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The Expression and Role of Non-Canonical (PKC) Signaling in Nucleus
Pulposus Cell Metabolism
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ABSTRACT: Canonical Wnt/B-catenin (hereafter Wnt) signaling regulates the proliferation and differentiation of various cell types.
However, the role of non-canonical signaling including protein kinase C (PKC) signaling has not been investigated in intervertebral
disc (IVD) cells. The aim of this study was to elucidate whether the activation of PKC signaling act to modulate Wnt signaling in IVD
cells. We performed several reporter assays, real-time reverse transcription polymerase chain reaction (RT-PCR), immunohistochemical
and immunofluorescence analyses, and western blot analyses using rat nucleus pulposus (NP) cells. We also examined the cell prolifer-
ation and cell cycle distribution under phorbol 12-myristate 13-acetate (PMA) stimulation, a known activator of PKC signaling. We
found that NP cells exhibited decreased B-catenin mRNA and protein levels upon stimulation with PMA. PMA treatment promoted
proliferation and cell cycle progression in a time- and dose-dependent manner. In addition, activation of the PKC signaling also regulated
the expression of aggrecan. Finally, activation by PMA induced the expression of several PKC isoforms in NP cells. It is concluded that
activation of PKC signaling might lead to an increase in matrix synthesis and cell proliferation, thereby inhibiting IVD degeneration.

Crosstalk in these signaling pathways plays an impdrtant role in the regulation of IVD homeostasis. © 2012 Orthopaedic Research
Society. Published by Wiley Periodicals, Inc. J Orthop Res

Keywords: intervertebral disc (IVD); PKC signal; Wnt signal; disc degeneration

Degenerative changes in the intervertebral disc (IVD) Canonical Wnt signaling involves stabilization of
contribute to the development of low back pain. Al- cytoplasmic B-catenin and its translocation into the nucle-
though the phenotypic character of nucleus pulposus  us, where it acts as a transcriptional coactivator,” '
(NP) cells is still not defined, it has been reported that ~ However, what remains unclear is how Wnt signaling
the NP cells synthesize extracellular matrix molecules, is regulated during IVD homeostasis. Non-canonical
including type II collagen and proteoglycans (PG) to Wnt signaling are independent of B-catenin signaling,
maintain IVD homeostasis. This homeostasis is lost in and involve the activation of protein kinase C (PKC),
patients with disc diseases, eventually leading to low calmodulin-dependent kinase II and planar cell polari-
back pain. The destruction of the NP cells involves a  ty (PCP)/c-Jun N-terminal kinase (JNK). The PKC
loss of differentiated phenotypes (i.e., dedifferentiation), family consists of at least 12 isoforms that have dis-
which is characterized by the cessation of type II colla-  tinct, and in some cases opposing, roles in cell growth
gen expression, and onset of fibroblastic type I collagen  and differentiation.’*2 The PKC isoforms are subdi-
expression. A variety of soluble factors are known to  vided into three subfamilies: The classical, novel, and
cause NP dedifferentiation. One of the best studies is atypical PKCs (cPKC, nPKC, and aPKC, respectively).
the matrix metalloproteinases (MMPs), which play key ~ The cPKCs are activated by Ca®" and diacylglycerol
factors of IVD degeneration.’™ We previously analyzed (DAG), nPKCs are activated by DAG but not by Ca?*,
that the Wnt/B-catenin (hereafter Wnt) signaling in the and the aPKC group is not activated by either of these
NP cells, and reported that activation of the Wnt signal- molecules.'®!* These different isoforms play pivotal
ing suppresses proliferation of NP cells and induces cell  roles in several signal transduction pathways that
senescence, referring to the possibility of it triggering regulate cellular growth, transformation, and differen-
the process of degeneration of the IVDs.*5 In addition, tiation. Although much evidence suggests that PKC is
we have also shown that MMPs, which are up-regulated  involved in Wnt signaling,'>7 the molecular roles of
by Wnt signaling, cause dedifferentiation of NP cells.*® PKC in this process are not well understood in IVDs.
Corr® also demonstrated that Wnt signaling has also  Therefore, we hypothesized that PKC signaling might
been associated with degenerative joint disease and  play important roles in IVDs, and we focused the pres-
matrix degeneration. ent study on this points. We examined the interaction
between Wnt and PKC signaling in NP cells and
Abbreviati VD, int - ) | report for the first time that non-canonical (PKC)
B B g sl i NP, nulews pulbosie igmaling inhibita canonical (W) signaling in NP cells
PKC, protein kinase C; DAG, diacylglycerol; PCP, planar cell and promotes cell proliferation and matrix synthesis.
polarity: JNK, c-Jun N-terminal kinase; GSK3B, glycogen
synthase kinase-3; PMA, phorbol 12-myristate 13-acetate; GAG,
glycosaminoglycan. MATERIALS AND METHODS

Reagents and Plasmids
Correspondence to: Akihiko Hiyama (Tel: 81-463-93-1121 (Ext. Plasmids were kindly provided by Dr. Michael C. Naski
2320); F: 81-463-96-4404; E-mail: a.hiyama@tokai-u.jp) (University of Texas Health Science Center at San Antonio,
© 2012 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. San Antonio, TX) (plasmids aggrecan-Luc and type 1I

JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2012 1

29



2 ARAIETAL.

collagen-Luc).'®* Topflash (optimal Tef-binding site) was
purchased from Upstate Biotechnology Inc (Lake Placid,
NY). As an internal transfection control, we used vector
pGL4.74 (Promega, Madison, WI) containing the Renilla
reniformis gene for luciferase. Phorbol 12-myristate 13-
acetate (PMA) is the most commonly used phorbol ester.? Tt
binds to and activates PKC causing a wide range of effects in
cells and tissues. Ionomycin (Sigma-Aldrich, St. Louis, MO)
increases intracellular Ca®* and activates PKC indirectly.

Isolation of Intervertebral Disc Cells

Animal experiments were approved by the ethics review
board of Tokai University and were performed in accordance
with the guidelines on animal use of Tokai University. NP
cells were isolated from 12-week-old Sprague Dawley rats
lumbar discs (n = 64) using methods reported by Hiyama
et al.’ Briefly, the rats were euthanized by injection of an
excess of pentobarbital sodium (100 mg/kg) (Nembutal®;
Abbott Laboratories). The spinal column was removed under
aseptic conditions, and the lumbar IVDs were separated
under microscopy. The obtained NP tissue was digested in a
mixture of 0.01% trypsin and allowed to digest at 87°C for
15 min. The isolated cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Gibceo, Invitrogen) and
10% fetal bovine serum (FBS) supplemented with antibiotics
at 37°C in a humidified atmosphere of 5% CO,. When conflu-
ent, the NP cells were harvested and subcultured in 10-cm
dishes. We used the low-passage (<3) cells cultured in mono-
layers before it changes character for all experiments,?*

Immunofluorescence Staining

NP cells were plated in flat-bottom 96-well plates (5,000 cells/
well) and treated with PMA (200 nM) for 24 h. The cells were
then fixed with 4% paraformaldehyde, permeabilized with
0.2% Triton X-100 in PBS for 10 min, blocked with PBS
containing 5% FBS, and incubated with antibodies against
B-catenin (1:200; Cell Signaling, Inc, Danvers, MA), Aggre-
can (1:200; Thermo Scientific, Fremont, CA) or PKC-v (1:200;
Thermo Scientific) at 4°C overnight. After washing, cells
were incubated with an anti-rabbit Alexa Fluor-488-labeled
or an unlabeled anti-rabbit secondary antibody (Invitrogen),
each at a dilution of 1:50, and with 10 wm DAPI for 1 h at
room temperature. The cells were imaged using a laser-
scanning confocal microscope.

Immunohistological Studies

Freshly isolated spinal tissue specimens from 12-week-old
rats were fixed immediately in 4% paraformaldehyde in PBS,
decalcified, and embedded in paraffin wax. Sagittal sections
were deparaffinized in xylene, rehydrated through a graded
ethanol series, and stained with hematoxylin. To localize
PKC-v, sections were incubated with the anti-PKC-y anti-
body (Thermo Scientific) in 2% bovine serum albumin in PBS
at a dilution of 1:200 at 4°C overnight. After thoroughly
washing the sections, the bound primary antibody was incu-
bated with a biotinylated universal secondary antibody at a
dilution of 1:20 (Vector Laboratories, Burlingame, CA) for
10 min at room temperature. Sections were incubated with a
streptavidin/peroxidase complex for 5 min, washed with
PBS, and color was developed using 3'-3-diaminobenzidine
(Vector Stain Universal Quick Kit, Vector Laboratories) and
peroxidase substrate DAB kit (Vector) according to the
manufacturer’s protocol. Negative controls without the first
antibody (anti -PKC-vy) were prepared.

JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2012

30

Cell Proliferation Assay

To measure disc cell proliferation, the modified 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
assay was carried out as described previously.® Briefly, expo-
nentially growing NP cells were seeded into a 24-well plate
at 1.5 x 10* cells/well. After PMA stimulation (200 nM) for
24~48 h, 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 h at 87°C), the medium was
removed, and the precipitated formazan crystals were solubi-
lized in dimethyl sufoxide. Product formation was measured
by reading the absorbance at 590 nm using a microplate
reader (Pharmacia).

Cell Cycle Analysis by Fluorescence-Activated Cell Sorting
(FACS)

Following treatment, the cell cycle distribution of the NP
cells was analyzed by flow cytometry after DNA staining
with propidium iodide using the CycleTEST™ PLUS kit (BD
PharMingen). CELLQuest (BD PharMingen) and ModFit LT
(BD PharMingen) software packages were used for cell acqui-
sition and analysis. BEach plot represents the analysis of
10,000 events.

Measurement of PG Content

PG content was measured by the dimethylmethylene blue
assay (DMMB, Polysciences, Warrington, PA). After PMA
stimulation (10-200 nM) for 624 h, NP cells were digested
with 20 pg/ml papain at 55°C for 18 h. The digested sample
solution (75 pl) was mixed with 25 pl of 2.88 M GuHCI
solution and 200 ul of DMMB reagent in a 96-well plate, and
absorbance at 530 nm and 595 nm were measured immedi-
ately using a plate reader (SPECTRA MAX250, Molecular
Devices, MDS, Toronto, Canada). Purified bovine nasal
septum-D1 PG (Sigma-Aldrich) was used as a standard, and
the 530/595 nm absorbance ratio was calculated. The total
amount of PG per well was normalized to the total amount of
DNA per well (GAG/DNA).

Real-time Reverse Transcription-Polymerase Chain Reaction
(RT-PCR) Analysis

NP cells were cultured in 6-cm plates (5 x 10° cells/plate)
with or without exposure to different times and doses of
PMA, and total RNA was extracted using the Trizol RNA iso-
lation protocol (Invitrogen). Before elution from the column,
RNA was treated with RNase-free DNAse I. Total RNA
(100 ng) was used as a template for the real-time PCR analy-
ses. The mRNA was quantified using the ABI 7500 Fast
Real-Time PCR System (Applied Biosystems, Foster City,
CA), and cDNA was synthesized by the reverse transcription
of mRNA as described.*® The real-time PCR analyses were
performed in triplicate using 96-well plates with the Fast
SYBR Green Master Mix (Applied Biosystems). Two microli-
ters of cDNA per sample were used as the template for real-
time PCR; 1 ul forward primer and 1 ul reverse primer
were added to 20 pl SYBR green master mix. PCR reactions
were performed in an Applied Biosystems 7500 Fast system
(Applied Biosystems) according to the manufacturer’s
instructions. All primers (B-catenin, PKC-a, PKC-e, PKC-v,
PKC-i, PKC-{, aggrecan, col2al, and GAPDH) were designed
based on coding sequences from Genbank. Forward and re-
verse primer sequences are listed in Table 1 and synthesized
by Takara Bio Inc. (Tokyo, Japan). To normalize each sam-
ple, a control gene (GAPDH) was used, and the arbitrary
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Table 1. Primers for Real-Time PCR
Target NCBI Number Forward Primer, 5'-3 Reverse Primer, 5/-3’
B-catenin AF 121265.1 GCCAGTGGATTCCGTACTGT GAGCTTGCTITTCCTGATTGC
PKC-a NMO001105718.1 GCCGCAGTGTCGTTTATGAAAGTA GCTCCATGTGTGCCATTCAATTAG
PKC-¢ NM_017171.1 TGGCGTGACAACTACCACCTTC CCGGCCATCATCTCGTACATC
PKC-y NM_012628.1 TGGAGTCCTGCTGTATGAGATGTTG CAGTTTGTTCCATGATGGCTTGA
PKC-u NM_032059.1 TTCCGAGCCATGCCAAATC ATCACTGCCCGTCCACACTG
PKC-{ NM_022507.1 CTGGGTGTCCTTATGTTTGAGATGA GACGTGTGAGGCCTTGACAGA
Aggrecan NM_022190.1 TCCGCTGGTCTGATGGACAC CCAGATCATCACTACGCAGTCCTC
Col2al NM 012929.1 GAGGGCAACAGCAGGTTCAC TGTGATCGGTACTCGATGATGG
intensity threshold (C;) of amplification was computed. The
expression scores were obtained by the AAC, calculation A E 24
method. 25 Breaxtenin
g -
% 15 b oowms
Western Blot Analysis *3 :; 7 i 11-*: rﬂ;ﬂm) - o prud
After treatment, NP cells were immediately placed on ice g . T
and washed with cold PBS. Proteins were prepared using the é “‘é L
A 4 % % .5
2L * * g w
-
< o ns PMA
2 (howrsy 6 6 12 34 M 34 x4 24
5 [ PMA
5’5 My 208 280 00 200 0 MW 160 24
3
2 1t :
= B , e e
S Mr(Kday 8 10 108 200 PMA{@M)
] .
| FRBecatends
Topflash + + + +
Ienomycin FBuactin
- + b
(10pM) "
PMA (100nM) - - + + ¢
B _ 20
z
2 Cantrod
= L Earn
g 1.5 . #air
@ -
@
1o
&
2
= .
2 05 PMA
= {20080
3
0.0
Figure 2. (Original magnification) The effects of PMA-mediated
down-regulation on the expression of B-catenin mRNA and protein
Topflash + + + + were defermined by real-time reverse transcription-polymerase
chain reaction analysis (A) and western blots (B). NP cells were
PMA (nM) o 10 100 200 treated with various dose of PMA for different times. Anti-actin

Figure 1. A: NP cells were co-transfected with the Topflash
reporter plasmid and the pGL4.74 vector, and were treated with
ionomycin (10 uM) or PMA (100 nM). The luciferase activity was
measured 24 h after transfection. B: NP cells were co-transfected
with the Topflash reporter plasmid and the pGL4.74 vector, and
were treated with different concentrations of PMA (10-200 nM).
The luciferase activity was measured 24 h after transfection.
Values in (A) and (B) are the mean =+ S.D results from three
independent experiments. *p < 0.05; n.s = not significant.
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was used as a positive control in western blots. Values in (A) are
the mean + S.D results from three independent experiments.
*p < 0.05; n.s = not significant. C: NP cells were grown in 96-well
plates and exposed to PMA (200 nM) for 24 h. Representative
results of the immunocytochemical analyses using anti-B-catenin
(red) and DAPI (blue) are shown. The arrows indicate that over-
expression of PMA significantly decreased the nuclear staining for
B-catenin in NP cells. Left: Cells stained with DAPI to identify
healthy nuclei. Middle: Cells stained with an antibody to B-catenin.
Right: Cells immunostained for B-catenin and DAPI. Scale
bars = 50 pm; (x20).
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CellLytic NuCLEAR extraction kit (Sigma-Aldrich). All wash
buffers and the final re-suspension buffer included 1X
protease inhibitor cocktail (Pierce, Rockford, IL), NaF
(6 mM), and NazVO, (200 mM). Nuclear or total cell proteins
were resolved on a SDS polyacrylamide gel and were electro-
transferred to nitrocellulose membranes (Bio-Rad, Hercules,
CA). The membranes were blocked with 5% BSA in TBST
(50 mM Tris, pH 7.6, 150 mM NaCl, 0.1% Tween 20) and
were incubated overnight at 4°C in 5% BSA in TBST with an
anti-B-catenin antibody (1:1,000, Cell Signaling). Immunolab-
eling was detected using enhanced chemiluminescence (ECL)
reagents (Amersham Biosciences, Roosendaal, Netherlands),

Transfections and Dual Luciferase Assay

NP cells were transferred to 24-well plates at a density of
6 x 10* cells/well one day prior to transfection. The next day,
NP cells were transfected with 900 ng of Topflash and
100 ng of the pGL4.74 plasmid. In addition, to evaluate the
effect of PKC signaling on the transcriptional activity of
aggrecan and collagen II, NP cells were cotransfected with
900 ng of aggrecan reporter plasmid (Agg-luc) or the collagen
II reporter plasmid (Col2-luc) along with the pGL4.74
plasmid; in some experiments, cells were treated with PKC
activator ionomycin (10 pM) or PMA (10-200 nM). Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA) was used as the

e

transfection reagent. Forty-eight hours after the initial
transfection, the cells were harvested and a Dual-Luciferase
reporter assay system (Promega) was used for the sequential
measurements of the firefly and renilla luciferase activities.
To check the transfection efficiency, rat NP cells were trans-
fected with a plasmid encoding GFP. The obtained results
showed that transfection efficiency for rat NP cells was about
60-70%. Quantification of luciferase activities and calculation
of relative ratios were carried out using a Turner Designs
Luminometer Model TD-20/20 instrument (Promega).

Statistical Analysis

Typically, data were compiled from at least three indepen-
dent triplicate experiments, each performed on separate
cultures and on separate occasions., Data are presented as
mean + standard deviation (SD). Differences between groups
were analyzed by Student’s t-test and ANOVA. Statistical
significance (p < 0.05) is denoted with an asterisk.

RESULTS

Non-Canonical (PKC) Signaling Inhibited Canonical (Wnt)
Signaling in NP Cells

To investigate the role of PKC signaling in the IVD,
we first measured the activity of Topflash in NP cells

e NP cell
o 200 1 Control
£ 1 PMA (10nM)
g 1504 Bl PMA (100nM)
3 B PMA 200nM)
T 100 - |
b
50
24h 48h
PMA 16aM PHEA 20000
’ k!
S ]
B B R AL B o R A 2T
IINA content DNA eontent DNA content
G1 Bl.6k 155 78321472 s pebasd 6851145 N8 penige
S 137143 1872109 18 petass 2332496 LS peluisr
G2UM 2024 45233  ns p=0a69 6.0:£3.9 *  p=0433

Figure 3. A: NP cells were treated with PMA (0~200 nM). Cell
after treatment. Data are presented as mean + S.D. *p < 0.05.B
without different concentrations of PMA for 24 h, harvested, and
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proliferation was evaluated using the MTT viability assay at 2448 h
: NP cells were cultured for 24 h, then the cells were treated with or

X the nuclei were stained with
generated using flow cytometry. Data are presented as mean + S.D.
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propidium iodide. DNA histograms were

*p < 0.05; n.s = not significant.



after PMA treatment. Figure 1A,B shows that there
was a decrease in the activity of Topflash upon stimu-
lation with a high concentration (200 nM) of PMA.
However, the Topflash activity was not affected when
cells were treated with 10-100 nM PMA. Fopflash pro-
moter (mutated TCF binding site promoter) activity
was unresponsive to PMA treatment (data not shown).
In addition, there were different effects of ionomycin
and PMA on Topflash activity. The probable explana-
tion for the differences in the effects is that ionomycin
might render activated NP cells unresponsive to
Ca®**-induced PKC activation, or it is possible that the
intracellular Ca®* increase induced by ionomycin has
multiple effects on NP cell signaling, in addition to
PKC signaling.

To further examine the expression of B-catenin after
the PMA treatment, we analyzed B-catenin mRNA
expression after the exposure of the cells to PMA for
different times or at different concentrations by real-
time PCR. Figure 2A shows that the addition of PMA
resulted in decreased B-catenin mRNA levels in NP
cells in a dose- and time-dependent manner. In addi-
tion, as shown in Figure 2B, western blot analysis
with an anti-B-catenin antibody demonstrated that
PMA treatment decreased the expression of B-catenin
protein in a dose-dependent manner. To validate the
results of the western blot analysis, we also showed
that PMA treatment markedly decreased the expres-

sion of B-catenin as detected by immunofluorescence
(Fig. 20).

PKC Signaling Induced Cell Proliferation in Nucleus
Pulposus Cells

After PMA stimulation for 24-48 h, cell proliferation
was measured using the MTT assay. Proliferation of
NP cells was significantly increased after the treat-
ment with PMA (200 nM) (24 h: p = 0.043, p < 0.05;
48 h: p = 0.0000174, p < 0.05), but not 10~100 nm of
PMA concentrations (24 h) not significantly increased
cell proliferation (Fig. 3A). We then used flow cytome-
try to determine cell cycle progression by quantifying
DNA. The effects of activation of PKC signaling in the
presence of different concentrations of PMA were
determined. Treatment with PMA (200 nM) for 24 h
significantly increased the percentage of cells in the
G2/M phase to 6.0 & 3.9% compared with untreated
cells (p = 0.033, p < 0.05). From MTT assay and cell
cycle analysis, these results showed that activation of
PKC signaling by PMA could promote the proliferation
of NP cells (Fig. 3B).

PKC Signaling Enhanced the Transcription and mRNA
Expression of Aggrecan in NP Cells

We next examined the effect of ionomyecine or PMA
treatment on aggrecan and collagen type II promoter
activity. When transfected cells were treated with dif-
ferent concentrations of PMA, there was a statistically
significant increase in aggrecan reporter activity
(Fig. 4AB), whereas the collagen type II reporter
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Figure 4, (Original magnification) A, B; NP cells were trans-
fected with the aggrecan reporter plasmid (900 ng) along with
the pGL4.74 vector (100 ng) and treated with ionomycin or PMA.
C, D: The collagen II (Col2-luc) reporter plasmid was transfected
into rat NP cells along with the pGL4.74 vector and transfected
cells were treated with ionomycin or PMA, and the activities of
the reporter were measured by a dual luciferase assay (A-D). E:
NP cells were treated with various dose (10-200 nM) of PMA for
different times (6-24 h) and the response to PMA treatment was
assessed by real-time reverse transcription—polymerase chain re-
action analysis of aggrecan mRNA expression. F: Representative
results of the immunocytochemical analyses using anti-aggrecan
(red) are shown. Upper: Control, Bottom: PMA (200 nM), Scale
bars = 50 pm; (x20). Values in (A-E) are the mean + S.D
results from three independent experiments. *p < 0.05; n.s = not
significant.

activity did not change (Fig. 4C,D). In contrast, treat-
ment with a PKC inhibitor (Bisindolylmaleimide I:
10 nM, Calphostin C: 50 nM, Ro-32-0432: 100 nM) did
not result in an increase in aggrecan reporter activity
(data not shown). To investigate the effects of PKC
signaling on the expression of the aggrecan gene and
collagen type II mRNA (Col2al), we analyzed aggrecan
and Col2al mRNA expression by real-time PCR.
Treatment with PMA induced a significant increase in
aggrecan mRNA levels in a time- and dose-dependent
manner (Fig. 4E), whereas Col2al mRNA was not
affected by PMA treatment (data not shown). These
data were similar to the reporter assay analyses.
Immunofluorescence microscopy also demonstrates
that overexpression of PMA significantly increased the

nuclear staining for aggrecan in NP cells (arrows in
Fig. 4F).
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Figure 5. A, B: The PG content was measured by the dimethylmethylene blue (DMMB) assay. The NP cells were seeded into 24-well

plate at 1.5 x 10*

cells/well. After PMA stimulation (10-200 nM) for 6-24 h, cells were digested and the GAG content was measured

using a plate reader. The total amount of PG per well was normalized to the total amount of DNA per well (GAG/DNA). Values in (A)
and (B) are the mean * S.D results from three independent experiments. *p < 0.05; n.s = not significant.

PKC Signaling Enhanced GAG Content in NP Cells

After PMA stimulation (10-200 nM) for 6-24 h, NP
cells were digested and their viability was measured
using the MTT assay. Samples treated with PMA
showed a significant increase in GAG content in a
time- and dose-dependent manner relative to untreated
controls (Fig. 5A,B).

The Effects of PMA on the mRNA and Protein Expression of
PKC Isoforms in NP Cells

We also investigated the effects of PMA on the expres-
sion of the mRNAs of major PKC isoforms in NP cells.
Real-time PCR showed that cultured NP cells
expressed five PKC isoforms (PKC-a, PKC-g, PKC-y,
PKC-i, and PKC-{) and that the expression levels of
the various PKC isoforms changed after the treatment
with PMA (200 nM, 24 h). Treatment with PMA
resulted in the up-regulation of PKC-¢, -y and — but
not —~a or -{ mRNA. PKC-y mRNA was highly elevated
(>threefold) after the PMA treatment (Fig. 6A). In ad-
dition, we determined the expression levels of PKC-vy
protein in NP cells following treatment with PMA
(200 nM). As shown in Figure 6B, immunofluorescence
microscopy analysis with an anti-PKC-y antibody
demonstrated that PMA treatment induced this pro-
tein expression in NP cells. To determine whether rat
IVDs would express PKC-y in vivo, we performed
immunohistochemical staining. Figure 6C showed the
expression of PKC-y in the 12 week-0ld rat IVDs.
Immunohistological analyses revealed that PKC-y was
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expressed in the NP cells. The majority of the staining
was intranuclear. However, some staining was present
in the cytosol. On the other hand, weak staining for
PKC-y was observed in the inner AF cells. Immuno-
staining for PKC-y in the spindle-shaped annulus cells
was from the inner to the outer annulus of the IVD.

DISCUSSION
It has been shown that in some cases, treatment of
cultured cells with different PMA concentrations results
in different responses.” Our results show that a high
PMA concentration was able to stimulate B-catenin deg-
radation, demonstrating that PMA-mediated B-catenin
degradation is GSK-3B-dependent. Thus, PKC might
be involved in PMA-induced B-catenin degradation in
NP cells. Based on our previous data, Wnt signaling is
known to suppress NP cell proliferation,® and the pres-
ent experiments suggest that NP cells may be being
suppressed via down-regulated Wnt signaling mediat-
ed by PKC signaling. Gwak et al. suggest that the
PKC signaling negatively regulates the B-catenin level
outside of the Wnt signaling. They demonstrated that
the small molecule A23187 was found to inhibit the Wnt
signaling. A23187 increased the intracellular Ca®" level
and subsequently stimulated PKC, which phosphorylat-
ed the N-terminal Ser residues of B-catenin, leading to
the promotion of 8-catenin degradation.?®

The PKC family has long been known to play pivotal
roles in controlling cell proliferation and differentia-
tion by regulating the activity of transcription factors
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Figure 6. (Original magnification) A: The real-time reverse transcription—polymerase chain reaction analysis of PKC isoforms
(PKC-a, PKC-¢, PKC-y, PKC-t, and PKC-{) quantified the mRNA expression in the presence or absence of PMA in NP cells. The values
were quantified and normalized to untreated cells, the value of which was set at 1.0. Values were then normalized to the levels of
glyceraldehydes 3-phosphate dehydrogenase (GéPDH) mRNA. The relative expression levels of PKC isoforms and GAPDH were

cells. The cells stained with an antibody to PKC-y. A magnified view of the areas [panel (c) and (d)] is marked by the square in panel
(a) and (b). Scale bar: 250 pm; (x10) or (x40). C: Sagittal sections of the intervertebral discs of 19- week-old rats were treated with an
anti- PKC-y antibody, and counterstained with hematoxylin. Upper (a, b, or c): NP, Bottom (d, e, or f): AF. Note that the NP cells
expressed PKC-y protein [arrows in (c) and (f)]. Scale bars = 200 pm, (x10, %20, or x40).

such as AP-1 and NF-kB, and the biological effects expressed to a considerable extent in IVD, especially
exerted by the activation of PKC with phorbol esters within the NP. This finding extends the current
could be cell- or tissue-specific.?* In addition, some knowledge about how degeneration of the IVD occurs
groups have reported that PKC appears to upregulate  and might help clarify the cellular characteristics of
the chondrogenesis of mesenchymal cells.*>?® Here, we  the IVD, especially the NP.

found differential expression of specific PKC isoforms However, there were a few limitations with respect
in PMA-treated NP cells compared with non-treated  to the analyses and data that could affect the accuracy
NP cells. One of the isoforms that was significantly of these results. First, it will be necessary to confirm
upregulated in PMA-treated NP cells was PKC-y. Gen- the effects of PKC-y on Wnt signaling in additional
erally, this is a member of the classical PKC (cPKC) models. It would also be useful to examine the expres-
subfamily, which is activated by both Ca®* and DAG  sion and responses to activation of PKC isoforms in
in the presence of phosphatidylserine. Physiologically, NP cells. Second, it is known that the main pathway,
PKC-y is activated by a mechanism coupled with  activated by PKC-, is the MEK-ERK pathway.2"28

receptor-mediated breakdown of inositol phospholipid, However, the effect of downstream events such as
similar to other ¢cPKC isotypes, such as PKC-a and PKC isoforms-MEK-ERK pathway following PKC
PKC-B. There have been few reported studies on PKC- activation are not well characterized in this study. In
v, and how it is involved in generation, differentiation, addition, it is necessary to examine the effects of the oth-
and degeneration in cartilage, bones, and nerves, in- er non-canonical Wnt signal such as Wnt/PCP and JNK

cluding the IVD, is still not well understood. In this signaling. Third, it is reported that a completely differ-
study, we reported for the first time that PKC-y is  ent cellular reaction and changes in the manifestation of
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the transcription factor occur in accordance with
changes in intracellular Ca?* concentrations; however,
many factors remain to be clarified for IVD cells.

Mechanical factors appear to regulate the responses
of the IVD cells through mechanisms involving intra-
cellular Ca®* transients and cytoskeletal remodeling,
which might regulate downstream effects, such as
gene expression and posttranslational biosynthe-
5is.2%3% The mechanical compression could activate
Wnt or PKC signaling. Therefore, it might be impor-
tant for future studies of Wnt and PKC signaling to
assess the interactions of these signaling in models
designed to assess biomechanical loading, which may
be critical in the regulation of IVD degeneration. In
summary, the findings presented herein show the first
documentation of regulation between the Wnt and
PKC signalings, and the expression of PKC isoforms in
the IVD. PMA-dependent activation of PKC signaling
inhibited B-catenin responsive transcription by down-
regulation of intracellular B-catenin, and induced cell
proliferation and matrix synthesis in NP cells. These
findings suggest that PKC signaling regulates NP
cell proliferation via B-catenin phosphorylation/down-
regulation and might facilitate the development of
new strategies to treat IVD degeneration.
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The intervertebral disk (IVD) functions as an essen-
tial load absorber between all vertebrae by allow-
ing bending, flexion, and torsion of the spine. IVD
degeneration is a cell-mediated response to
progressive structural failure and causes instability
of the vertebral motion segments that are respon-
sible for neural compressive manifestations and
low back pain.” Prolonged segmental instability
eventually leads to deformity of the spine and
many clinical problems.? These manifestations
have a high impact on society and the economy,
including direct costs for medical treatment and
insurance, lost productivity, and disability benefits.
These direct and indirect costs are estimated at
£12 billion per year in the United Kingdom and
$50 billion in the United States.'?® Therefore,
prevention and treatment of IVD degeneration
should have significant effects on society and the
economy.

CELLULAR MICROENVIRONMENT OF THE
INTERVERTEBRAL DISK

The IVD comprises the central nucleus pulposus
(NP), the surrounding annulus fibrosus (AF), and
the vertebral end plate, which isolates the blood
supply from penetrating the largest avascular
organ in the human body.* Developmentally,
the NP originates from the notochord, although

in human and other animal species, such as
the rat, chondrodystrophoid breed canines, and
cattle, there is a marked change in cell and
tissue morphology during the early stage of
life.5® In human adults, most NP cells resemble
chondrocytes of other cartilaginous tissues.
These cells are interspersed at low density
(approximately 5000 cells/mm®) and are some-
times arranged in clusters within the matrix.” In
the surrounding AF, the cells are more typically
fibroblastic with a density of approximately
9000 cells/mm® and display a fibrous matrix,
comprising 15 to 25 lamellae of collagen fibers
oriented alternately at approximately 60° to the
vertical axis.® In-between the lamellae are the
elastin and proteoglycan matrix, which reinforces
the viscoelastic structure.® The vertebral end
plate is characterized by a thin layer of chondro-
cytes and hyaline matrix, which resembles artic-
ular cartilage. A capillary network of blood
vessels ending here, called the vascular buds,
is found within the end plate and supplies
approximately 80% of the nutrients needed to
support the viability of IVD cells through diffu-
sion. The microenvironment for these cells
comprising the IVD is characterized by low
oxygen tension and high lactic acid concentra-
tion and thus an acidic pH level, compared
with the levels in the blood plasma.®
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STEM CELL APPLICATIONS IN
INTERVERTEBRAL DISK RESEARCH

Decreased number and viability of the IVD cells,
especially the NP cells, initiate disk degeneration,
and maintaining the homeostasis and restoring
the IVD tissue and function are important determi-
nants of the cells’ condition. Basic in vitro studies
have shown that IVD cells have a low proliferative
ability and that most cells in the adult human IVD
are in a senescent state."” These facts have led
researchers to focus on the idea of using stem
cells to treat [VD degeneration.

Stem cells are characterized by the ability to self-
renew and multipotent capabilities. The application
of stem cells and stem cell research techniques in
IVD research has been investigated from several
directions. Use of new stem cell sources, such as
induced pluripotent stem cells or embryonic stem
cells, may provide new insight into the field of IVD
research.

DEFINING ENDOGENOUS STEM CELL
POPULATIONS IN THE ADULT
INTERVERTEBRAL DISK

Recent stem cell research has reported the pres-
ence of a stem/progenitor cell system as the key
to maintaining normal homeostasis and self-
renewal in various organs. Decreased number and
altered function of stem/progenitor cells cause
dysfunction of the composing organ. Activation of
the endogenous stem/progenitor cells is one ap-
proach for maintaining cellular homeostasis of the
IVD. Risbud and colleagues'? reported that cells
isolated from degenerate human tissues express
CD105, CD166, CD63, CD49a, CD90, CD73, p75
low-affinity nerve growth factor receptor, and
CD133/1, proteins that are characteristic of marrow
mesenchymal stem cells (MSCs) and that represent
the differentiation ability toward osteogenesis, adi-
pogenesis, and chondrogenesis. A study by Blanco
and colleagues'® compared the differentiation
capabilities of MSCs induced from the bone marrow
or the NP from the same 16 individuals and found
that MSCs similar to bone marrow MSCs are pre-
sent in the human NP, with the exception that NP
MSCs show poor adipogenic differentiation. Feng
and colleagues’ reported that AF cells express
several of the cell surface antigens sometimes
associated with MSCs, including CD29, CD49e,
CD51, CD73, CD90, CD105, CD166, CD184, and
Stro-1, and two neuronal stem cell markers, nestin
and neuron-specific enolase. Varying the stimulants
added to the induction media determined whether
AF cells differentiated into adipocytes, osteo-
blasts, chondrocytes, neurons, or endothelial cells.
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These research data suggest that stimulation of
endogenous stem cell populations may be effective
for treating IVD degeneration or for providing cells
for the allogeneic transplantation of somatic tissue-
specific stem cells.

INDUCTION OF STEM CELLS FROM OTHER
ORGANS OF THE BODY

Another scenario involves promoting the mobiliza-
tion of stem cell populations from the stem cell
pool, such as the bone marrow. In cerebral and
cardiac infarctions, stem cells are recruited from
the stem cell pool and mobilized by agents, such
as stem cell growth factor or granulocyte colony-
stimulating factor, to restore cells in the injured
lesion.''® This kind of system may not be appli-
cable to IVD degeneration because there is no
blood supply through which to mobilize the cells;
however, there may be different pathways for
stem cells to approach the IVD. Detailed research
on this problem awaits investigation.

USING STEM CELLS AS FEEDER CELLS TO
INTERVERTEBRAL DISK CELLS

Stem cells may serve as feeder cells to stimulate
directly other cells in the environment by cell-to-
cell contact or indirectly through the secretion of
various factors. In a rabbit IVD cell culture, Yama-
moto and colleagues’” showed that direct cell-to-
cell contact between NP cells and MSCs occurs
across a membrane with 0.45-pm pores, which al-
lowed only the processes to adhere to each other
without more extensive contact between the
cultured cells. The extent of cell adhesion was as-
sessed by scanning electron microscopy, cell
proliferation was evaluated by the WST-8 assay,
and the syntheses of DNA and proteoglycans
was evaluated by the uptake of ®H and 3°S,
respectively. The levels of various growth factors
and the secretion of cytokines into the culture
supernatant were measured using a cytokine
protein array. The resulis were confirmed by
electron microscopy and showed that MSCs and
NP cells adhered to each other by extending
processes across the membrane. The number of
cells significantly increased in NP cells cocultured
with MSCs and allowed cell-to-cell contact. In
addition, the synthesis of DNA and proteoglycans
increased significantly in the NP cells cocultured
with MSCs when cell-to-cell contact was aliowed.
The analysis using the cytokine protein array re-
vealed that the secretion of cytokines known to
increase the activity of NP cells (transforming
growth factor B1 [TGF-B1]), insulinlike growth
factor 1, platelet-derived growth factor, and
epidermal growth factor) was also significantly
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higher in the media collected from NP cells cocul-
tured, allowing cell-to-cell contact. Compared with
the conventional NP cell-activation method, the
coculture system allowing intercellular adhesion
with MSCs led to a marked increase in NP cell
proliferation, DNA synthesis, and proteoglycan
synthesis. A possible explanation is the increased
secretion of various cytokines into the culture
medium because of the direct contact with
MSCs, which act as feeder cells.

In a preliminary study at the author’s laboratory,
NP cells activated by coculture that allows intercel-
lular contact (Fig. 1) were implanted in an in vivo
rabbit model of IVD degeneration.'® The severity
of degeneration was determined over time accord-
ing to Nishimura’s histologic classification. The
severity of degeneration was compared between
cells treated with the new and conventional
methods of activation. The Nishimura grade 24
weeks after transplant was 0i in the normal control
group without degeneration induction, 2.8 (the
most severe degeneration) in the control group
with no treatment, 2.2 in the group receiving NP
cells activated by conventional coculture with AF
cells, 1.8 in the group receiving NP cells activated
by conventional coculture with MSCs, and 1.2 in
the group receiving NP cells activated by coculture
involving contact-with MSCs, the smaller value re-
flected a significantly less degree of degeneration.

The positive results of this coculture system
 have been extended to preclinical studies using

human cells. Watanabe and colleagues showed
that human NP cells obtairied from surgery and
cocultured with MSCs of the same patient demon-
strate up- regulated cellular proliferation and matnx
synthesis, as described in animal modsls.

Strassburg and c:olleagues;z0 demonstrated in
the same coculture system using degenerate and
nondegenerate NP cells that cellular interactions
between MSCs and degenerate NP cells may
stimulate both MSC differentiation to an NP-like
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phenotype and the endogenous NP cell population
to regain a nondegenerate phenotype, which con-
sequently increases matrix synthesis for self-
repair.

INDUCING STEM CELLS TOWARD THE
INTERVERTEBRAL DISK CELL PHENOTYPE

Using the multipotent differentiation capacity of
stem cells, the author attempted to induce MSC
differentiation in a mixed coculture system with
NP or AF cells in alginate beads (Fig. 2). IVD tissue
was retrieved during surgery for a burst fracture in
a 19-year-old man. Under a microscope, the tissue

was separated approximately into the NP and inner

and outer AF. The separated tissue was digested
with 0.02% pronase (Sigma) and 0.0125% collage-
nase P (Roche) for 8 hours to obtain cells for
primary culture. The NP, inner AF, and outer AF
cells were cultured and passaged twice and
labeled with PKH26 red fluorescent dye (Sigma).
Human MSCs were obtained commercially (Cam-
brex) and genetically labeled with green flucrescent
protein (GFP) by infection with a retrovirus vector.
The NP, inner AF, or outer AF celis were cocultured
with MSCs in alginate beads in a 50:50 ratio at
a density of 30,000 cells/bead. The cells were co-
cultured for 3 weeks in DMEM +.10% fetal bovine
serum, and the cells were recovered.. The recov-
ered cells were analyzed, and GFP-positive MSCs
were separated by flow cytometry (BD FACSVant-
age). Characterization of the recovered MSCs by
flow cytomeiry showed that, in forward scatter
analysis, the size of MSCs changed markedly after
the coculture. MSCs cocuttured with NP cells
showed sugmﬁcantly greater average cell size,
whereas cells: cocultured with inner or outer AF
cells had a smaller average cell size. The internal
complexity analyzed by side scatter showed that
MSCs cocultured with: NP cells became more

. complex and that MSCs cocultured with inner or

Fig. 1. Use of stem cells as feeder cells for up-regulation of NP cell metabolism. Coculture system allowing cell-to-

cell contact.
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