide arrays {11-pm spots)
containing 2,383,625-mer probe-sets detecting 21,700
transcripts was performed to identify genes that may be
used to uniquely distinguish NP from AF cells. As we were
particularly interested in potential NP marker molecules,
the focus was laid on molecules with a high NP versus AF
expression ratio. While examining che signal ratios in the
NP versus AF microarray comparison, 43 genes with a sig-
nal log ratio of at least T were noted {Table 2). Furthermore,
77 genes had a signal log ratio of —1 or lower, 43 of which
showed a ratio of —3 or lower {Table 3).

Eight genes were identified with an NP to AF signal
log ratio higher than 3: Wnt inhibitory facror-1,
CK18, A2M, desmoplakin, DSC2, UDP-glucose dehy-
drogenase, carbonic anhydrase i1, and ADAMTS10.
Among these genes, CK18, A2M, and DSC2 were se-
lected for quantitative analysis by real-time RT-PCR,
as they appeared valuable candidate genes for the
characterization of NP cells. In addition, 2 genes with
a signal log ratio of 1.4, namely, ANXA4 and NCAM1
(CD36), were further investigated.

Real-Time PCR
Data from lumbar discs are illustrated in Figure 1. In
correlation with the microarray results, A2M, DSC2,

VT
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CK18, and NCAM1 (CDS6) mRNA levels were higher
in NP compared to AF. The NP gene expression of
A2M, CK18, and NCAM1 {CD36) was also enhanced
when compared to AC, whereas no difference was
noted in DSC2 gene expression between NP and AC,
Neo differences in ANXA4 mRNA c¢xpression levels
were found between NP, AF, and AC.

In contrast to previous indings in the rat, the GPC3
mRNA expression was equally low in NP as in AC,
Hence, GPC3 expression was downregulated in the
dog compared to the rat NP, while its expression was
higher in dog AF than AC, which is similar to the rat
results. The COMP, MGP, and VIM expression levels
were lower in NP than in AF and AC, whereas PT'N
was lower in NP compared to AC. Additionally, MGP,
PTN, and VIM mRNA values were lower in AF com-
pared to AC.

Results from the coccygeal discs are illustrated in
Figure 2, with data from the corresponding lumbar NP
and AF shown for comparison. Essentially, the expres-
sion profile of the genes analyzed was similar in lum-
bar and coceygeal discs, showing stronger expression
of A2M, CK18, and NCAMI (CD56) in NP compared
with AF and AC and higher DSC2 expression in NP
than AF. In addition, GPC3 expression was signifi-
cantly higher in coccygeal AF than NP. The mRNA
expression of COMP, MGP, and PTN also demon-
strated a similar pattern in coccygeal as in lumbar disc,
showing lower expression levels in NP as compared to
AC and higher AF than NP levels of COMP mRNA,

Variations berween coccygeal and lumbar disc were
noticed for NCAM1 {CD56), which was expressed
more highly in coccygeal than in lumbar NP, and for
PTN and VIM, which were expressed more highly in
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Table 2. Genes With a Signal Log Ratio of 1 or Higher in the NP Versus AF Microarray Comparison

Signal Signat Log  Signal Log Change in  Representative

Log Ratic  Ratio Low  Ratio High P Public 1D Gene Title Gene Symbol

82 49 55 0,00002 C0629870 Similar to WIF-1 LOC481148

4.5 33 58 0.00006 C0B73880 Similar to Keratin, type | cytoskeletal 18 (Cytokeratin 18)  LOC477601
(K18} {CK 18)

37 33 4 0.00002  COB64742 Similar to alpha Z macroglobulin LOC477693

35 28 4,1 £.00002 0704199 Similar to0 Desmoplakin {250/210 kDa paraneoplastic LOC488207
pemphigus antigen}

3.4 22 48 0.000023 CO614128 Desmocollin type 2 pscz

34 15 5.2 0.000618  £0678462 Similar to UDP-glucose dehydrogenase LOCA479106

33 3 35 0.00002 CF409351 Similar to carbonic anhydrase If {carbonate 10C477928
dehydratase U} {CA-Hl) {carbonic anhydrase C)

32 13 5.1 0.000482  CF409176 Similar to ADAMTS-10 (A disintegrin and LOCA78077
metalloproteinase with thrombospondin motifs 10)
{ADAM-TS 10}

3 09 5.2 0.000692 AB049537.1 Epidermal growth factor CEGF

2.7 22 33 0.00002 (0593864 Somatostatin receptor 2 SSTR2

24 0.4 43 0.000188 162081 Fibronectin 1 FN1

2 1.6 24 0.00002 AB085580.1 Caspase-3 CASP3

2 19 21 0.00002 £0585869 Dystonin DST

19 1 28 0.00013 AF133250.1 Vascular endothelial growth factor 188 VEGF

1.9 16 2.1 0.60002 £0697517 Similar to fibrinogen-like pratein 1 precursor LOCA75617
{Hepatocyte-derived fibrinogen-refated protein 1)
(HFREP-1} {Hepassocin) {HP-041)

1.9 08 32 0000023  CO619157 Similar to basic beta 1 syntrophin LOC482030

1.8 i 25 0.000027  AY305401.1 Somatostatin receptor 2 SSTR2

1.8 1.7 2 0.006002 CFA11593 Similar to UDP-GalbetaGlcNAc beta L0C487991
14- galactosyltransferase 4

1.8 1.3 2.3 0.00002 (0698628 Similar to 78-kBa glucose-regulated protein precursor LOC480726
{GRP 78} {immunoglobulin heavy chain-binding
protein} (BiP}

1.7 i 25 0.000023 CO601750 Similar to Dnad {Hspd0} homolog, subfamily C, LOC476966
member 3

17 05 3 0.000241  £0696669 Similar to notchl preproprotein LOCA80676

1.8 11 2 0.000167  BM537581 Translocation-associated membrane protein 1 TRAMI

18 08 22 0.000068  C0710930 Mugin LOC404014

18 14 17 0.00002  CO703865 Similar to cyclin 61 {Cyclin B} LOC479303

1.5 13 1.8 0.00002 AJ407826 Similar to heat shock cognate 71 kDa protein LOC479408

15 1.2 1.8 0.00002 0715648 Similar to heat shock protein 1, beta L0C474919

14 03 24 0.000692 BU744786 CD56 140 kDa isoform £0C479435

1.4 1.2 1.7 0.00002 D38223.1 Annexin A4 ANXA4

14 11 1.7 0.00003 AF201728.1 Matrix metalloproteinase-13 MMP13

1.4 11 1.8 0.00002 8u7stI22 Similar to junctionsl adhesion molecule 3 precursor L0C489271

1.4 i 1.8 0000273  CO686324 Similar to cyclin G2 L0C478442

1.3 0.9 18 0.000241  €0835035 Estrogen-regulated LIV-1 protein Liv-1

13 i 15 0.001336  AF084483.1 Muscarinic acetylcholing receptor m2 CHAM2

13 0.8 17 6.00002 C0584391 Similar to0 osteopontin precursor {bone sialoprotein 1} LOC478471
{Secreted phosphuoprotein 1} {urinary stone pratein}
{nephropontin} {urapontin)

1.2 1.1 1.2 0.00002 DG8-215h9- Fibronectin 1 FN1

93%hiirica

1.2 08 14 0.00002 U52106.1 Fibronectin 1 FN1

11 08 15 0.000023  U52105.1 Fibronectin 1 FN1

1.1 05 18 0001201  CO872418 Dystonin DSt

1.1 1 1.2 0.00002 (0675662 Metaliothionein-1 LOC403800

1.1 03 18 0.000101  DG2-97k24- Similar to pleiotrophin precursor-mouse similar to LOCA75509/L0C4B0079

149d4.r1ca pleiotrophin precurser—mouse

1 08 1.1 0.00002 AF211257.1 Fibroblast growth factor receptor 2 FGFR2

i 08 1.2 0.00002 AF525493.1 Heat shock 27-kDa protein 8 HSPBS

i 05 14 0.000027  AF060562.1 Basic fibroblast growth factor BFBF

1 0.8 1.2 0.00002 0603430 Dystonin DST

i 04 15 0000482  COB9302 Similar to chloride intraceliular channel protein 4 L0C487367
{mc3s5/mtCLICH

1 0.8 1.1 0.000078 BMS538976 Similar to 60-kDa heat sheck protein, mitochendrial L0C478854
precursor (60 kDa chaperonin} (heat shock protein
80) {mitochendrial matrix protein P1) {P60 lymphocyte
protein)

i 07 13 0.00002 £0625323 Similar to bone morphogenetic protein 6 LOC478715

1 -0.1 2.1 0.00003 CF407676 Similar to crystallin, ¢-like 1 isoform a LOCA78408

Shaded boxes indicate genes aralyzed by RT-PCR.
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Table 3. Genes With Signal Log Ratio of {—3) or Lower in the NP Versus AF Micrearray Comparison

Signal Log  Signal Log  Signal Log  Change in  Rapresentative
Ratio Ratio Low  Ratio High P Public 1D Gene Title Gene Symbol
-89 —12.4 ~5.4 0.99998 0702793 Phosphoenolpyruvate carboxykinase PEPCK
~73 ~10 ~4.6 0.99997 £0585446 Similar to Laminin -1 chain precursor {Laminin B1 chain)  LOC475883
~7.2 -9 ~5.2 £.99948 AF099154.1 Von Willebrand factor VWF
-12 ~82 ~51 0.99998 £0698338 MHC class 1l DR alpha chain DLA-DRA1
—-63 —85 ~53 0.99998 M28611.1 MHC class il DLA DRB1 heta chain DLA-DRB1
—8.2 ~7.2 —53 0.93998 AF153062.1 Type | collagen pre-pro-alphaifl) chain COLIAY
-8.1 —8.6 —~2.6 0.999562  COB1306D Similar to collagen type XIV LOC475085
—6 —6.2 ~5.8 0.98998 DG14-68n1- Type | procollagen pro-aipha 2 chain COLIA2
973g20.r1ca
~57 ~7.8 -35 0.99998 BU746128 Cathepsin S CTss
-8.7 ~18 —~38 (.99388 DG14-67¢3- Similar to S-tropomyosin L0C481598
973h12sica
—5.4 -7.5 ~3.4 0.99998 AB011373.1 Aquaporin 1 AQPY
—5.4 -1.7 ~3.1 0.999965  C0702048 Similar to CD163 antigen isoform a LOCAT7704
-52 -7 ~3.4 0.99998 UB6246.1 Von Willebrand factor VWF
52 ~58 ~4.7 0.99998 0708518 Similar to myaosin light chain 3 L0C478896
~5.2 8.1 ~2.4 .999977 £0718811 Similar to caveodfin 3 LOC484671
-51 ~54 ~47 (.99998 £0708482 Myasin, light polypeptide 2, regulatory, cardiac, slow MYL2
—~5.1 55 ~48 093998 BU745565 Slow myosin heavy chain MYH?
—5.1 ~8.3 —34 0.99998 Co71mg7 Simitar to myoglobin L0C481283
~5.1 ~5.8 ] .99998 BU745233 Simitar to troponin C, slow LOC476595
-5 ~8.9 -31 0939977  CO711833 Similar to Chloride intraceliular channel 2 LOC482770
~4.9 -5.3 —4.4 0,99998 (0857313 Similar to hemoglobin beta chain-dog LOC480784
-4.8 ~8.9 -27 0999562  CO08667TY Similar to integrin «-7 precursor {UNQ406/PRO768) 1.0C481097
----- 4.8 ~1.3 ~2.2 0.999954  £0598893 Similar to integrin 84 precurser {GP150} (CD104 antigen) LOC483318
~4 8 ~8.8 ~24 0999911  BU7A9834 Cardiac titin TIN
-485 ~53 ~39 0999932  CF412378 Mvyosin, light polypeptide 2, requlatory, cardiac, slow MYL2
—45 ~54 -37 0.99997 AF111100.1 Matrix metalloproteinase-2 MMP-2
—~45 ~.1 -3 0.99998 BU744374 Triadin TRDN
—~4.5 -7.2 -17 0.59996 C0608832 Similar to collagen type XiV LOCA75085
4.4 ~5 -2.9 0.89751 0713863 Similar to neuropilin-1 precursor {Vascular endothefial LOC477955
cell growth factor 165 receptor)
—4,2 —8.5 -14 0.999877  AY156692.1 Cathepsin § C1ss
~4.2 ~8.4 ~19 0.999693  DG9-118a21- Similar to adenylate cyclase 2 100480271
441h5.rica
~4,2 ~52 -3.2 0.93398 £0586808 Similar to fibulin 2, precursor LOC484634
—4 —58 ~25 0.999922 0574494 Cathepsin S CTSS
~38 ~8.1 ~2.2 0999781 CO701916 Similar to enolase 3, beta LOC479489
-35 —4.6 ~25 0939308  BU748808 Simitar to filamin L0C481084
~33 ~5.1 ~18 0.999965  U32086.1 Vascular cell adhesion molecule-1 VCAM]
-33 -5.3 -13 £.99998 BM539480 f-actin, similar to cytoplasmic f-actin ACTB/LOC479083
-33 —4.2 ~23 06.99995 AY134865.1 Cardiac titin TIN
~3.3 ~5.4 ~1,2 0999954  L0B254.1 Phenylalanine hydroxylase PAH
3.2 ~38 -28 .99398 D62-5614- Similar to alpha 1 type XUl collagen long isoform L0CA48188Y
189b11.rica precursor
-3 ~4.8 ~1.1 0999927 1316251 Intercellular adhesion molecule-1 ICAM-1
-3 —~35 -24 0.999977  BU744706 Collagen type IV alpha 2 chain COLAA2
-3 —~43 ~13 0999973  DG14-12613- Uncoupling protein 3 UCP3
1074k 14.r1ca

coccygeal than in lumbar AF, Comparing results ob-
tained from dog with rat tissues, the relative COMP
and MGP gene expression was similar in the dog and
the rat, whereas interspecies differences were evident
i the expression of GPC3, PTN, and VIM.

Immunohistochemistry
Basically, observations with respect to differences in pene
expression were confirmed at the protein level. A strong
immunopositive signal for A2M was observed in the coc-
cygeal NP. The staining was cell-associated and mainly in-
tracellular, Although some A2M-negative cells were seen,
the majority of the NP cell clusters reacted positive for
AZM. In lumbar NP, the AZM immunoreaction appeared
weaker than in the coceygeal NP, Nevertheless, most lum-

bar NP cells also showed positive staining. However, A2M
immunoreactivity was not observed in lumbar and cocey-
geal AF and in AC (Figure 3).

Comparing DSC2 staining in NP, AF, and AC, most
immunopositive cells were noted among articular chon-
drocytes. Staining was cell-associated and was evident in
the middle and deep zones of the cartilage. Both lumbar
and coccygeal NP also had DSC2 positive cells, whereas
AF tissues were immunonegative (Figure 4).

Positive staining for NCAM1 (CD356) was norticed
in a small proportion of colonized lumbar NP cells.
Higher numbers of colonized NP cells that reacted
positively were seen in the coceygeal discs. Both AF
and AC were negartive for NCAM1 (CD56) (Figure 5).
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dises of beagle dog lumbar " 2t b —
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tilage {ACL -+ P < 005 vs. AG; . . ; .
P < 005 vs, AR, n = 0 AZM ANX4 COMP D8C2 GPCI KTI8 MGP NCAMT PTN VIM

The expression of CK18 was visualized by immu-
nofluorescence. A strong signal was associared with
the majority of both lumbar and coceygeal NP cells,
Articular chondrocvies also showed a positive reac-
rion, although numerous cells in AC were CK18 neg-
ative, Similar results were obtained for AF cells. Gen-
erally, the CK 18 staining was weaker in AF than in NP
secrions {(Figure 63,

Immunoreacriviry for GPC3 was observed only in the
coccygeal AF, where the staining was localized intracel-
lularly (Figure 73 GPC3 was nor dewctable in lumbar
AF, NP, and AC tissues {not shown),

& Discussion

With the aim to clucidate differences berween different
cell tvpes present in the IVD, previous studies have ad-

dressed phenotypic characteristics and matrix produc-
tion. ! Whereas those investigations primarily focused
on the expression and synthesis of matrix molecules such
as collagens and proteoglycans, this extended study used
large-scale gene expression profiling to identfy differ-
ences in the expression patterns of NP and AF cells. Car-
tilage was included into RT-PCR and immunohisto-
chemical examination because of the close similarities
between IVD cells and articular chondrocytes.” " We
have previously reported on a related study using rat cells
and tissues.'® In the present study, we opted for the bea-
gle dog because this breed is known as chondrodystro-
phoid, which - in contrast to the rat — lacks a nowable
notochordal cell population in the NP after birth and is
therefore more similar to that found in humans. >
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2 % & Figure 2. Relative mANA ex-
b LB % pression of nucleus pulposus
e R : {TNP} and anulus fibrosus (TAF)
G \ tissue isolated from interverte-
1P g - bral discs of heagle dog tall. Ex-
¢ i 1 t * * pression of the corresponding
%\: .4 %% P g lumbar disc nucleus pulposus
5 %,@%& g . LA {LNP} and anulus fibrosus {LAF}
1 : : ? : - E* is shown for comparison. Data
e B E§ g ¢ B are expressed relative to the lav-
§E.4 R €. E8 els of articular cartilage {AC).
, . ) v . . , » _ +P < 005 vs AC; #P < 0.05 vs.
AZIE ANXS COMP DSC2 GPC3 KT8 MOP NCAMT PN VI TAF: *P < .05 vs. lumbar, o = 4,
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Figure 3. Immunolocalization of w-Z-macroglobulin in lumbar
and coceygeal nucleus pulposus {NP). The majority of NP cells
stain positive, whereas fumbar and coccygeal anulus fibrosus
{AF) and articular cartilage {AC) cells are immunonegative.
Scale bars: 200 pum.

In this microarray analysts of mature female beagle
dogs, 45 genes were found with a high (1) NP/AF signal
log ratio, whereas 77 genes had a low (-1} NP/AF
ratio. Even though these data originate from 3 indepen-
dent microarray analyses, they can be considered neither
as comprehensive nor conclusive. The aim was to iden-
tify potendal candidare genes that were further investi-
gated by guantitative RT-PCR. The sclection for RT-
PCR was primarily focused on genes with a high NP/AF
signal ratio in the microarray. Generally, results from the
microarray analysis were confirmed ar gene expression
and for the most part also at protein levels. However,
although ANXA4 was expressed significantly more
highly in NP compared to AF in the microarray analysis,
this difference could not be confirmed by real-time RT-

Desmocollin 2

Lumbar

MNP

AC

Caceygeal

Figure 4. immunolocalization of desmocollin-2 in lumbar and cocoy-
geal nucleus pulposus (NP} and in articular cartilage (AC). Cartilage
and a proportion of NP cells stain positive, whereas anulus fibrosus
{AF} cells are immunonegative. Scale bars: 200 pm.

NCAMI(TD 536
NP

Lumbar AV

AC

Figure 5. immunoclocalization of neural cell adhesion molecule 1
{CD56} in lumbar and coccygeal nucleus pulposus {NP). The ma-
jority of coceygeal and a smaller proportion of lumbar NP cells
stain positive, whereas lumbar and coceygeal anulus fibrosus (AF}
and articular cartilage (AC) cells are immunonegative. Scale bars:
200 pum

PCR. It is important to consider that with the capability
to screen large proportions of a genome, microarrays
have the disadvantages of a cerrain lack in both sensitiv-
ity and specificiry, which is associated with a consider-
able proportion of false positives.” > Possible reasons
for the disagreement between microarray and quantita-
rive RT-PCR may include recognition of alternative tran-
scripts, cross-hybridization, and signal quantificarion
techniques, among others. Furthermore, different ani-
mals, although of the same age and sex, were used for
microarray and RT-PCR analysis, which may also ac-
count for the observed divergences, Taken together, this

CK-18

Lumbar

Figure 6 Immunostaining of cytokeratin-18 in lumbar and cocey-
geal nucleus pulposus (NP} and anulus Hbrosus {AF) and in artic-
ular cartilage [AC} cells. The majority of lumbar and coccygeal NP
celis stain strongly positive, whereas AF and AT cell staining is
weaker or negative. Scale bars: 100 pm.
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Figure 7. Immunolocalization of glypican-3 in coccygeal anulus
fibrosus. Scale bar: 50 um.

finding confirms some of the limitations of microarrays
and corroborates the critical need to validate microarray
data by a second methodology such as quantitative real-
time RT-PCR,*7-*¥

This is the first study reporting on the expression and
localization of A2ZM, DSC2, NCAMT1 (CDS56), and
CK18 in mature NP tissue of a non-notochordal species.
Although the functional role of these proteins remains to
be elucidated, the considerable differences in tissue dis-
tribution suggest that they may have specific physiologic
functions in the NP, For instance, A2ZM is known as a
potent protease inhibitor that also inhibits aggre-
canases.” Therefore, a constitutively increased A2ZM ex-
pression in the NP, which is particularly rich in aggrecan,
is of physiologic relevance. Desmocollins belong to a
group of cadherins, and DSC2 is recognized as a mem-
brane glycoprotein.’® NCAM1 (CDS$6) is involved in
contact-mediated cell interactions, Although this mole-
cule is primarily expressed in cells of the nervous system,
it has been identified in various tissues during develop-
ment.*'? One major reason why we further examined
the latter 2 molecules is that they represent cell surface
molecules. In view of potential cell sorting or cell sepa-
ration procedures, the expression of cell surface or cell
adhesion proteins is of particular interest, Immunohisto-
chemistry shows that both DSC2 and NCAM1 (CD56)
are expressed in NP but not in AF cells, but a potential
use of these proteins to identify NP cells requires further
investigation. Given that DSC2 is expressed also in AC, it
could, however, not separate NP from AC cells. Cyto-
keratin 18 has been identified in human notochordal
cells during development.®** Interestingly, remnants of
cytokeratin-positive cells were also found in normal
adult NP, although the expression of such simple epithe-
lial cytokeratins has generally been associated with clas-
sic chordomas,®*3*

Of the 5 genes that had shown significant expression
differences between NP and AC in the rat only 2 demon-
strated a similar pattern in the dog. In agreement with the
rat results, both COMP and MGP expression were lower
in NP than in AC also in the dog. In contrast, GPC3,
which had been proposed as an NP marker in the rat,
displayed no difference in the expression between NP
and AC, but was enhanced in AF. Higher expression of
GPC3 in AF compared to AC had already been observed
in mature rats. Recently, it was reported that during hu-
man development, GPC3 was expressed in a highly tis-
sue- and stage-specific manner.*® Hence, the substantial
discrepancy between rat and dog NP might be related to
differences in the development of the NP tissues. More-
over, PTN also showed an opposite trend in the dog
compared to the rat, with higher expression levels in AC
than in NP and AF. Hence, Aindings from one species may
or may not apply to another species and need to be con-
firmed for a specific molecule or situation. The observed
differences may partly be related to the fact that rat discs
are considered as notochordal, whereas discs from the
beagle dogs are non-notochordal.*?

Caudal discs are frequently used in animal models.
Although similarities in biochemical and biomechanical
properties have been found among species and between
caudal and lumbar discs,>”*® the limitations of the use of
caudal discs need to be taken into consideration.®” With
respect to the genes and proteins investigated in this
study, the general expression pattern was similar in lur-
bar and caudal discs. Nevertheless, certain variations
such as the enhanced gene expression of NCAMI
(CD36) in the caudal NP, that was confirmed at the pro-
tein level, and of PTN and VIM in the caudal AF are
evident.

In conclusion, this study reports on the expression of
distinct molecules that have not been described previ-
ously in the IVD, in non-notochordal discs comparable
with human discs. Tissue-specific differences in expres-
sion profiles may qualify some molecules as markers,
although further studies will be required. In particular,
considerable interspecies differences were noted when
comparing rat and dog tissues, whereas the variations
between disc levels {caudal vs. lumbar) were less signifi-
cant. It might be speculated that the NP phenotype of the
beagle as a chondrodystrophoid dog breed is more sim-
ilar to the human than the NP of species whose dises do
not naturally degenerate; however, a comparison with
human IVD will be necessary to confirm this statement
with respect to the expression profile of specific genes
and proteins. Finally, while the present study only ad-
dressed normal disc gene expression profiles, there is also
a need for comparing profiles between healthy and de-
generated discs. Nevertheless, in view of the limited
availability of healthy human IVD tissues, studies on
species with similar characteristics - such as chondrodys-
trophoid dogs — largely contribute to a better under-
standing of the IVD and its relevant cell types. This

Copyright © Lip Williams & Wilkins. Unauthorized reprie
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knowledge is of substantial value for the development of
new treatment strategics for IVD diseases.

® Key Points

s Phenotypic differences between dog nucleus pul-
posus and anulus fibrosus were investigated by
large scale gene expression profiling,

» Variations were noted in relative expression lev-
els between lumbar and coceygeal discs.

s Immunohistochemistry confirmed gene expres-
sion differences at the protein level.

» There were considerable divergences comparing
rat and non-notochordal dog discs that are more
similar to human discs.
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Variations in gene and protein expression in human nucleus pulposus in
comparison with annulus fibrosus and cartilage cells: potential

associations with aging and degeneration
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Summary

Objective: Regardless of recent progress in the ejucidation of intervertebral disc (IVD) degeneration, the basic molecular characteristics that
define a healthy human VD are largsly unknown. Although work in different animal species revealed distinct molecules that might be used as
characleristic markers for IVD or specifically nucleus pulposus (NP) cells, the validity of these markers for characterization of human IVD cells
rermains unknown.

Desigr. Eleven potential marker molecules were characterized with respect to their occurrence in human VD cells. Gene expression levels of
NP were compared with annulus fibrosus {AF) and articular canilage (AC) cells, and potential correlations with aging were assessed,

Resulis. Higher mRNA levels of cytokeratin-19 (KRT19) and of neural cell adhesion molecule-1 were noted in NP compared to AF and AC
cells. Compared 1o NP cytokeralin-18 expression was lower in AC, and alpha-2-macroglobulin and desmocollin-2 fower in AF. Cartilage olig-
omeric matrix protein {COMP) and glypican-3 expression was higher in AF, while COMP, matrix gia protein (MGP} and pleiotrophin expression
was higher in AC cells. Furthermore, an age-related decrease in KRT18 and increase in MGP expression were observed in NP cells, The age-
dependent expression pattem of KRT19 was confirmed by immunohistochernistry, showing the most prominent KRT 14 immunoreaction in the
notochordal-like cells in juvenile NP, whereas MGF immunoreactivily was not restricted to NP cells and was found in all age groups.

Conclusions: The gene expression of KRT19 has the potential {o characterize human NP celis, whereas MGP cannot serve as a charactesistic
marker, KRT19 protein expression was only detected in NP cells of donors younger than 54 years.
© 2009 Ostecarthrilis Research Society international. Published by Elsevier Ltd. All rights reserved.

Key words: Intervertebral disc cells, Phenotype expression, Nucleus pulposus, Annulus fibrosus, Adicular cadilage, Human, Aging.

introduction disc. Thus, regenerative medicine and biological theraples
] } . hold great promise. In particular the therapeutic implications
Degeneration of the intervertebral disc (IVD) and related of stem cells have been highly anticipated by both the clin-
spinal disorders are leading causes of morbidity, resulting ical and scientific communities*®. The challenge in charac-
in substantial pain, disability and increased health care terizing cellular degeneration and ultimately accomplishing
costs’. The IVD comprises the highly hydrated nucleus pul- cellular regeneration begins with the identification of the
posus (NP), the surrounding multilaminar annulus fibrosus molecular phenatype of the cells that constitute the NP,
(AF) and the cartilaginous endplates. Pathophysiological The NP includes small cells commonly referred to as “chon-
avidence indicates that IVD degeneration starts in the NP, drocyte-like”, since they have a similar rounded morphology
where the concentration of proteoglycans and the synthesis and synthesize similar extraceliular matrix macromolecules
of type 1t collagen decrease™”. At the same time denatur- as articular chondrocytes. Currently, no refiable markers ex-
ation of type 1l collagen fibers and synthesis of type | colla- ist to distinguish NP cells from the chondrocytes from hya-
gen occurs”. As a consequence the NP loses its osmotic line cartilage. A cell population with the properties of
propesties and becomes fibrotic; the disc loses its ability articular cartilage (AC) would fail to restore the necessary
to transmit intervertebral forces and further degenerative function of the IVD because the requisite fluid properties
processes may occur. unique to the IVD would not be recreated. While the ratio
Regeneration of NP tissue in the early stages of degener- of proteoglycan to collagen shows a certain potential to sep-
ation may slow down or even reverse the degenerative pro- arate disc cells, recent research has focused on the clarifi-
casses and might possibly restore part of the degenerated cation of their molecular phenotype®. In a recent study, rat

NP cells were compared with cells from the AF and AC fis-
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(KRT19), as promcsmg candidates for NP cell characteriza-
tion”. Similar studies in the beagle dog revealed additional
potential NP marker molecules, including alpha-2-macro-
globulin  (A2M), cytokeratin-18 (KRT18), desmocomn 2
{DSC2), and neural cell adhesion molecule-1 (NCAM1)®.

However, considerable developmental, anatomical, and
hiochemical differences among species are likely to affect
the phenotypical characteristics of the disc cells®. In partic-
ular the presence of notochordal cells, which are regarded
to be remnants of the embryonic notochord, in the NP is
the cause of substantial inter-species variation. Mice, rats,
rabbits, and non-chondrodystrophoid dogs retain a predom-
inantly notochordal NP until adulthood and often throughout
life, whereas bovine, ovine and chondrodystrophoid dogs
closer resemble humans in that the number of notochordal
cells rapidly decreases after birth'®. Moreover, differences
in tissue size, oxygen and nutrient supply, and biomechan-
ical requirements are also likely to affect the molecular fea-
tures of the cells in the disc. As a consequence,
observations from animal discs will not necessarily apply
to human discs. Nevertheless, animal studies are indis-
pensable for screening purposes, since they allow investi-
gation of normal healthy tissues with larger sample size
and smaller inter-individual variability. Due to the fimited
availability of healthy and viable human IVD tissue, compre-
hensive screening is difficult in human individuals. The aim
of this study therefore was to evaluate the presence and
distribution of the molecules that were found to be differ-
ently expressed in disc and cartilage cell populations in var-
ious animal species in human disc cells. To account for
potential variations related to aging and degeneration, cell
and tissue samples from individuals of different age groups
and disc degeneration grades were examined.

Materials and methods
ISOLATION QF NP, AF, AND AC CELLS

The study was approved by the medical ethical committee of the University
Medical Center (UMC) Utrecht and the scientific committee from the Depart-
ment of Pathology of the UMC Utrecht. Eleven patients with no known history
of VD) disease were included in the study, Samples were oblained within an av-
erage of 17.5 h after death of the patient (range 6.25-23.0 ). The age of the
individuals ranged from 22 to 81 years (average 46 £ 20 years; median 43
years), and the average degree of disc degeneration, assessed according to
the Thompson score’ ', was 2.2 + 1.0 (median 2) (Table ). WD tissue was har
vested from segreents between L1 and L5 and was separaled into NP and AF
tissue. To exclude any contamination by AF fissue, anly the innermost part of

Table |
Patients included for gene exprossion analysis of NP, AF, and AC
cells. IVD tissue was harvested from discs between L1 and L5
and separated in NP and AF; AC was harvested from the patella
foint surface. Cartilage quality was macroscopically assessed and

the disc was hatvested 10 be assigned to NP lissue, whereas the ransition
zone, including part of the inner AF, was entirely excluded {rom analysis. This
is of particular importance for aged discs, where it can be difficult o clearly dis-
tinguish NP and AF tissues. AC was harvested from the patellae of the same
patients. Chondrocyles were extracted from full thickness cartilage which im-
plies mixed populations of superficial, middie and deep zone celis. Gene ex-
pression data thus represent an average cellular expression of target mRNA.

Tissue was cul into small pieces and cells were enzymatically isolated us-
ing sequential pronase {Roche) and type |l collagenase (Worthington Bio-
chemical} digestion with DNase l (Sigma) added fo prevent cell clumping.
AC and AF were treated with 0.2% pronase/0.004% DNase for 1h, then
with 200 U/mL collagenase/0.004% DNase over night. NP was treated with
0.2% pronase/0.004% DNase for 1h, then with 100 U/mL collagenase/
0.004% DNase for 8 h, stirring at 37°C in humidified atmosphere. After enzy-
matic isofation cell suspensions were filtered through a 70 ym cell strainer,
washed twice with Dulbecco’s Modified Eagles Medium, and lysed in TRI
Reagent {Molecular Research Center, Cinginnati, OH). Samples were stored
at - 80°C until RNA isolation.

RNA EXTRACTION AND REAL TIME RT-PCR

ANA was isolaled using a modified TriSpin method” . Briefly, bromo-
chioro-propane (Sigma) was added lo the lysate, phases were separated,
and ethanol (Merck) added to the aqueous phase. Total RNA was extracted
using the SV Total RNA Isolation System {(Promega), which includes an on-
column DNAse digestion, and eiuted in 100 i of RNase-free water. TagMan
reverse transcription reagents (Applied Biosysiems, Foster City, CA) were
used for cDNA synthesis. PCR was performed with an SDS 7500 reat time
PCR instrument using TagMan Gene Expression Master Mix {all from Ap-
plied Biosystems) and standard thermal conditions (10 min 95°C for polymer-
ase activation, followed by 45 cycles of 95°C for 158 and 66°C for 60 8).
Primer-probe systems, purchased as Gene Expression Assays, were from
Applied Biosystems. Genes that were previously found to be differentially ex-
prassed in NP compared to AF andior AC cells in me rat and/or shondrody-
strophoid dog were chosen for analysis (Tabie 1) '% Expression of target
genes was normalized o the 188 ribosomal BNA asg the endogenous con-
trol, Relative mRNA levels were calculated accordmg to the 2~della Ct)
method and presented as log(2) transformed values '

IMMUNOHISTOCHEMISTRY

For histotogicat analysis human VD tissue was oblained as part of a stan-
dard postmortem procedure, in which a section of the fumbar and thoracic
spine is removed for diagnostic purposes. IVD samples were stored in the
UMC Utrecht Biobank of the Depaniment of Pathology. Collection and anal-
ysis of the IVDs was approved by the medical ethical commitiee of the UMC
Utrecht and the scientific committee of the Deparment of Pathology of the
UMC Utrecht, Samples were obtained within a mean of 17.7 b alter death
of the patient, 95% within 24 h after death. Between death and tissue collee-
lion the deceased patients were kept at the mortuary at 4°C, From all pa-
tients the IVD between the fourth and fifth umbar veriebra (spinal motion
segment L4-L5}, inchuding the adjacent endplates, was obtained. The grade
of degeneration was scored ?’ three individual observers using the classifi-
cation of Thompson &f alt’, After individual scoring the values were
averaged; outliers, i.e., differences of more than 1 Thompson grade, were
re-evatuated by the mree observers at & consensus meeting.

The expression and localization of KRT19 and matrix gla protein {(MGP) in
VD tissue was evaluated in 41 human individuals aged between 3 and 86
years {average 47 25 years; median 51 years, Table Ul). Sagittal sfices
of the motion segments were fixed in formalin, decalcified with Kristensen’s
solution (50% formic acid and 68 g/l sodium formiate) in a microwave at

was without detectable changes for patients 1--9. Slighl degenera- Table i
tive changes were delected in patient 10, and signs of astecarthritis Gene expression assays used for real time PCR (from Applied
in patient 11 Biosysterns)
Patient number Age Gender Thompson grade Gene Assay code
1 22 M 1 AZM Hs_00183474_mt
2 25 M 1 cD24 Hs_00273561_s1
3 25 M 1 COMP Hs_00164358_m1
4 32 M 1-2 D8C2 Hs_(0245200_m1
5 40 M 2 GPC3 Hs_00170471_m1
& 43 M 2 KRT18 Hs_ 01820599 gH
7 48 M 2-3 KRT18 Hs_00761767_st
8 56 M 3 MGP Hs_00179899_m1
9 81 F 3 NCAM1 Hs_00169851_m1
10 72 M 4 PTN Hs_00383235_m1
1 81 F 3 ViM Hs_00185584_m1
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Table i
Immunohistochemical results obtained from IVD sections from the UMC Utrecht Biobank of the Dept. of Pathology. Only discs between the
fourth and fifth human lumbar vertebra (L4—L5) were assessed. Cells were classified according to their topographical position within the disc

tissue

Patient number Age Gender Thompson grade KRT19 MGP

NP NP IAF OAF EP AQA
1 3 F 1 e i - - &4
2 3 F 1 et N/A N/A N/A N7A N/A
3 6 F 1 - e ot 4 - N/A
4 14 M 1 B s R ot A Aot
5 14 F 1 A e ot b N/A
6 14 F 1 - - et - N/A
7 17 M 2 et - - e
8 18 M 1 ; N/A
g 19 F 1 - S ++ -
10 21 M 1 ER } 4
1 22 F 1 + - N/A -
12 25 M 1 - - - - o
13 35 F 2 oot + oot gt -
14 35 M N/A - o ol
15 36 M 2 ot + “+ N/A
16 38 M 2 - i - - - +
17 41 M 2 () o Add froieod
18 44 M 2 . - - - - -
19 47 F 3 - s - . -
20 51 F 2 - {+) - + - ++
21 51 F 2 {-+) 4 - +
22 54 F 4 {+) R - Fdd e N/A
23 57 M 4 A4 e B N/A
24 59 M 4 - A EXS N/A - N/A
25 60 M 5 ot ++ £ - b
26 62 F 2 - - - - - bt
27 62 M 5 ~ R bbb b Rk
28 63 M 3 o + - N/A
29 67 F 5 - ¥ N/A N/A N/A N/A
30 68 F 5 N/A N/A N/A + o4
31 70 M 4 - + - - -
32 71 M 3 - o - - N/A
33 72 M N/A ) (+) - - -
34 72 M 5 - b - bt +
35 73 F 3 - Aot o = -
36 74 F 3 - + - -
37 76 M 3 4 ek 4
38 76 F 5 + {+) - - R
39 80 F 5 - {*) s ot N/A N/A bt
40 82 F 4 - e - - - N/A
41 86 F 4 - - - - N/A

Grading scheme: {-+} = 1--2 positive cells; + = 34 positive cells; ++ = 510 positive cells; 4+ = =10 positive cells per field of view. Far
analysis a Zeiss Axioplan2 microscope equipped with a 20x objective {Neofluar) and a 10x ocular was used. IAF: Inner annulus fibrosus:
OAF: Outer annulus fibrosus; EP: Cartilaginous endplate; AOA: Attachment of ouler annulus fibrosus; N/A: not available. KRT19 positive celis
were only detected in the NP and in 2 cases of severe degenerative disc changes in the EP ().

150 W and 50°C for 6 h, dehydrated in graded ethano! series, and embed- Correlations between relative gene expression and age or disc degeneration
ded in paraffin'®. Sections were deparaffinized, treated with 3% hydrogen grade were determined using the Pearson correlation analysis. £ < 0,05 was
peroxide in methano! for 30 min and then with heated (95°C) citrate buffer considered as significant.

{10 mM sodium citrate, 0.05% Tween20, pH 6.0) for 20 min for antigen re-
trieval. Then they were blockad with 5% nomal horse serum for 1h, and
were incubated with mouse monoclonal anti-KRT19 antibody {clone A53-

B/A2; cat. no. EXB-11-120, Exbio, Praha, CZ) or mouse monoclonal ani- Results

MGP antibody (clone 52.1C5D; cat. no. ALX-804-512, Alexis Biochemicals,

Lausen, CH} at a concentration of 5 pg/mi over night at 4°C. Negative control GENE EXPRESSION

sections were incubated without primary antibody. Biotinylated secondary i
anti-mouse antibody (dilution 1:200; Vectastain ABC-kit Efite, cat. no. PK- in both the NP vs AF and the NP vs AC compatrisons,
6102, Vector Laboratodes, Buringame, USA) was applied, followed by pronounced gene expression differences were observed
ABC complex, and chromogen development using diaminobenzidine {DAB ;

Kit, cat. no. SK-4100, Veclor Laboratories, Burlingame, USA). Sections For KRT1S. Le\{els of KRT19 mRNA were Cons’tanﬂy h'gher
were counterstained with Mayer's haematoxylin. in the NP than in both AF and AC cells, although the extent

of up-regulation varied between individuals. NCAM1 ex-
pression was also increased in NP compared to AF and

STATISTICAL ANALYSIS AC cells, while the expression of A2M and DSC2 was
Ditferences in relative gene expression levels between paired NP and AF higher in NP than in AF cells and KRT18 expression was
and paired NP and AC were assessed by the Wilcoxon Signed Rarnks test. higher in NP than in AC cells. On the other hand, mRBNA

55



Osteoarthritis and Cartilage Vol. 18, No. 3 419
5 - 5 o
) B ° o
iz D S
40 = Lac .S 5
. o @ s
i @ g*? \.2./ /’,/
< - i : <7 o i
z 15 ??@ or .1 5 ©
& & v Y = s
g f i < L
g 20 [ §8 ;. . z P
g* ! % E E{ £ 8 ,,»"'“'/
‘g Py H * i3 -~
.25 i *aé °o °
) 40 .
430 - : 4
~ < s % - y
298522382888 20 a0 60 80
2 8§ z £ LIS age

Fig. 1. Relative mANA expression in human NP, AF, and AC cells,

Expression levels were normalized to 18S rRNA as the endoge-

nous control. *P « 0.05 in pair-wise comparison of NP with corre-
sponding AF or AC; N = 811,

expression levels of GPC3 and cartilage oligomeric matrix
proiein (COMP) were higher in the AF compared 1o the
NP, whereas COMP, MGP, and pleiotrophin (PTN) were ex-
pressed more highly in the AC than in the NP cells, No dif-
ferences in vimentin (VIM) and Cluster of Differentiation 24
antigen {CD24) expression were noted between NP and AF
or AC cells (Fig. 1).

While the KRT19 expression of AC and AF cells did not
change throughout age groups, its expression in the NP
cells showed a decrease with age (P = 0.032; Fig. 2). How-
ever, in spite of this decrease, KRT19 was still more highly
expressed in the NP compared to the AF and AC celis even
in older individuals. A correlation between age and gene ex-
pression in NP cells was also found for MGP mRNA, which
increased with increasing age (P = 0.003; Fig. 3). In the AF
cells, increasing levels of PTN mRNA were noted with aging
{P = 0.023; data not shown). The expression of MGP in NP

<125 .
a 3
Z 150 \‘“\ N
i © “‘\\ a
= T
I
X478 T
g
- © e o
e IS
~ 200 © ~0
g I
225 °
20 a0 &0 a0
age

Fig. 2. Relative mRNA expression for KRT19 in NP cells of 11 indi-

viduals between 22 and 81 years of age. Gene expression was nofr-

malized to the 18S ribosomal RNA. A decrease in the KRT19
expression level with increasing age is noted.

Fig. 3. Relative mRNA expression for MGP in NP cells of 11 individ-

uals between 22 and 81 years of age. Gene expression was nor-

malized to the 18S ribosomal BNA. An increase in the MGP
expression level with increasing age is noted.

cells was also positively correlated with the degree of de-
generation (P = 0.007). The relation between KRT19 level
in the NP and degeneration grade was found to be almost
significant (P = 0.061}. No association between age or de-
generation grade and the level of expression was detected
with any of the other genes analysed. However, in agree-
ment with previous reporis, there was a strong relationship
between age and degeneration grade of the disc
(P < 0.001).

IMMUNOHISTOCHEMISTRY

KRT19 was chosen for immunchistochemical analysis,
since this molecule showed most pronounced differences
between NP and AF or AC with respect to mRNA expres-
sion, whereas MGP was selected for analysis at the protein
level because of its apparent age- and degeneration-depen-
dent increase in the NP cells, which are of main interest in
this study.

In the NP of juvenile discs {<5 years of age), clusters of
large cells with a notochordal morphology were identified.
These cells were positive for KRT19 [Fig. 4{A}], while nei-
ther cells within the AF nor cells of the cartilaginous end-
plate revealed any positive labelling [Fig. 4(B), Table lli]}.
in the NP of young discs with Thompson score 1 but with-
out apparent existence of notochordal cells {age range
6--25 years), KRT19 positive cells were observed in 60%
{n=6/10) of the individuals. Labelling was located predom-
inantly intraceltular and was limited to a small number of
cells that had a somewhat chondrocytic appearance with
no morphological evidence of a notochordal cell phenotype
[Fig. 4(C, D)]. On the other hand, the majority of healthy
adult discs did not reveal any immunoreactivity for
KRT19 [Fig. 4(E)]. In two degenerate discs however {pa-
tients with sepsis), positive cells were detected adjacent
to fissures associated with degenerative changes of the
cartilaginous endplate [Fig. 4(G)]. These celis exhibited
a characteristic chondrocyte-like morphology, were located
at the border between carilaginous endplate and NP and
were not regarded as NP cells.

The number of MGP positive cells in general was higher
than the number of KRT19 positive celis, but non labelled
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B

Fig. 4. immunolabelling characteristics for KRT19, {A) Cells within the NP of a 3-year-old human female label positive for KRT19. (B} No

KRT19 positive cells are detected in the inner annulus of a 21-year-old male individual. (C) A group of KRT19 positive cells in the NP of

a 14-year-old male. (D) Small group of KRT19 positive cells from the NP of a 21-year-old male (same individual as in B). (E) NP of

a 47-year-old female with Thompson grade 3. No positive labelling can be detected. (F) Control from same individual as in E. (G) 72-

year-old male donor with disc degeneration grade 4. The image shows the edge of the NP region. The carilaginous endplate is at the bottom
of the image. Several KRT19 positive cells with a chondrocyte-like morphology can be detected. All scale bars = 100 um.

cells clearly constitute the largest cell fraction. However, in
juvenile and young adult discs positive cells could be de-
tected in the NP (Table iil). MGP positive cells were found
in distinct clusters of NP cells in young individuals [Fig. (A,
Bj]. In older more degenerated discs (grade 3 and higher)
positive cells were found adjacent to clefts and cracks
[Fig. 5{3}]. Furthermore, the outer AF was often immuno-
positive [Fig. 5(E}], with a decreasing intensity towards the
inner AF [Fig. 5(F}]. Labelling was limited to the cells and
to a very small portion of the pericellular matrix in theit im-
mediate vicinity. The cells and exiraceliular matrix of the
mineralized cantilage of the endplate often demonstrated
a positive reaction for MGP, especiaily at the tidemark
{Fig. B{G, H)l. The non-mineralized cartilage of the endplate
was always negative [Fig. 5(G. H)). The fibrocartitaginous
attachment of the outer AF frequently labelled positive
[Fig. 5.

Discussion

Degenerative changes occurring in the IVD have been
extensively described and mechanisms, including genetic
variations that may cause a predisposition to VD degener-
ation are being elucidated. However, the molecular profile
that characterizes the normal disc, and in particular the
NP cell is still unknown. Previous investigations have sug-
gested potential markers for VD celis and more specifically
for NP cells”®'*!7_ The present study is a further contribu-
tion to the identification of molecules expressed in human
disc cells. It was undertaken to validate potential NP marker
molecules identified by large scale gene expression

screening in the rat and dog for their potential use with hu-
man cells.

Looking at genes previously identified as markers for the
rat NP, the expression of KRT19 could be confirmed for hu-
man cells. However, a decrease in KRT19 expression with
age was noted in the NP, while the expression in AF and
AC remained constant. As KRT19 has also been associ-
ated with notochordal cells and chordoma, its expression
in healthy adult human NP cells may be unexpec«ed‘f’ ‘Q
Indeed, immunohistochemical analysis confirmed its pres—
ence in cells with a notochordal phenotype and further sup-
ported the suggestion of an age-dependent expression
pattern. At the protein level, KRT19 was barely detectable
in the NP after the third decade, although mRNA expression
was still clearly measurable. Possible explanations for this
finding may include differences in the detection limit be-
tween mRNA and protein expression, instability of the
mRNA, short protein half-life, or inhibition at the transla-
tional level.

In contrast to KRT19, the expression pattern of the other
genes that had been found to be expressed more highly in
the NP than in the AC in rat spemmens including CD24,
was not confirmed in human samples™'“, However, GPC3
and PTN expressaon profiles were similar to observations
in beagle dogs®. This might be related to the comparabie
development of the NP with respect to cell phenotype in hu-
man individuals and chondrodystrophoid dogs, which
clearly differs from the development in rats. Looking at the
genes evaluated for the beagle dog, the human samples
generally showed a similar expression pattern, with higher
levels of KRT18, A2M, and NCAM1 in NP vs AF and/or
AC. Besides KRT19, only NCAM1 was expressed more
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Fig. & Immunolabelling characteristics for MGP. (A) Cells within the NP of a 8-year-old human female label positive for MGP. (B) Group of
MGP positive cells in the NP of a 17-year-cld male. (C) Control from same individual and same region as shown in B. (D) Small group of MGP
positive cells from the NP of a 60-year-old male individual with disc degeneration Thompson grade 5. Note that the cells are forming a cluster
like structure in the neighbourhood of a fissure. (E) Outer and (F) inner annulus of a 35-year-oid female with Thompson grade 2. Several pos-
itive cells can be detected. The surrounding extraceiiular matrix is negative. (G) Endplate cartilage from a 72-year-old male with Thompson
grade 5. Note the strong positive labelling at the tidemark (arrow) and in the calcified cartilage. Cells in non-calcified carlitage are all negative.
{H) Endplate cartilage from a 35-year-old female individual with Thompson grade 2. The positive labeliing at the tidemark (arrow) is clearly
visible. Cartilage celis form clusters {*) but are all negative. {lj Fibrocartilaginous attachment of the outer annulus of a 35-year-old fernale in-
dividual (same as in H). The fibrocartilage cells are arranged in characleristic rows and label positive for MGP. Scale bar in G = 200 pm, al
other scale bars = 100 pm,

highly in NP than both AF and AC celis in this study.
NCAM?1 is an integral membrane glycoprotein that can reg-
ulate both cell—cell and cell—substrate interactions, primar-
ily through polysialic acid*®®', Although it is expressed
primarily in the nervous system, NCAM1 has been identified
in various tissues in the adult rat®>, In development NCAM1
plays a significant role in cell differentiation, including di-
verse functions in osteogenesis and chondrogenesis™.
However, the fact that NCAM1 was expressed at a low level
in all cell types analysed depreciates this molecule as a use-
ful marker for human NP celis.

The matrix protein COMP showed consistently lower ex-
pression in NP than in AF and AC celis in all species. This
differential expression of COMP in cartilage and disc adds
to earlier observations of variations in the relative amounts
of distinct matrix molecules in these two tissues®., While
COMP has been identified and localized in the IVD, its rel-
atively lower expression may reflect differences in the

mechanical properties between the NP and cartilage tis-
sues”. The main molecular functions of COMP include
binding other matrix proteins and catalyzing polymerization
of type 1t collagen fibrils. Furthermore, COMP is reported to
prevent vascularization of cartilage and this could also be
the case in the IVD tissues™.

Commonly, work that addresses the disc cell profile leads
to the conclusion that disc cells express a predominantly
chondrocytic phenotype®® 2%, Investigations on mature bo-
vine IVD cells agreed that NP cells produce more proteogly-
cans and less collagen than AF and cartilage cells, which is
consistent with the higher hydration of the NP tissue®“®. In
rat spinal units it was demonstrated that NP can be distin-
guished from adjacent tissues by the expression of proteins
that are synthesized in response to restriction in oxygen
and nutrient supply®’. Additional studies in the rat revealed
other potentially NP specific markers’ >, However, a major
disadvantage of using rat NP is the presence of cells with
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