HYPOXIC REGULATION OF NOTCH SIGNALING IN DISC CELLS

Protein extraction and Western blotting. Rat disc cells
were placed on ice immediately following treatment, and then
washed with ice-cold Hanks’ balanced salt solution. All of the
wash buffers and the final resuspension buffer included 1X
protease inhibitor cocktail (Roche), NaF (5 mM), and Na;VO,
(200 ). Nuclear or total cell proteins were resolved on
8-12% sodium dodecyl sulfate-polyacrylamide gels and trans-
ferred by electroblotting to PVDF membranes (Bio-Rad).
The membranes were blocked with 5% nonfat dry milk in
TBST (50 mM Tris, pH 7.6, 150 mM NaCl, 0.1% Tween 20)
and incubated overnight at 4°C in 3% nonfat dry milk in TBST
with anti-Notch-4 antibodies (1:600; Santa Cruz Biotech-
nology), anti-Jagged-1 antibodies (1:1,000; Cell Signaling
Technology), anti-Hes1 antibodies (1:500; Santa Cruz Biotech-
nology), or anti-B-tubulin antibodies (1:2,000; Developmental
Studies Hybridoma Bank). Immunolabeling was detected
using an enhanced chemiluminescence reagent (Amersham
Biosciences).

Immunofiuorescence microscopy. Rat disc cells were
plated in flat-bottomed 96-well plates (5 X 10%well) and
cultured under hypoxic conditions for 24 hours. After incuba-
tion, cells were fixed with 4% paraformaldehyde, permeabil-
ized with 0.2% Triton X-100 in PBS for 10 minutes, blocked
with PBS containing 5% FBS, and incubated with antibodies
against cleaved Notchl (1:200; Cell Signaling Technology),
Notch3 (1:200), Notch4 (1:100), or Hes1 (1:100) (the latter 3
from Neuromics), at 4°C overnight. As a negative control, cells
were reacted with isotype IgG under similar conditions. After
washing, the cells were incubated with an Alexa Fluor 488-
conjugated anti-mouse secondary antibody (Invitrogen), at a
dilution of 1:50, for 1 hour at room temperature. Cells were
imaged using a laser scanning confocal microscope (Olympus
Fluoview).

Transfections and dual luciferase assay. Rat disc cells
were transferred, one day before transfection, to 24-well plates
at a density of 4 X 10* cells/well. To investigate the effect of
Notch-ICD overexpression on CBF1 and Hesl promoter ac-
tivity, cells were cotransfected with Notch-ICD (100-300 ng),
or appropriate backbone vector, along with 300-350 ng CBF1
or Hes1 reporter and 300-350 ng pRL-TK plasmid. To mea-
sure the effect of hypoxia on Notch signaling, cells were
transfected with 500 ng of 12xCSL or CBF1 reporter plasmids
along with 500 ng pRL-TK plasmid; in some experiments, cells
were treated with the Notch inhibitor 1685458 (4 u; Sigma).
Lipofectamine 2000 (Invitrogen) was used as a transfection
reagent. For each transfection, plasmids were premixed with
the transfection reagent.

Within 48-72 hours after transfection, the cells were
harvested and a dual luciferase reporter assay system (Pro-
mega) was used for sequential measurements of firefly and
Renilla luciferase activities. Quantification of the luciferase
activities and calculation of relative expression ratios were
carried out using a luminometer (TD-20/20; Turner Designs).
At least 3 independent transfections were performed, and all
analyses were carried out in triplicate.

Assessment of cell proliferation by MTT assay. To
measure disc cell proliferation, an MTT assay was carried out
as described previously (5). Briefly, after treatment of the rat
disc cells, MTT diluted in serum-free DMEM was added to the
culture medium, to a final concentration of 0.5 mg/ml. At the
end of the incubation period (2 hours at 37°C), the medium
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was removed, and the precipitated formazan crystals were
solubilized in dimethyl sulfoxide. Product formation was mea-
sured by reading the absorbance at 560 nm, using a microplate
reader (Tecan; Spectra Flour Plus).

Analysis of cell cycle. Following treatment of the rat
annulus fibrosus cells, a single-cell suspension was prepared
from cell cultures and fixed in ice-cold 70% ethanol for 1 hour.
Cells were washed and resuspended in PBS with 5% FBS, and
then incubated with 50 M propidium iodide for 30 minutes at
37°C. Analysis of the cell cycle was conducted using a Coulter
Epics XL-MCL system, with results analyzed using the XL
System II software.

Statistical analysis. All measurements were performed
in triplicate. Results are presented as the mean * SEM.
Differences between groups were assessed by analysis of
variance. P values less than 0.05 were considered statistically
significant.

RESULTS

Transverse sections of skeletally mature rat discs
were stained with antibodies to Notch-4 (Figure 1A).
Notch-4 was observed to be present in cells of the
annulus fibrosus and nucleus pulposus. Staining was
evident in the plasma membrane and cytosol, as well as
nucleus (Figure 1A).

Expression of select Notch pathway proteins in
the rat disc tissue was studied using Western blot
analysis. As shown in Figure 1B, the rat nucleus pulpo-
sus and annulus fibrosus tissue expressed Notch-4,
Jagged-1, and Notch target gene Hesl. Expression of
Hesl was most prominent in the nucleus pulposus
(Figure 1B), while that of Jagged-1 was higher in the
annulus fibrosus.

To further examine the expression of different
Notch receptors and ligands in the disc tissue, messenger
RNA (mRNA) expression in the annulus fibrosus tissue
was analyzed by RT-PCR (Figure 1C). We observed
expression of mRNA for the Notch ligands Jaggedi,
Jagged2, and Deltal and Notch receptors 1-4. However,
expression of Delta3 was undetectable. Nucleus pulpo-
sus tissue elicited a similar pattern of ligand and recep-
tor mRNA expression (results not shown).

In parallel, we measured the relative mRNA
expression of Notch receptors in primary cells of the
annulus fibrosus and nucleus pulposus. As shown in
Figures 1D and E, a raised expression of Notch2, when
compared with the other receptors, was observed in both
cell types. Moreover, in annulus fibrosus cells, expres-
sion of Notch3 was higher than that of Notchl and
Notch4. Immunofluorescence analysis confirmed that
Notchl, Notch3, and Notch4, as well as Jaggedl, were
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Figure 1. Expression of Notch receptors and ligands, as well as Notch
target gene Hesl, in rat intervertebral discs. A, Transverse sections of
disc tissue from mature rats were treated with anti-Notch-4 antibodies,
and expression of Notch-4 was detected in cells of the nucleus pulposus
(NP) and annulus fibrosus (AF) (arrows). Original magnification x 20.
B, Expression of Notch-4, Jagged-1, and Hes1 was assessed in NP and
AF tissue by Western blotting; anti-f-tubulin was used as a positive
control. C, Expression of select Notch ligands (Jagged1 [J1], Jagged2
[32], Deltal, and Delta3) and Notch receptors (N1-N4) was assessed in
AF tissue by reverse transcription—polymerase chain reaction (RT-
PCR). D, Messenger RNA expression of the 4 Notch receptors was
assessed in primary cells of the AF (left) and NP (right) by real-time
RT-PCR. Values for Notch2-Notch4 are expressed relative to that of
Notchl and are the mean * SEM results from 3 independent
experiments. * = P < 0.05. NS = not significant. E, AF and NP cells
were assessed by immunofluorescence analysis for the expression of
Notch3, Notchd, and Jaggedl, as well as cleaved Notchl (Notchl-
intracellular domain [N1-ICD]). Original magnification X 20.

expressed in annulus fibrosus and nucleus pulposus cells
(Figure 1F).
We also examined the relationship between ex-
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pression of Notch receptors in disc cells and the oxemic
status of the cells. As shown in Figure 2A, when annulus
fibrosus and nucleus pulposus cells were cultured under
conditions of hypoxia for 8 hours, Notchl mRNA was
induced. In contrast, Notch2 mRNA expression was
elevated with hypoxia in nucleus pulposus cells only
(Figure 2B). With regard to Notch3 mRNA, expression
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Hypoxic regulation of Notch receptor expression in rat disc
cells. A-D, AF and NP cells were cultured under conditions of hypoxia
(Hx) for 8 or 24 hours, or under normoxic (Nx) conditions, and the
response to hypoxia was assessed by real-time reverse transcription—
polymerase chain reaction analysis of mRNA expression for Notch
receptors Notchl (A), Notch2 (B), Notch3 (C), and Notch4 (D).
Values are the mean = SEM results from 3 independent experiments.
# = P < (0.05. E and F, Notch-4 protein expression under conditions of
hypozxia, or under normoxic conditions, was assessed in AF and NP
cells by immunofluorescence analysis (after 24 hours of hypoxia) (E)
and Western blotting (after 8 and 24 hours of hypoxia) (F). Anti-B-
tubulin was used as a positive control in Western blots. Original
magnification X 20. See Figure 1 for other definitions.
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was induced by hypoxia in annulus fibrosus cells but not
in nucleus pulposus cells (Figure 2C). Finally, expression
of Notch4 mRNA was induced by hypoxia in both cell
types (Figure 2D).

To determine whether there was a concomitant
elevation in Notch-4 protein expression associated with
the oxemic status, the cells were evaluated by immuno-
fluorescence analysis and Western blotting. In both cell
types, there was an increase in Notch-4 expression in the
hypoxic cultures, as indicated in Figures 2E and F.
Protein expression was maximally elevated at 8 hours
and returned to baseline levels by 24 hours in annulus
fibrosus cells, while in nucleus pulposus cells, protein
expression remained elevated up to 24 hours.

We then examined the effect of hypoxia on
mRNA expression of the Notch ligands Jaggedl and
Jagged2 in disc cells. As shown in Figure 3A, under
conditions of hypoxia, there was induction of Jaggedl
mRNA in annulus cells but not in nucleus pulposus
cells. In contrast, in both annulus fibrosus and nucleus
pulposus cells, Jagged2 mRNA expression was highly
sensitive to hypoxia (Figure 3B). In both cell types,
mRNA  expression remained elevated for the first 8
hours; in annulus fibrosus cells, mRNA expression re-
turned to baseline levels by 24 hours. In addition, the
effect of hypoxia on Jagged-1 protein expression was
examined in annulus fibrosus cells by Western blotting
(Figure 3C) and immunofluorescence microscopic ana-
lysis (Figure 3D). In the hypoxic environment, a signif-
icant increase in the levels of Jagged-1 protein was seen
(Figures 3C and D).

To further evaluate the relationship between
Notch signaling and oxygen tension, we measured the
expression of Notch target gene Hes1 in the rat disc cells
under normoxic and hypoxic conditions. In annulus
fibrosus cells, expression of Hesl mRNA was induced
after 8 hours of hypoxia and returned to baseline levels
by 24 hours (Figure 3E). In contrast, in nucleus pulposus
cells, Hes1 mRNA expression was insensitive to hypoxia.
Western blot analysis showed that Hes-1 protein expres-
sion was also elevated in hypoxia, and stayed high in
annulus fibrosus cells under hypoxic conditions for 24
hours (Figure 3F). As expected, Hes-1 protein expres-
sion in nucleus pulposus cells remained unchanged
(Figure 3F).

To investigate whether Hesl responds to Notch
signaling, we cotransfected annulus fibrosus cells with a
Notch-ICD expression plasmid, and then measured
Hesl promoter activity. Induced overexpression of
Notch resulted in increased Hesl promoter activity
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Figure 3. Hypoxic regulation of Notch ligand expression in rat disc
cells. A and B, AF and NP cells were cultured under conditions of
hypoxia (Hx) for 8 or 24 hours; or under normoxic conditions (Nx),
and the response to hypoxia was assessed by real-time RT-PCR
analysis of Jaggedl (A) and Jagged2 (B). mRNA expression. C and D,
Jagged-1 protein expression under condmons of hypoxia, or under
normoxic conditions, was assessed m ‘AF and’ NP cells by Western
blotting (after 8 and 24 hours) (C) and immunoflucrescence ana-
lysis (after 24 hours) (D). Anti-p- “tubulin: was used as a positive
control in Western blots. Ongmal magmﬁcat:on X 20. E and F,
The effect of hypoxia on Hesl gene expression and promoter ac-
tivity was assessed in AF and NP cells cultured for 8 or 24 hours
under conditions of hypoxia; or under normox1c ‘conditions, using
real-time RT-PCR analysis of Hesl mRNA expression (E) and
Western blotting of Hes:-1 protein expression, with anti—B-tubulin
used as a positive control (F). G, AF cells were. cotransfected with
a Hesl reporter (~— 194/+160 bp) along. with increasing doses of
Notchl-intracellular domain (N-ICD), and Hesl reporter activity
was ‘measured  under normoxic and hypoxic conditions. Values in
A, B, E; and G are the mean * SEM results from 3 independent
experiments. * = P < 0.05. See Figure 1 for other definitions.
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Figure 4. Effect of hypoxia on Notch signaling activity. A and B, The
12xCSL reporter (A) or CBF1 reporter containing a wild-type (W) or
mutant (M) RBPJ«x motif (B) was transfected into rat annulus fibrosus
cells along with pRL-TK vector. Cells were cultured for 24 hours under
normoxic conditions (21% O,) (Nx) or hypoxic conditions (1% O,)
(Hx), and some cells were treated with y-secretase inhibitor 1685458
(4 uM), and luciferase reporter activity was measured. C and D, Rat
annulus fibrosus cells were cotransfected with wild-type (WT) (C) or
mutant (MT) (D) CBF1 reporters along with increasing doses of
Notch1-ICD, and reporter activity was measured under normoxic and
hypoxic conditions. Values are the mean * SEM results from 3
independent experiments. = = P << 0.05. See Figure 1 for other
definitions.

under conditions of normoxia, and led to an even greater
level of Hesl promoter activity in the hypoxic state
(Figure 3G).

We next evaluated the effect of hypoxia on the
activity of the Notch-responsive reporter 12xCSL and
Notch target gene CBF1 in annulus fibrosus cells (Fig-
ures 4A and B). Hypoxia significantly induced 12xCSL
reporter activity. Moreover, induction of reporter activ-
ity was completely blocked by the y-secretase inhibitor
1.685458. Similarly, hypoxia increased CBF1 promoter
activity, and this was also significantly blocked by inhib-
itor treatment.

A CBF1 promoter harboring a mutation in the
Notch-interacting RBPJ« site is insensitive to both hyp-
oxia and L685458 treatment. To further validate that
CBF1 promoter activity is responsive to Notch signaling,
we cotransfected annulus fibrosus cells with a plasmid
encoding the Notchl-ICD. This plasmid significantly
increased wild-type CBF1 promoter activity, under both
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normoxic and hypoxic conditions (Figure 4C). The stim-
ulatory effect of Notch-ICD on CBF1 promoter activity
was evident in cultures with 100 ng of plasmid, and the
effect was further enhanced when the concentration of
plasmid was increased to 300 ng (Figure 4C). Moreover,
the inductive effect was more pronounced in a state of
normoxia. As expected, mutant CBF1 promoter activity
was unresponsive to Notch coexpression (Figure 4D).
We also examined the relationship between
Notch signaling and proliferation of annulus fibrosus
cells. Treatment with y-secretase inhibitor L685458 re-
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Figure 5. Role of Notch signaling in controlling AF cell proliferation.
A, AF cells were cultured under normoxia (Nx) or hypoxia (Hx), with
or without y-secretase inhibitor L685458 (4 uM), for 24-48 hours, and
cell proliferation was measured by MTT assay. B, The cell cycle of AF
cells treated with or without 1685458 was determined by flow cytom-
etry, with results expressed as the percentage of AF cells in G0/G1
phase or S phase. Values in A and B are the mean :: SEM results from
3 independent experiments. * = P < 0.05. C-E, Messenger RNA
expression of Notch receptors Notchl and Notch4 (C), Notch ligands
Jaggedl and Jagged2 (D), and Notch target gene Hesl (E) was
assessed by real-time RT-PCR in multiple human AF tissue samples in
varying degrees of degeneration (Thompson grades 2-5 [G2-GS5])
compared with normal controls (N) (controlsn =2, G2n = 5,G3n =
4, G4 n = 3, G5 n = 3). The mean expression of mRNA in normal
control samples was set at 1.0 (horizontal line). See Figure 1 for other
definitions.
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Figure 6. Role of Notch signaling in controlling NP cell proliferation.
A, NP cells were cultured under conditions of normoxia (Nx) or
hypoxia (Hx), with or without y-secretase inhibitor L685458 (4 M),
for 2448 hours, and cell proliferation was measured by MTT assay.
Values are the mean = SEM results from 3 independent experiments.
# = P < 0.05. B-D, Messenger RNA expression of Notch receptors
Notchl and Notch4 (B), Notch ligands Jaggedl and Jagged2 (C), and
Notch target gene Hesl (D) was assessed by real-time RT-PCR in
multiple human NP tissue samples in varying degrees of degeneration
(Thompson grades 2~5 [G2-G5]) compared with normal controls (N)
(controlsn =1,G2n =3,G3n=4,G4n =7, G5n = 4). The mean
expression of mRNA in normal control samples was set at 1.0
(horizontal line). See Figure 1 for other definitions.

sulted in a significant suppression of annulus fibrosus
cell proliferation under both normoxic and hypoxic
conditions (Figure 5A). With the use of flow cytometry,
we determined whether the cell cycle status was affected
by 1685458 treatment. The number of annulus fibrosus
cells in S phase was significantly decreased after treat-
ment with the inhibitor (mean = SEM 6.7 = 2.8%) when
compared to the number of untreated control cells in S
phase (mean * SEM 19.25 = 4.4%) (Figure 5B). In
contrast, there was a greater accumulation of cells in
GO/G1 phase after treatment (mean = SEM 81.10 =
3.3%) as compared to control cells left untreated
(mean = SEM 63.4 = 2.9% in GO/G1 phase).

Finally, we evaluated the expression of select
Notch receptors, ligands, and the target gene Hesl in
Thompson-graded degenerated human annulus fibrosus
tissue (Figures 5C-E). Results of real-time RT-PCR
analysis showed that there was a trend toward an
increase in expression of Notchl and Notch4 mRNA
(Figure 5C) in degenerated human disc tissue when
compared to normal controls. Similarly, both Jaggedl
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and Jagged2 mRNA exhibited a similar trend in expres-
sion in degenerated disc tissue (Figure 5D). Hesl
mRNA expression was also responsive to degeneration,
as indicated by a higher mRNA expression level at the
earlier Thompson stages (grade 2 and grade 3) (Figure
SE). Not surprisingly, there was a considerable between-
patient variation within the same grade.

We also examined the role of Notch signaling in
regulating proliferation of nucleus pulposus cells. Simi-
lar to the effects on annulus fibrosus cells and irrespec-
tive of the oxemic tension, 1685458 treatment resulted
in a significant inhibition of the proliferation of nucleus
pulposus cells (Figure 6A).

Finally, we measured the expression of Notch
receptors, ligands, and Hesl in graded degenerated
human disc tissue from the nucleus pulposus (Figures
6B-D). Results of real-time RT-PCR analysis showed
that there was a trend toward an increase in mRNA
expression of Notchl and Notch4 (Figure 6B) and
Jaggedl and Jagged2 (Figure 6C) in degenerated human
disc tissue when compared to normal controls. Similarly,
there was a trend toward an increase in the expression of
Hes1 mRNA in the degenerated nucleus pulposus (Fig-
ure 6D). As in the degenerated tissue of the annulus
fibrosus, a considerable between-patient variation in
mRNA expression was observed in the degenerated
nucleus pulposus, among tissue of the same Thompson
grade.

DISCUSSION

The basis for the studies described herein is that
progenitor cell populations are present in the hypoxic
tissue of the intervertebral disc (10). Accordingly, it
would not be unreasonable to assume that the commit-
ment of these cells into functioning cells of the annulus
fibrosus and nucleus pulposus is dependent on the highly
conserved, hypoxia-sensitive Notch signaling pathway
(14,15,21). The present study revealed that there is a
hypoxia-dependent increase in expression of specific
Notch ligands and receptors and a concomitant increase
in Notch signaling activity. In addition, we found that
hypoxia induces expression of Hesl, the Notch target
gene that is associated with maintenance of the undif-
ferentiated state and determination of cell fate (22,23).

Accordingly, as has also been observed in articu-
lar cartilage, the hypoxic status of the disc may serve to
conserve cell number and maintain the differentiated
state of the cells by regulating Notch signaling activity
(18). Our results showed that there is an increase in
levels of Notch signaling proteins in degenerated human
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disc tissue; however, the response is probably insuffi-
cient to maintain cell numbers and preserve the differ-
entiated state of the cells. This observation could explain
why there is a gradual age-dependent loss of cells and a
decrease in the ability of resident cells to mount a
reparative response.

In this study, we examined the expression and
localization of Notch receptors and ligands in the inter-
vertebral disc of skeletally mature animals. Both annulus
fibrosus and nucleus pulposus tissue expressed Notch
receptors (Notch-1-Notch-4) and ligands (Jagged-1,
Jagged-2, and Delta-1). The observation that there was
robust expression of the Notch target gene, Hesl, indi-
cated the presence of an active Notch signaling pathway
in the disc, a notion supported by the plethora of
receptors and ligands that were present in both tissue
types; a similar spectrum of receptors and ligands has
been observed in cartilage (24). Consistent with this
observation, although the study focused on defining
components of the signaling pathway in specific tissues
of the intervertebral disc, it would not be surprising to
find that ligands from the inner annulus are associated
with Notch receptors in the nucleus pulposus; likewise,
ligands in the nucleus would serve to activate Notch
signaling pathways in the annulus fibrosus. This interac-
tion would be consistent with the notion that the disc
itself represents an environmental niche that serves to
integrate the functional activities of each of the compo-
nent tissues (1).

There were marked differences in the pattern of
expression of Notch receptors and ligands in the disc.
While Notch2 mRNA transcript levels were elevated in
both the annulus and the nucleus pulposus, Jagged-1
protein levels were significantly greater in the annulus
than in the nucleus pulposus. In both tissues, Notch1 and
Notch4 reporter expression was responsive to the level
of Po,. In nucleus cells, Notch reporter expression was
increased with hypoxia.

To examine the premise that hypoxia influences
Notch signaling activity, the Notch-responsive reporters
12xCSL and CBF1 were utilized. Our results showed
that there was increased activity of both reporters under
hypoxic conditions. Moreover, reporter activity was
completely inhibited when the hypoxic cells were treated
with the y-secretase inhibitor 1.685458. We confirmed
the involvement of the signaling pathway using a re-
porter with a mutation in the CSL-binding site. In this
case, hypoxic induction of Notch reporter activity was
completely blocked. Results of these experiments lend
direct support to the hypothesis that hypoxia promotes
Notch signaling in disc cells. This result is consistent with
observations of activation of Notch signaling in stem
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cells and other cell types (16,17) and confirms previous
findings showing that the Notch signaling pathway is
responsive to hypoxia (14,15,21). Of note, since disc cells
function in vivo in a low oxemic environment, it is likely
that hypoxia is a key factor regulating the activity of this
pathway (14,15,21,25).

In addition to the effects of hypoxia on Notch
ligands and receptors, we noted that there was a
hypoxia-dependent increase in Notch target gene activ-
ity. This finding suggests that in disc cells, Hesl expres-
sion is regulated in a hypoxia-dependent manner. It
should be noted that in many types of tissue, Hesl is
considered to be a key regulator of differentiation
(23,26). Hesl is expressed by almost all undifferentiated
cells and is required for the maintenance of this pool of
cells. The observation that a progenitor cell pool is
present in the disc, even in degenerated disc tissue (10),
adds credence to the view that the hypoxic state en-
hances the activity of this powerful repressor of differ-
entiation (23,26). Not surprisingly, the response of disc
cells to HIF is markedly different from that of myogenic
C2C12 cells (7,9,27). In stem cells and many cancer
cells, HIF-1 interacts with the Notch coactivator
Mastermindlike-1 to increase Hes-1 promoter activity
(25). Possibly, in the disc, HIF-1o: may promote recruit-
ment of the Notch-ICD to the CSL-binding motifs in the
Hes1 promoter (15). While the mechanism by which this
type of regulation is achieved is still under examination,
functionally, it is more than likely a reflection of the
normative environment of hypoxia in the disc.

Although regulation of Notch activity may be
tissue specific, the signaling pathway has been shown to
modulate cell proliferation and differentiation, as well as
self renewal (18,22,23,26). To determine whether the
Notch pathway regulates disc cell number, we evaluated
nucleus pulposus and annulus fibrosus cell proliferation
under normoxic and hypoxic conditions. In both cases,
when treated with a vy-secretase inhibitor, a marked
decrease in proliferation was observed. We reasoned
that this suppressive effect would account for the de-
crease in cell number that characterizes degenerated
human disc tissue (11-13).

Based on this observation, we evaluated major
components of the Notch signaling pathway in cells of
human discs in varying degrees of degeneration. While
the number of control tissue samples was very limited
(due to practical difficulties in acquiring normal human
discs), measurement of mRNA expression levels sug-
gested that as the tissue became degenerated, there was
a rise in expression of Jaggedl and Jagged?2 and possibly
Notch4 and Hesl. Our results are consistent with those
of a recent study that showed increased expression of
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Notchl, Jaggedl, and Hes5 in osteoarthritic cartilage
(28). One explanation for the increase is that it possibly
represents a compensatory response by resident cells to
replace the lost or nonfunctional cells. Indeed, in the
disc, as well as cartilage, a clonal proliferative response
is a hallmark of degeneration (29-31). In both tissues,
aside from the effects of hypoxia, other regulatory
elements, including elevated signaling through the trans-
forming growth factor f/Smad3 and Wat/B-catenin path-
ways, are likely to modulate Notch pathway activity
(32-35). Thus, although some increase in the levels of
Notch signaling proteins may occur, the dysregulated
response is insufficient to mount a complete functional
recovery and restoration of cell numbers in the tissue.

In terms of pursuing therapeutic strategies, it
should be possible to promote tissue repair by 3 different
approaches. First, specific ligands and receptors of the
Notch signaling pathway may be manipulated to reacti-
vate the surviving endogenous progenitor cells to pro-
mote their proliferation and subsequent commitment to
the annulus fibrosus and nucleus pulposus cell pheno-
type. Second, molecules, such as the numb protein, that
antagonize Notch signaling activity may be targeted in
disc progenitor cells (36). Finally, the oxemic status of
the intervertebral niche may be restored using redox-
sensitive agents.
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Clinical Image: Development of miliary tuberculosis following one intraarticular injection of etanercept

The patient, a 14-year-old boy with juvenile spondylarthritis, presented to our clinic with a 10-month history of active arthritis in his
right knee joint as well as swelling of his heel. The arthritis was refractory to treatment with a combination of nonsteroidal
antiinflammatory drugs, sulfasalazine, and a corticosteroid. After we confirmed that the results of a purified protein derivative
(PPD) skin test and serum antitubercle bacilli antibodies (using TB-CHECK-1) were negative, a single 25-mg dose of etanercept
was injected into his right knee, which resulted in rapid and dramatic improvement of the knee arthritis. Four weeks later, he
developed fever (maximum temperature 39°C) and malaise. High-resolution computed tomography (HRCT) of the chest showed
innumerable tiny, well-defined, miliary nodules throughout the lungs, pleural surfaces, and bronchovascular structures, which was
suggestive of acute miliary pulmonary tuberculosis. Although sputum culture results were negative for Mycobacterium tuberculosis,
the results of repeat PPD skin test and tests for tuberculosis antibodies were all positive. The patient was treated with a combination
of rifampin, isoniazid, and pyrazinamide. The fever resolved after 2 weeks, the miliary nodules had nearly disappeared on repeat
HRCT of the chest 3 months later, and the patient completed 1 year of antituberculosis therapy without incident.

Sheng Guang Li, MD
Chinese People’s Liberation Army General Hospital
Beijing, China
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An innovative disc repair for the degeneration
Joji Mochida
Department of Orthopaedic Surgery, Surgical Science,
Tokai University School of Medicine

Abstract
Experimental studies in various animals showed that using a coculture system with
direct cell-to—cell contact with mesenchymal stem cells(MSCs) significantly upregulated
the biological activity of nucleus pulposus (NP) cells. Activated NP cells can be reinserted
into the disc to inhibit intervertebral disc degeneration. In human cells, the positive effects
of the coculture system with direct cell—to—cell contact seen in animal studies were also
evaluated and cell proliferation, DNA synthesis, and PG synthesis were significantly

upregulated. Chromosome abnormalities and tumorigenesis were not observed in the
activated NP cells. Then the authors have started the specially designed clinical trial under
the control of Ministry of Health, Labour and Welfare and now post operative follow—up

has been continued with expected good outcome.

Key words: disc repair, mesenchymal stem cell, nucleus pulposus cell, coculture,

clinical trial
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Metabolism and biology of the intervertebral disc——Introduction of disc repair with cell therapy

FHZES
Joji MocHIDA
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b3 EEEET 2EEZ2 LS, BfEOEENZE AL, B R SLE R EME D BB AR DL
FOLEERBEREL LTV, EEROEES AT 2% 10 R E TORFEHERRZ B CHERR A
LRFEUEEORT, ZFREOBE BFiEed I MERES A SN WEREHEAL Tw 3,
OWFIARZF| &I L, L OEBEEBHEIC HERIR N~ DRBE A L EFEYOEH L v ) 3
oMo THL, EBEO—XE - ZXNEROS PR, MR L BT 3 R THEARER O EEE
C DEADIBMHEMERIAR SR I L > CBI BRI TiFbhiTws, BERIKYZ DIEEER 2 o0
T3, HREROEME: Z0MEOEFE2HES 2 SELRLREREINBY,
FOBEIZEDDTRE G, Holm? 2 X 1V IEHERIAR O of 8 D EESE 4 FE 1%
03~1%Hi% L E L CEMETH b, AFEY IIFEE
- HERSIR DEAEE RE L EERB OV DB 2 0 mEMIGIRE IS
MR D REE X BBk T H 5. B (nucleus bbbt L#E L%k, £7, Risbud 5
pulposus), M #E#s (annulus fibrosus), ¥KE &K 1% hypoxia induced factor-1a 7 £ OERMEE R T
(cartilage endplate) 2> SRR X NLTE Y, FMEwIT v —h—% b OMENEEE T LIS NI LR
JBE % B EMATICZ L, AR MEIME L, EERESE CERT 2 HEERFLEOMED
Tk %, WERMEORER Y EZICAHELZES BEAERZHRE LY,
D3\, BEREHIIEIZ EE T 5 BB O HEROSEE
BRIV B A, TRF A2 A (PG)DHES o HERSIRAREI DI
EKBIZEDALID, ARETIIMERINZ M O initial trigger TH D, £
7 L BAEFED Y —7 v b &k B

540 | EEDQHPIH+ Vol 236 No. 5 2011. 1. 29

75



BOIGHERR IO\ CERICEER T 5.

BaAZAnE I 10 FR¥E1E F I3 B RMAE (notochor-
dal cell), BR'BBRFNE (chondrocyte-like cell), fiE

= 4 BB 0 B (fibroblast-like cells) 72 & IR o B
s 2B DM SR S, £ D 20 REIE T
BRMIEOERINE L, EEMRME#EMm L <
(T4 FAxE; 218).

RNBERZ R I BERZ AR & 2 O EE & L
TOPG IEZFE Lad—F vl Lkagh
SRERL S, F9 8 EAUKDTH B, Zhid PG
DhazEchreriavig aviraf gy
e, 798 ViRl EPBEERERZ B S 20
THD, Mgk ko TN a g -7 v s
L, 2R ONMENEED PG & L EKEDH
HLTL B,

AR B o B 5% 2 (monoculture) T 13§ 827
AR ORI D 720 %3, TR L 72 =
RIGHBFRIC L > THEZE T 2/MasssEmL,
R PHERTEDL L)kt Dk
B LS ERMEERCH 3RO ARI D
PR IN, HMEORER - IREA 2 ) 2T
RELHEE 72> 7% (1),

AR - BAEZHMET 2 9 2T, &E
IR TP HERE E R I X 2B OENEE

e,

TH5, ZRUBEER EOFFHEOEAICL -
T, o OWERTEEIZMIE O #E5EE & PG

ARG T 2 Z LB L TE TS, TGF-
B (transforming growth factor-8), IGF- I (insulin

SRR DT

BERZABEODISIRIFBE S DM S NTULVRLY. 10 B3-S
F CFEZMBE (notochordal cell), EUE AT (chon-
drocyte-like cell), #R#E ZF #H A3 4% # B2 (fibroblast-like
cells) IF EMIRDERFDEHOMEN DB ET, ZD
FREBG=RITIBEDFREIC L > THBICE > TE.
RO ZR T MEXRE Y —H—bRR(CEAES
NTVELY. ELI[CEERMIETIE RSSO DS,
EEDFERICK > THRETDEREY—H—DHELD,
BESN/CHIROFHRD D X TREFEZ/E > TL)
D. RAMETEDLEZ S DMENASEND T EHE
DD FEYZNFETHONCIHESTETLD,
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ZRTHEEL, A0 L =& MR
HEBLEBE oL EBRokBREERVITR SN
T3,

= 1

like growth factor-1), PDGF (platelet derived
growth factor), EGF (epidermal growth factor),
BMP (bone morphogenetic protein 2, 4, 7(OP-1)),
FGF (fibroblast growth factor) 7z &3 % ORFETH
503, JERIFNED & KENCE 2 EREY L i3k
ROBIKREL EES LINTEXLE b ORI Z A
WTRILB T, B SEE: & RO R 38
SPITENTWBY Fi, HERIHA OB 1Z
MMP (matrix metalloproteinases)1, 2, 3 % TIMP
(tissue inhibitor of metalloproteinase), cathepsin
D, K2EWHEETZZEHHBAL TwE, X
WHERIAGIIE D 7 B b —> ANDBEE DB L 5
FEEHIN T3,

—75, BUZAIEO Y EREEDSE WV 2 L0
MAELTEONTWE, L, BERAERIL NG
EHOBEYTHY, FEESDEINTEL, L
DL, FHE S IZBHEHERE A~V = 71N 3 Pl
BIEIC BT, AR (MRS O FDE o = j
WAk Z Db D) DIRFEN RIF RS R IO %
W5 LR, 10 fEER S 20 RRETHE T
RO D SHEI AR 2R D EVREST 2 I L T 2
Bt 2 LY,

Z DEFIRIHR S - S - B AER o 1%E1Z,

2 DDEFEYE AV PRIC L > Th ZDIEHS
MWMBRE N, Aguar 5P BRI & BLABER
gD kEEC, FRMEL D W2 RER
FOBERMIELI I Z DILIEZ b > BEZE O

EZDHd Vol 236 No. 5 2011.1.29 | 541



10D IER L HEERDIKRE

 MEE(EROEE)

W I -

o E— FER oo TR

= o= ~ |

€ B © S\ R B DT
b 4 B DR

EEORE

>

B 2 HEROMBEL &R0k EETOEL
1 AR - T B R L B A 50, B
R OMEEE R AT A REE L EL 5N,
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Okuma &% HA B BR R OB & # il
Mpa s eEzE L, BERZAIEE SRR AR I LT
PR O RE R B L, & ICEEANER
UL TEI YR LERLL, BEELDE M
R % I\ 72 in vitro DIRERT b, BEAZHA G SHRAE
R % B & I L 5 2 LIRS

511)'

Aguiar, KFES OWIEMERY &, HEREAEE
MREIE 7= DS ICEEE L S\ ds s B4 - R
EaREO 2 LREN, ZOREIGEOHLEIFH
L UL TOMERE R & ISR B2
OhMWHLEEZOND,

& HRIROMRE B

AL LRI RS & DB IOV T
WARINT R0, BEAREEMS ) TORERRE
DRE VD DIVRIHEIRE T L EZA 6N S
(X 2). HERIRZMEIZIEFIERER & S 1523,
¥ 7., AL L ToESEBEE L LT
PO BRI CBEINIEBFLEZLS
N, SO - BEom R, fMlar
WTOWEEDERIED S 7 4 — 7 A% BT HULEDN
b5,

MRS o e I3z cEBALTH D, =X
7= 7 O BT S B, 10 ROBEZMR I ERM
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HUBRTTH 53, % DFA L EROMIEEM I
ko PG DWAMPEL . HEDETITHRHES
MRS L, KoEED 30~40%HIHE X
CIET T 5. HERIBGHERR O BEMER IC E R S
2K EBDE L WR T 2R EE © e &
¥, ERTFNEER B S,

MHERSIAR o FR3t & Sk 1 AREMERIIE D R E B
54 %, ZHEHERRN T NO(itric oxide),
MMPs, interleukin—6, prostaglandin E2 7 £ DFEHR
DER L2 D, BEENER I NS, VEGF (vascular
endothelial growth factor) 7 & D & FHER T IC £
b SHERR LB DA DR b I OFTAE & RIED
WA, BEEZEINE Y 5.

MR A0 FEDP 2 ORE LBET 286 T
(COL2A, COL9A2, vitamin D3 receptor gene 7% &)
LA LTETWEY, BHERETFICLLEHE
HEIN, RAEHTLZ O,

O WEREREL C AT R ARE

WERTHEHENNE], HAR O L, EWERnE
WAV 2RSSR AT hiv T B, OMERIHT
TR EOEEZED 272D DOF A F A4 VRRE
ET oA EE, ORETEE, OMIEBmEE,
O TN TR & 3 EEBERO/ER, OF
B EHEMRER L=y FOBER L, WAL
B DTS, B LIS, WRRIIRE L




TIHbNTWw3, LI, BHEISETT2EHRE L
72 2 BERE M IE DA 1 L CBERZ A BEE E & E o
%Rk (BHEA, BETIRE BWEEL L)L,
WA T 2 MifaE e T 5 Pk G, MIfaRm) &
ED, BAERA ST \» 2 EYHENHAEREORE
LWz B,

T 7255 BRERT, bone morphogenetic protein 2,
osteogenic protein 1 % growth differentiation fac-
tor 5 % £ OEHEHPLIM/MRIEE, NF-«B 7
a4 ZHERAIIETEE 2 B0 2 2 DIEAT 35
7%, TGF-B % TIMP1 7 £ OEIR T FIR % B,
FEEA X B LI X BEETIREY, BX
N CPA-926(Z A7 LF v Tulr oy Nixln
RYPERDTH 5.

S DR CRODMIEE AR L2 ER L,
1994 SELUEME 2t L C& 72, OQTRERDH
IS HERIR DS R &7 D, B0 BAREEH
EDTGITIRELSFE I N, @QTREeEDHE
DBRIBRTH D, @TRAENTDOERIEETH
D, IXEFEBRETH 3720 IbiETOERME
WZLwekEZ o5, —7, HERREE XM
BIKET B EDHBHLTED, $hEES
TOEMEICHIETE 286 - BEAZ LD &
5, @ISR MEEZEIRL -, S
BRI L UCOBARD, ZHIREYENICER
bbb LhafEOETTHD, BOMBEEN
TEWDH D, BHRMAEE USRI
b7, FEEE COMMREEICHIETETH
5. Thbb, BWEKICHZEZ 5B EHRE
AT S - & b HENZMETH 2 & HW L 7,
—77, B B AR R0 2 <, MRS
bRV, Z0zw, BREHEMEERSMED S
feeding cell & LCONyZHMAL, MlaRIES %
) BB R & o iR R 2 15
T2 LuBEEL, EEERZMEL ..

INEVERRIC T Z O RIF LB ZIY L, &
512 & MIEWECE BREEATE O B EHERIR A~
B2 HEHEA RO % 1T > 7o, BAE X A
FOMERIE & MRI T O A7 205 82 1 2740 12
ko TN BRE R RIFICEREI N Tws &
EDMER SN, HEEREE 0TS T TH
3T ERENT,
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IWH B EDEHHE L,

o WRIREEEREIC (T BRI

E4EE “t bEsiiiae v 2 BRI I B
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t P EEERRIIR B T 2 BERES” T L
T, b MEHMAERBME L OMERESE 2D
HiEECEE S s b S HERIRBERZ A & A
T-ERRIIZE 2 B35 L, 2008 4E 1 B2 7 O FEMHE
REINT, 10EICT 25 THHEZ TR L
ToERIRIAZE & LT 2009 E 2 A 6B A L 7. ¢
TIZ 9OERI KT LIBBBIETTH 5. ZDEM
DWW TR IE S~ ch b, AT
137 OFEMIZEE T E WD, Z OB IR
DITRTCICBWTHESRR, MEEENTF—%
DB, EHRLEDEEIZ WS IWEDTHRY,
RERMEBEBETH 2 I ENRINT L
2 15)‘

5 BHDIC

MEfEIM ORGP 2 HIfE9 2 WA - AR
WTIEAHZEDE ., L L, BRIFETES
N MERIRBEZ AL O B O Bk DS EERENI BT 55
ko CEREEA I N, ZOFEE, BE%IIHERINR
ORFPEEDa Y T a— LI T —TH s LT 2
FEIHAL 72, Z OFEFRD & MR EIH] -
BHED O OREE LY, BRI SMRE ST
WA, BERZ, AR, ECERR &) HERTIR 0
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3. EMEHEREMICHTT 2 BED KA

ZIEMERRICX T D HHRRIEE L

EMHEIWZBIT S “motion segment” &I, L TFHEfAKE
TR T N B HERIANB X OB OMEEEHIC X - TE
BRENLBEIHNTH A, HEBBUIIHEERIS 222 8F %
DT B L & B ICHERBIET & B L CTHBEO B,
HheEE) 2 WEEICT A5 —F T, BRELBRL, BHO
TR A RET AREEH- T b, HEBIC»2 S
B EAALER IR T 2 B DL, SEATRTRA T
AL EERY, REGENCHDW LD 2FMHEETZ 3
DV Z O EERE 2R LTV 5 DA TREL 7 S ik
FETRREINGHMHER L, POBICEEL, SkEos
W FF 7 A VICEOCHMBENEE, Tt EETS
MBTED O CTH A, HEROEEEN, ik
EE X “motion segment” DAEEMZERL L, Hifk
B 2 N2 B S HE R B A O E B L P HE R o BME,
T B ETRINEEERE b 25T, LTINS
A HENELOETEE CHEREALV= 7, BT
DIE, BAFEPREL &L UTHEMENZ TRT 2 M8EH
e LIZLIIBEL, MALEGMEBEAL DY
.® ZCELVHEEFEHE (ADL) REFEOE
(QOL) DET % —4&%BITT7201213, HEMRORE
RERTEETH S,

HERERICEET 2 FHO ZRNELS RITTE
B, ThbbERRAVT, BT E, ERAE
fE, BIRWEHEE, ENEFERBEOBEICOVTIR

[BER51HL 62 % 8 B © 744~748, 2011]

WO THT I E TRV, BRENEFETHELRVE
EDHLE, HBOTH)ELRHEEGIS, FHRELL. F
WERERO T V£ 7 M d, AEEB ST 2 ORI
W R R RIE &S SZEMEICIE “mo- -
tion segment” DATHRERE, 2L CEREEHEDNT
YARBICE TRAEHACH L CRBEEESE 51
B BROHEKEZABRICSE VTS “motion seg-
ment” WRBIEESRTHLIEDOELE L, B
EMEATICELEZEDTVAED E LR bNE. &
HIC, FETEMEN D ZEFIPEESIND 2 LIS B
BB~ L 2BELRI L2 20, G
BICIEMTH- T, FHRESHITELROELN
EREMEROBAT>RZOMEYE L. FiRERE
s, BEMIZBIEL Ao VA TF—3 a9 5L
TH—HT, FEEH, 475 VERFBI RN
BELBEEROLLRL EOBMELH ), BEZL-THIE
EERFREBATHE. LELRAS, SEEROE
INEEIZRTICEELZT LDk 5 2 L8
TERWI L%, EEMETS BHRELRTLERND
A, BEEMLPBEFEIZVSETHL 2 L bEE
Thb ERCIBEZEF-BZHROL L, TuiC
MBL7) A TORBITHONDZ EANEE LWL EL
0%, BWHEBEMSHAG ORI 20 2 - 8E, L0
BFHOBRIGECREZ RS 5 VIZEES S 568
ERHREINERETIEEWhEEL S,

BH DS O BB B H B DI OEBIC OB T Z D

Key words : intervertebral disc, regenerative medicine, stem cell

_ * Cell transplantation therapy for intervertebral discdegeneration
*" D.Sakai (7%87), . Mochida (¥#%) @ B¥ERZERIIHF (Dept. of Orthop. Surg, Surgical Science, Tokai University, School of

Medicine, Isehara).

744

81

B8 Vol 62 No.8 (2011-7 5F))



B HEREIR

| _——

I#8a35-—

L —  JTaFAITuUsr ¢

RHEHERR

o

N

7K

B 1. REICESHEERAREEL

RERFEOEEZ -85 L, ETIIRBOSTF LV
COBME, TOBRETHELPL oS T ET LT,
M, MAEEBUY & VNS RIBIRER 0% &
oT&7. ZTLTZOETTH, SHICRBENED
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DT 0 0%RE T TET LASFRST 5. i
HBUBE T b I IR X B, §ARIE LB
TRV, Lishio T, AIBHICH B OMIHE R

BB L TR EEDPHAITED L, EETIERR
WA, BEMERT & D %20 FHERIC X 2885
BRI LT R5.

o =

R DOMBABORIE L ZDEAIZD\WTO sonic
hedge hog (Shh)-Cre FS VAV z=v < A%
Wz lineage BFRIC L A &, Y A ZBW TR ORE
Bixrbsdb00, BEEZBRTAMEOEFEALSTR
THO—EEFRICHRT LI EANRENSEY. TR
2 ERE BEANEERT ARE L v MR OB S
FRATT7 749 Y IHEFL D, BEEBICHEET
HRPDITE A EBBEOVL AP D ST, T-hox
gene brachury & Vo B RHEDEERF—HI—2F
RLTWBZEPHLPERY, DTk ) LI LISER
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