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Abstract

Objective—To investigate whether hypoxia regulates Notch signaling, and whether Notch plays
arole in intervertebral disc cell proliferation.

Methods—Reverse transcription—polymerase chain reaction and Western blotting were used to
measure expression of Notch signaling components in intervertebral disc tissue from mature rats
and from human discs. Transfections were performed to determine the effects of hypoxia and
Notch on target gene activity.

Results—Cells of the nucleus pulposus and annulus fibrosus of rat disc tissue expressed
components of the Notch signaling pathway. Expression of Notch-2 was higher than that of the
other Notch receptors in both the nucleus pulposus and annulus fibrosus. In both tissues, hypoxia
increased Notchl and Notch4 messenger RNA (MRNA) expression. In the annulus fibrosus,
mMRNA expression of the Notch ligand Jaggedl was induced by hypoxia, while Jagged2 mRNA
expression was highly sensitive to hypoxia in both tissues. A Notch signaling inhibitor, L685458,
blocked hypoxic induction of the activity of the Notch-responsive luciferase reporters 12xCSL and
CBFL1. Expression of the Notch target gene Hes1 was induced by hypoxia, while coexpression
with the Notch-intracellular domain increased Hes1 promoter activity. Moreover, inhibition of
Notch signaling blocked disc cell proliferation. Analysis of human disc tissue showed that there
was increased expression of Notch signaling proteins in degenerated discs.

Conclusion—In intervertebral disc cells, hypoxia promotes expression of Notch signaling
proteins. Notch signaling is an important process in the maintenance of disc cell proliferation, and
thus offers a therapeutic target for the restoration of cell numbers during degenerative disc disease.
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The intervertebral disc is a specialized tissue that permits rotation, as well as flexure and
extension, of the spine. One overriding aspect of disc cell biology is that cells of the nucleus
pulposus and cells residing in the inner annulus are removed from the blood supply (1). For
example, blood vessels originating in the vertebral body traverse the superficial region of the
end plates; none of these vessels infiltrate the nucleus pulposus. With respect to the annulus,
this tissue is considered to be avascular, except for small discrete capillary beds present in
the dorsal and ventral surfaces; in no case does the annulus vasculature enter the nucleus
pulposus (2—-4). Modeling studies by Bartels and colleagues indicate that the PO, levels
within the disc are low (5); related to this observation, cells in the transitional zone between
the inner annulus and the nucleus, as well as in the nucleus itself, display a robust hypoxic
signal (6). In line with the avascular nature of this tissue, there is a robust and constitutive
expression of both hypoxia-inducible factor 1a (HIF-1a) and HIF-2a, confirming that the
inner annulus and nucleus pulposus cells reside in a hypoxic environment (7-9).

Consistent with the characteristics of most types of connective tissue, cell turnover within
the disc is slow. Moreover, progenitor cells are present in the disc, which, on activation,
could replace resident cells (10). Thus, tissue renewal in the intervertebral disc is dependent
on the ability of progenitor cells to commit to the annulus fibrosus/nucleus pulposus lineage
and undergo terminal differentiation. These events become even more important during disc
degeneration and aging, since the number of cells in the annulus and nucleus pulposus
decrease as a result of apoptosis and senescence (11-13).

Proliferation of progenitor cells is regulated by the hypoxia-sensitive Notch signaling
pathway (14). Interaction between HIF-1a and the intracellular domain of the Notch protein
(Notch-ICD) inhibits differentiation of myogenic and neural precursor cells (15). In skeletal
tissue, disruption of Notch signaling markedly increases trabecular bone mass; indeed,
mouse studies have shown that, with aging, osteopenia develops, due to a sharp reduction in
mesenchymal progenitor cell populations in the mice (16,17). In articular cartilage, Notch
signaling maintains the proliferation of chondrocytes, while during cell differentiation, there
is a decrease in Notch signaling as well as a decrease in the expression of the target gene
Hes5 (18). Hypoxia also increases the expression of known Notch target genes, such as
Hes1 and Hey1 (15). Accordingly, in the nucleus, HIF-1a may directly interact with the
Notch-1CD and direct cell fate.

The major objective of the present investigation was to examine the hypothesis that hypoxia
regulates Notch signaling activity in intervertebral disc cells, and that this pathway is critical
for the maintenance of cell proliferation. Our results show, for the first time, that in disc
cells, hypoxia serves as a positive modulator of Notch signaling and Hes1 expression.

MATERIALS AND METHODS

Reagents and plasmids

Plasmids were kindly provided by Dr. Urban Lendahl (Karolinska Institute, Stockholm,
Sweden) (plasmids 12xCSL-Luc and Hes1-Luc [-194/+160 bp]) (15) and Dr. Diane
Hayward (Johns Hopkins University, Baltimore, MD) (plasmids 4xwtCBF1-Luc and
4xmtCBF1-Luc). Notchl-ICD, developed by Dr. Conie Cepko (Harvard Medical School,
Department of Genetics, Boston, MA), was obtained from Addgene (no. 15131) (19). As an
internal transfection control, vector pRL-TK (Promega), containing the Renilla reniformis
luciferase gene, was used. The amount of transfected plasmid, the pretransfection period
after seeding, and the posttransfection period before harvesting have been optimized for rat
nucleus pulposus cells using pSV S-galactosidase plasmid (Promega) (9). The y-secretase/
Notch signaling inhibitor L685458 was from Sigma.
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Isolation of rat intervertebral disc cells, and culture of cells in a state of hypoxia

Nucleus pulposus and inner annulus fibrosus cells were isolated from rat lumbar discs
(obtained from 10-12-week-old rats), using a method previously described by Risbud et al
(9). Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) and 10% fetal
bovine serum (FBS) supplemented with antibiotics. Both inner annulus fibrosus cells and
nucleus pulposus cells were cultured in a Hypoxia Work Station (Invivo, 300) with a
mixture of 1% O, 5% CO», and 94% N, for 24—72 hours. The concentration of oxygen
chosen for this study was based on our previous observations from in vitro studies, as well
as on information generated on the oxemic status of the disc in vivo.

Collection and grading of human tissue

Lumbar disc tissue samples were collected as surgical waste from individuals undergoing
elective spinal surgical procedures (mean age 54 years, range 38-82 years). Control samples
from cadaver donors were obtained from regional tissue banks. In accordance with the
guidelines of the Thomas Jefferson University Institutional Review Board, informed consent
for sample collection was obtained from each patient. Assessment of intervertebral disc
disease was performed using the modified Thompson grading system (20).

Immunohistologic studies

Freshly isolated rat spines were immediately fixed in 4% paraformaldehyde in phosphate
buffered saline (PBS) and then embedded in paraffin. Transverse sections, 6-8 xm in
thickness, were deparaffinized in xylene and rehydrated through graded ethanol. For
localization of Notch-4 protein in the tissue, sections were incubated with anti-Notch-4
antibodies (1:150) in 2% bovine serum albumin in PBS, at a dilution of 1:100, at 4°C
overnight. After thoroughly washing the sections, the bound primary antibody was incubated
with a biotinylated universal secondary antibody (Vector), at a dilution of 1:20, for 10
minutes at room temperature. Sections were incubated with a streptavidin—peroxidase
complex for 5 minutes and washed with PBS. The color reaction was developed using 3,3"-
diaminobenzidine (Vectastain Universal Quick Kit; Vector).

Real-time reverse transcription—polymerase chain reaction (RT-PCR) analysis

Total RNA was extracted from rat annulus fibrosus and nucleus pulposus cells or tissue
sections using RNeasy Mini columns (Qiagen). Before elution from the column, RNA was
treated with RNase-free DNase | (Qiagen). In human tissue samples, total RNA was isolated
from 100-300 mg of disc tissue. The tissue was homogenized in Trizol (Invitrogen) on ice,
using an Omni TH Homogenizer (Omni International). Following extraction with TRIzol,
RNA was passed through the RNeasy Mini columns. The purified, DNA-free RNA was
converted to complementary DNA (cDNA) using Superscript 111 Reverse Transcriptase
(Invitrogen).

Reactions were set up in triplicate in 96-well plates, using 1 x| cDNA with SYBR Green
PCR Master Mix (Applied Biosystems), to which gene-specific forward and reverse PCR
primers were added (synthesized by Integrated DNA Technologies). PCR reactions were
performed in a StepOnePlus real-time PCR system (Applied Biosystems), in accordance
with the manufacturer’s instructions; expression values were normalized to those of 18S
cDNA and GAPDH. Melting curves were analyzed to verify the specificity of the RT-PCR
and the absence of primer dimer formation.

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
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buffer included 1X protease inhibitor cocktail (Roche), NaF (5 mM), and NagVVO, (200
pM). Nuclear or total cell proteins were resolved on 8-12% sodium dodecyl sulfate—
polyacrylamide gels and transferred 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 Biotechnology), anti-Jagged-1 antibodies
(1:1,000; Cell Signaling Technology), anti-Hes1 antibodies (1:500; Santa Cruz
Biotechnology), or anti—g-tubulin antibodies (1:2,000; Developmental Studies Hybridoma
Bank). Immunolabeling was detected using an enhanced chemiluminescence reagent
(Amersham Biosciences).

Immunofluorescence microscopy

Rat disc cells were plated in flat-bottomed 96-well plates (5 x 103/well) and cultured under
hypoxic conditions for 24 hours. After incubation, cells were fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100 in PBS for 10 minutes, blocked
with PBS containing 5% FBS, and incubated with antibodies against cleaved Notch1 (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 104 cells/well. To investigate the effect of Notch-ICD overexpression on CBF1 and
Hes1 promoter activity, 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 measure 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 L685458 (4 M,
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 (Promega) 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 was removed, and the precipitated
formazan crystals were solubilized in dimethyl sulfoxide. Product formation was measured
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
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resuspended in PBS with 5% FBS, and then incubated with 50 pA/ 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 Il software.

Statistical analysis

RESULTS

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

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 pulposus and annulus fibrosus tissue
expressed Notch-4, Jagged-1, and Notch target gene Hes1. Expression of Hes1 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 (mMRNA) expression in the annulus fibrosus tissue was analyzed by RT-
PCR (Figure 1C). We observed expression of mMRNA for the Notch ligands Jagged1,
Jagged?, and Deltal and Notch receptors 1-4. However, expression of Delta3 was
undetectable. Nucleus pulposus tissue elicited a similar pattern of ligand and receptor
MRNA expression (results not shown).

In parallel, we measured the relative mMRNA 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, expression of Notch3 was higher than that of
Notchl and Notch4. Immunofluorescence analysis confirmed that Notchl, Notch3, and
Notch4, as well as Jagged1, were expressed in annulus fibrosus and nucleus pulposus cells
(Figure 1F).

We also examined the relationship between expression 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, Notch1 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 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 immunofluorescence 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.
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We then examined the effect of hypoxia on mRNA expression of the Notch ligands Jaggedl
and Jagged?2 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 mMRNA 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, mMRNA expression returned 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 analysis (Figure 3D). In the hypoxic environment, a significant 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 Hes1 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 expression 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 expression in nucleus pulposus cells remained unchanged (Figure 3F).

To investigate whether Hes1 responds to Notch signaling, we cotransfected annulus fibrosus
cells with a Notch-1CD expression plasmid, and then measured Hes1 promoter activity.
Induced overexpression of Notch resulted in increased Hes1 promoter activity under
conditions of normoxia, and led to an even greater level of Hes1 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 (Figures 4A and B). Hypoxia
significantly induced 12xCSL reporter activity. Moreover, induction of reporter activity was
completely blocked by the x-secretase inhibitor L685458. Similarly, hypoxia increased
CBF1 promoter activity, and this was also significantly blocked by inhibitor treatment.

A CBF1 promoter harboring a mutation in the Notch-interacting RBPJ«x site is insensitive to
both hypoxia 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 Notch1-1CD. This plasmid significantly increased wild-type CBF1 promoter
activity, under both normoxic and hypoxic conditions (Figure 4C). The stimulatory 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 )~secretase inhibitor L685458 resulted 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 L685458 treatment. The number of annulus fibrosus cells in S
phase was significantly decreased after treatment 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 G0/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).
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Finally, we evaluated the expression of select Notch receptors, ligands, and the target gene
Hes1 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 Notch1 and Notch4 mRNA (Figure 5C) in degenerated human disc tissue
when compared to normal controls. Similarly, both Jagged1 and Jagged2 mRNA exhibited a
similar trend in expression in degenerated disc tissue (Figure 5D). Hes1 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 5E). 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. Similar to the effects on annulus fibrosus cells and irrespective of the oxemic tension,
L685458 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 Hes1 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 mMRNA
expression of Notchl and Notch4 (Figure 6B) and Jaggedl and Jagged?2 (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 (Figure 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 commitment 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 Hes1, the
Notch target gene that is associated with maintenance of the undifferentiated state and
determination of cell fate (22,23).

Accordingly, as has also been observed in articular 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 disc tissue; however, the response
is probably insufficient to maintain cell numbers and preserve the differentiated 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 intervertebral 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, indicated 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
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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 interaction 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 component 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 jy-secretase inhibitor
L685458. We confirmed the involvement of the signaling pathway using a reporter 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 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 activity. This finding suggests that in
disc cells, Hes1 expression is regulated in a hypoxia-dependent manner. It should be noted
that in many types of tissue, Hes1 is considered to be a key regulator of differentiation
(23,26). Hes1 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
enhances the activity of this powerful repressor of differentiation (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-1a
may promote recruitment of the Notch-1CD 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 y-secretase inhibitor, a marked
decrease in proliferation was observed. We reasoned that this suppressive effect would
account for the decrease in cell number that characterizes degenerated human disc tissue
(11-13).
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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 suggested that as the tissue became
degenerated, there was a rise in expression of Jaggedl and Jagged2 and possibly Notch4 and
Hes1. Our results are consistent with those of a recent study that showed increased
expression of 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
transforming growth factor f/Smad3 and Wnt/B-catenin pathways, 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 reactivate the surviving endogenous progenitor cells to promote their
proliferation and subsequent commitment to the annulus fibrosus and nucleus pulposus cell
phenotype. 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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Figure 1.

Expression of Notch receptors and ligands, as well as Notch target gene Hes1, 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—A-tubulin was used as a positive control. C, Expression of select Notch ligands
(Jagged1 [J1], Jagged?2 [J2], 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. * = £< 0.05. NS
= not significant. E, AF and NP cells were assessed by immunofluorescence analysis for the
expression of Notch3, Notch4, and Jagged1, as well as cleaved Notchl (Notchl-
intracellular domain [N1-1CD]). Original magnification x 20.
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Figure 2.

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 mMRNA 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 hypoxia, 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—g-tubulin was used as a positive control in Western
blots. Original magnification x 20. See Figure 1 for other definitions.
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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 conditions of hypoxia, or under normoxic conditions, was assessed in AF and NP cells
by Western blotting (after 8 and 24 hours) (C) and immunofluorescence analysis (after 24
hours) (D). Anti—S-tubulin was used as a positive control in Western blots. Original
magnification x 20. E and F, The effect of hypoxia on Hes1 gene expression and promoter
activity was assessed in AF and NP cells cultured for 8 or 24 hours under conditions of
hypoxia, or under normoxic conditions, using real-time RT-PCR analysis of Hes1 mRNA
expression (E) and Western blotting of Hes-1 protein expression, with anti—g-tubulin used
as a positive control (F). G, AF cells were cotransfected with a Hes1 reporter (-194/+160
bp) along with increasing doses of Notchl-intracellular domain (N-ICD), and Hes1 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. * = £< 0.05. See Figure 1 for
other definitions.
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Page 15

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) RBPJx 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% O5) (Hx), and some cells
were treated with y-secretase inhibitor L685458 (4 M), 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 Notch1-1CD, and

reporter activity was measured under normoxic and hypoxic conditions. Values are the mean

+ SEM results from 3 independent experiments. * = < 0.05. See Figure 1 for other

definitions.
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Figurebs.

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 L685458 was determined by flow cytometry, with results
expressed as the percentage of AF cells in GO/G1 phase or S phase. Values in A and B are
the mean + SEM results from 3 independent experiments. * = < 0.05. C—E, Messenger
RNA expression of Notch receptors Notch1 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—
G5]) compared with normal controls (N) (controlsn=2,G2n=5,G3n=4,G4n=3,G5n
= 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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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 j-secretase inhibitor
L685458 (4 uM), for 24-48 hours, and cell proliferation was measured by MTT assay.
Values are the mean £ SEM results from 3 independent experiments. * = < 0.05. B-D,
Messenger RNA expression of Notch receptors Notchl and Notch4 (B), Notch ligands
Jagged1 and Jagged?2 (C), and Notch target gene Hesl1 (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.
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