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ABSTRACT
Wnt/b-catenin (hereafter called Wnt) signaling is a key inducer and regulator of joint development, and is involved in the formation of bone

and cartilage. We previously reported that Wnt signaling plays an essential role in the control of cell proliferation and cell senescence in

intervertebral disc cells. In the present study, we provide evidence that the expression of c-myc, a key protein required for cell proliferation, is

regulated by Wnt signaling. Our data also show that activation of Wnt signaling by LiCl, a Wnt signaling activator, leads to the suppression of

c-myc promoter activity and expression. To ascertain whether Wnt signaling regulates the expression of c-myc, we measured both its

transcript and protein expression. Following treatment with LiCl, c-myc expression was suppressed at both the mRNA and protein levels. In

nucleus pulposus cells treated with c-myc, cell viability increased significantly, whereas treatment with a c-myc inhibitor decreased cell

viability. Taken together, these results suggest that c-myc is an important factor that promotes the proliferation of nucleus pulposus cells.

These findings provide new insight into the regulation and maintenance of cell proliferation in nucleus pulposus cells. J. Cell. Biochem. 112:

2974–2986, 2011. � 2011 Wiley-Liss, Inc.
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T he control of notochordal cell differentiation and hypertrophy

plays a pivotal role in intervertebral disc degeneration. A

number of signaling pathways have been implicated in the

regulation of notochordal cell differentiation and hypertrophy;

these include bone morphogenetic protein, transforming growth

factor-b, and Wnt/b-catenin (hereafter called Wnt) signaling. Wnt

signaling is a key inducer and regulator of joint development, and is

involved in the formation of bone and cartilage [Cadigan and Nusse,

1997; Logan and Nusse, 2004]. Dysregulation of members of this

pathway has been described in osteoarthritis [Zhu et al., 2009]. This

makes the Wnt-family of proteins and signaling an attractive target

for the treatment of arthritis and other joint-related diseases [Weng

et al., 2010]. Glycogen synthase kinase-3b (GSK-3b) may be a

particularly good target for therapeutic agents because it is an

essential component of the pathway and because activation of this

kinase results in the inhibition of Wnt signaling. In cells lacking the

Wnt signal (off state), GSK-3b phosphorylates b-catenin, inducing

rapid degradation of b-catenin via ubiquitin/proteasome signaling.

In the presence of Wnt ligands (on state), activation of Wnt/b-

catenin signaling is characterized by (1) stabilization of cytoplasmic

b-catenin after receptor engagement by Wnt ligands; (2) b-catenin

nuclear translocation; (3) b-catenin interaction with lymphoid

enhancer-binding factor 1/T cell factor 1 (LEF-1/TCF-1) transcrip-

tion factors; and (4) stimulation of target gene proteins such as

c-myc and cyclin D1 [Behrens et al., 1996, 1998; Clevers et al., 1997;

Korinek et al., 1997; Reya and Clevers, 2005; Kikuchi et al., 2006].

Regenerative therapies for intervertebral disc degeneration have

been reported recently [Hiyama et al., 2007, 2008; Watanabe et al.,
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2010]; however, the pathophysiology of intervertebral disc

degeneration, which is thought to cause low back pain, has yet

to be clearly delineated. To clarify the mechanism responsible for

low back pain, it is necessary to understand the molecular

mechanisms involved in intervertebral disc degeneration.

We previously analyzed Wnt signaling in nucleus pulposus cells

and reported that activation of Wnt signaling suppresses the

proliferation of nucleus pulposus cells and induces cell senescence

[Hiyama et al., 2010], suggesting that Wnt signaling triggers the

process of degeneration of the intervertebral disc. We suggested that

c-myc and cyclin D1, target genes of Wnt signaling, are involved in

this process [Hiyama et al., 2011]. Of these two, c-myc, a target gene

of Wnt signaling, has a variety of functions involved in cell

proliferation, differentiation, oncogenesis, and apoptosis [Amati

and Land, 1994; Hueber et al., 1997; Schreiber-Agus and DePinho,

1998; Zindy et al., 1998]. However, despite its various functions,

there are no detailed reports on the expression of c-myc and the

mechanism underlying its regulation in nucleus pulposus cells. The

present study was undertaken to explore whether Wnt signaling

accelerates the degeneration of nucleus pulposus cells, and if so, to

define the mechanism underlying this signaling. We conducted a

new analysis of the expression and regulation of c-myc attributable

to the activation of Wnt signaling by inhibiting GSK-3b in nucleus

pulposus cells. We herein report for the first time that c-myc is an

important factor that promotes the proliferation of and regulates the

matrix synthesis by nucleus pulposus cells. These findings provide

new insights into the regulation and maintenance of cell

proliferation and matrix synthesis in nucleus pulposus cells.

MATERIALS AND METHODS

REAGENTS AND PLASMIDS

To study Wnt/b-catenin-Tcf-1/Lef-1 transcriptional activity,

nucleus pulposus cells were transiently transfected with a

luciferase-based Topflash (TCF optimal promoter) Wnt reporter

plasmid (Millipore, Billerica, MA) or Fopflash (mutated TCF binding

site promoter) reporter plasmid (Millipore). The c-myc reporter

constructs (c-myc-Del1:16601, c-myc-Del2:16602, c-myc-

Del3:16603, c-myc-Del4:16604, and pCX-c-myc:19772) and HA-

GSK-3b wt (14753) were purchased from Addgene (Cambridge,

MA). For the c-myc constructs [He et al., 1998], Tcf/Lef-binding

motifs within the c-myc promoter were analyzed using a web-based

tool for predicting transcription factor binding sites in DNA

sequences, TESS (http://www.cbil.upenn.edu/cgi-bin/tess/tess). The

plasmid for Wnt3a (sc-305570) and the backbone plasmid

(pCMV6XL5) were provided by OriGene (Rockville, MD). The

luciferase reporter plasmid encoding the aggrecan promoter (Agg–

luc) was provided by Dr. Michael C. Naski (University of Texas

Health Science Center at San Antonio). The aggrecan promoter

carries 1.2 kb of the proximal mouse promoter [Reinhold et al.,

2006]. As an internal transfection control, we used the empty vector

pGL4.74 (Promega, Madison, WI) containing Renilla reniformis

luciferase genes. The amount of transfected plasmid, the pre-

transfection period after seeding, and the posttransfection period

before harvesting were optimized for rat nucleus pulposus cells

using the pSVb-galactosidase plasmid (Promega).

To examine the intracellular mechanism of Wnt-induced

b-catenin translocation, lithium chloride (LiCl) was used to inhibit

the activity of GSK-3b to mimic the inhibitory effects of

Dvl following activation of FZD by Wnt. At least 30 small-molecule

GSK-3 inhibitors have been developed [Alonso and Martinez, 2004;

Meijer et al., 2004]. Among these, LiCl is used widely for research

purposes. Several groups have used the GSK-3b inhibitor LiCl to

examine the relationships between Wnt signaling molecules

[Stambolic et al., 1996; Spencer et al., 2006]. LiCl inhibits GSK-

3b via two distinct mechanisms: by competing with Mg2þ, an

essential cofactor for GSK-3b enzyme and by increasing the

inhibitory phosphorylation of GSK-3b. Inhibition of GSK-3b

leads to the accumulation of b-catenin and the activation of

Wnt/b-catenin-dependent signals. We also used 6-bromoindirubin-

30-oxime (BIO) (361550, Calbiochem) to examine the activity of Wnt

signaling.

Cells were also treated with recombinant Dickkopf-1 (DKK-1;

5439-DK, R&D Systems, Minneapolis, MN) to inhibit Wnt signaling.

In the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) assay, nucleus pulposus cells were treated with

recombinant c-myc protein (CP-6012, Biomiga, San Diego, CA)

or the c-myc inhibitor (10058-F4, (Z,E)-5-(4-ethylbenzylidine)-2-

thioxothiazolidin-4-one) (475956, Calbiochem).

ISOLATION OF INTERVERTEBRAL DISC CELLS

A total of 64 (female n¼ 32, male n¼ 32) 12-week-old Sprague–

Dawley rats were used for this study. There were no significant

differences in the data between female and male rats. Rat nucleus

pulposus cells were isolated using methods reported by Hiyama et al.

[2010]. The rats were euthanized by injection of an excess of

pentobarbital sodium (100mg/kg) (Nembutal1, Abbott Laborato-

ries). The spinal column was removed under aseptic conditions, and

the lumbar intervertebral discs were separated under microscopy.

The gel-like nucleus pulposus was separated from the annulus

fibrosus. The obtained nucleus pulposus tissue was digested in a

mixture of 0.01% trypsin and allowed to digest at 378C for 15min.

Annulus fibrosus tissue was digested with 0.4% pronase for 1 h and

with 0.025% collagenase P for 3 h. The digested tissue was passed

through a cell strainer (BD Falcon) with a pore size of 100mm and

then washed twice with phosphate-buffered saline (PBS, Gibco). The

isolated cells were maintained in Dulbecco’s modified Eagle’s

medium (DMEM) (Cellgro, Manassas, VA) and 10% fetal bovine

serum (FBS) supplemented with antibiotics in a humidified

atmosphere of 5% CO2 at 378C. When confluent, the nucleus

pulposus and annulus fibrosus cells were harvested and subcultured

in 10-cm dishes. The nucleus pulposus cells have been reported to

comprise at least two major cell populations, notochordal cells and

chondrocyte-like cells [Trout et al., 1982]. Because cells obtained

from the rat intervertebral disc tissues were variable in morphology

until passages 2–3, we used low-passage (<3) cells cultured in

monolayers for all experiments.

IMMUNOFLUORESCENCE STAINING

Nucleus pulposus cells were plated in flat-bottom 96-well plates

(5� 103 cells per well) and treated with LiCl (20mM) or c-myc

(100 ng/ml) for 24 h. Following treatment, the medium was
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removed, cells were fixed with 4% paraformaldehyde, permeabilized

with 0.2% Triton X-100 (v/v) in PBS for 10min, and blocked with

PBS containing 5% FBS. Excess serum was removed and the cells

were incubated overnight at 48C with antibodies to b-catenin (9562,

1:200 dilution, Cell Signaling, MA), c-myc (ab39688, 1:200 dilution,

Abcam, Cambridge, UK), and aggrecan (MA3-16888, 1:200 dilution,

Thermo Scientific, Fremont, CA). After washing, cells were

incubated with an anti-rabbit IgG Alexa Fluor 488 (green) and

594 (red) secondary antibodies (Invitrogen, Camarillo, CA), each at a

dilution of 1:50, and 10mm DAPI, for 1 h at room temperature for

nuclear staining. Microscopic analyses were performed with a

fluorescence microscope connected to a digital imaging system.

IMMUNOHISTOLOGICAL STUDIES

For immunohistochemistry, freshly isolated spinal tissues from 3- to

12-week-old rats were fixed immediately in 4% paraformaldehyde

in PBS and embedded in paraffin. Transverse and coronal sections

were deparaffinized in xylene, rehydrated through a graded ethanol

series, and stained with hematoxylin and eosin. To localize c-myc,

sections were incubated with the anti-c-myc antibody (ab39688,

Abcam) in 2% bovine serum albumin (BSA) in PBS at a dilution of

1:200 at 48C overnight. After thorough washing of the sections, to

detect the bound primary antibody the sections were incubated with

a biotinylated universal secondary antibody at a dilution of 1:20

(Vector Laboratories, Burlingame, CA) for 10min at room

temperature. The sections were then incubated with a streptavi-

din/peroxidase complex for 5min and washed with PBS, and the

color was developed using 30-3-diaminobenzidine (Vector Stain

Universal Quick Kit, Vector Laboratories).

MTT ASSAY

The effect of the treatments on cell proliferation was also measured

by a modified MTT assay, based on the ability of live cells to utilize

thiazolyl blue and convert it into the water-insoluble dark-blue

formazan stain. Exponentially growing nucleus pulposus cells were

seeded in 24-well plates at 1.5� 104 cells per well. The cells were

allowed to adhere for 24 h in DMEM containing 2% FBS, and the

medium was replaced with DMEM containing 0.5% FBS. Cells were

stimulated with LiCl (20mM), c-myc (100 ng/ml), or c-myc inhibitor

(20mM) for 24 h, and the cells were then treated with MTT (5 g/L;

Sigma) for 2 h at 378C. Dimethyl sulfoxide (DMSO) was added to

each well, the reaction was incubated for 30min, and the cells were

transferred to a 96-well plate. A 96-well microtiter plate reader

(Pharmacia) was used to quantify the A590. After c-myc and c-myc

inhibitor stimulation, nucleus pulposus cells were also treated with

MTT. All experiments were performed three independent times in

triplicate.

CELL-CYCLE ANALYSIS BY FLUORESCENCE-ACTIVATED CELL

SORTING (FACS)

Nucleus pulposus cells were grown at a seeding density of 5� 104

cells/ml in 24-well plates under a humidified 5% CO2 atmosphere at

378C. The cells were allowed to adhere for 24 h in medium

containing 2% FBS. The culture medium of each flask was then

replaced with medium containing 0.5% FBS. c-myc (100 ng/ml) was

added to this medium as a concentrated stock solution dissolved in

DMSO, and the cells were incubated for an additional 24 h. The cell-

cycle distribution of the nucleus pulposus cells was analyzed by flow

cytometry after DNA staining with propidium iodide using the

CycleTESTTM PLUS kit (BD PharMingen, San Diego, CA). CELLQuest

(BD PharMingen) and ModiFit LT (BD PharMingen) software

packages were used for cell acquisition and analysis. Each

experiment was performed in duplicate, and the results from three

individual experiments are shown.

REAL-TIME RT-PCR ANALYSIS

The nucleus pulposus cells and annulus fibrosus cells were cultured

in 6-cm plates (5� 105 cells per plate) with or without 20mM LiCl,

and total RNAwas extracted using the TRIzol RNA isolation protocol

(Invitrogen). The total RNA of nucleus pulposus tissues and annulus

fibrosus tissues was also extracted. Before elution from the column,

RNA was treated with RNase-free DNase I. The total RNA (100 ng)

was used as a template for the real-time PCR analyses. 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 previously [Hiyama

et al., 2010]. The real-time PCR analyses were performed in 96-well

plates with the Fast SYBR Green Master Mix (Applied Biosystems).

PCR reactions were performed in a StepOnePlus real-time PCR

system (Applied Biosystems). Two microliters of cDNA per sample

was used as the template for real-time PCR: 1ml forward primer and

1ml reverse primer were added to 20ml of SYBR Green Master Mix.

The reactions were synthesized in a 20-ml reaction volume under the

following conditions: an initial step at 508C for 2min, followed by

958C for 10min, and 40 cycles at 958C for 3 s (denaturation) and 30 s

at 608C (hybridization/elongation). All primers (b-catenin, c-myc,

GSK-3b, and aggrecan) were synthesized by Takara Bio, Inc. (Tokyo,

Japan): b-catenin (NCBI number: AF_121265.1) forward, 50-
GCCAGTGGATTCCGTACTGT-30 and reverse, 50-GAGCTTGCTTTCC-
TGATTGC-30; c-myc (NCBI number: NM_012603.2) forward, 50-
AATCCTGTACCTCGTCCGATTCC-30 and reverse 50-TTTCCACAGA-
CACCACATCAATTTC-30; GSK-3b (NCBI number: NM_032080.1)

forward, 50-GTCAAACTACCAAATGGGCGAGA-30 and reverse, 50-
GCCAGAGGTGGGTTACTTGACAG-30; and aggrecan (NCBI number:

NM_022190.1) forward, 50-TCCGCTGGTCTGATGGACAC-30 and

reverse, 50-CCAGATCATCACTACGCAGTCCTC-30. To normalize

each sample, a control gene (GAPDH) was used, and the arbitrary

intensity threshold (Ct) of amplification was computed. The

expression scores were obtained by the DDCt calculation method.

The relative amounts of mRNA were calculated using the software

program Microsoft Excel.

WESTERN BLOTTING ANALYSIS

To detect b-catenin, the nucleus pulposus cells were cultured with or

without 20mM LiCl for 24 h. To detect total c-myc and

phosphorylated c-myc, the nucleus pulposus cells were stimulated

with LiCl (20mM) for 6–24 h. Immediately after treatment, the

nucleus pulposus cells were placed on ice and washed with cold PBS.

Proteins were prepared using the CelLytic NuCLEAR extraction kit

(Sigma–Aldrich). All wash buffers and the final resuspension buffer

included 1� protease inhibitor cocktail (Pierce, Thermo Scientific,

Rockford, IL), NaF (5mM), and Na3VO4 (200mM). Nuclear or total
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cell proteins were resolved on sodium dodecyl sulfate (SDS)–

polyacrylamide gels and were electrotransferred to nitrocellulose

membranes (Bio-Rad). Themembranes were blocked with 5%BSA in

TBST (50mM Tris, pH 7.6, 150mM NaCl, and 0.1% Tween-20)

and were incubated overnight at 48C in 5% BSA in TBST. Antibodies

to b-catenin (9562, 1:1,000 dilution, Cell Signaling) and c-myc

(ab39688, 1:1,000 dilution, Abcam) were used as the primary

antibodies. b-Actin was used as an internal control. The ECL

detection system (Amersham Biosciences, GE Healthcare, Eindho-

ven, the Netherlands) was used to detect the specific signals.

TRANSFECTIONS AND DUAL LUCIFERASE ASSAY

Nucleus pulposus cells were transferred to 24-well plates at a density

of 6� 104 cells per well 1 day before transfection. The next day,

nucleus pulposus cells were treated with 1, 10, or 20mM LiCl with

900 ng of Topflash reporter plasmid and 100 ng of the pGL4.74

plasmid for 8–24 h. We also performed the same experiments using

BIO. In several experiments, cells were cotransfected with 100–

500 ng of GSK-3b wt, Wnt3a, or an appropriate backbone vector

with 400 ng of c-myc deletion reporters and 100 ng of the pGL4.74

plasmid. Lipofectamine 2000 (Invitrogen) was used as the

transfection reagent. For each transfection, plasmids were premixed

with the transfection reagent. After 24 h, the cells were harvested,

and a dual-luciferase reporter assay system (Promega) was used for

the sequential measurements of firefly and Renilla luciferase

activities. The results were normalized for transfection efficiency

and are expressed as a relative ratio of luciferase to pGL4.74

activities (denoted as relative activity). To check the transfection

efficiency, nucleus pulposus cells were transfected with plasmid

encoding GFP. In several experiments, a construct of GFP was used

as the negative control. The transfection efficiency for nucleus

pulposus cells was about 60–70%. Luciferase activities were

quantified and relative ratios were calculated using a Turner

Designs Luminometer Model TD-20/20 instrument (Promega). At

least three independent transfections were performed, and all

analyses were performed in triplicate.

STATISTICAL ANALYSIS

All measurements were performed in triplicate. Statistical signifi-

cance was analyzed using the SPSS14.0 software program and

Kruskal–Wallis nonparametric analysis and Mann–Whitney U post

hoc testing. Results are presented as the mean� SEM. Differences

between groups were assessed by analysis of variance. P-values

<0.05 were considered statistically significant.

RESULTS

PROMOTION AND REGULATION OF WNT/b-CATENIN ACTIVITY IN

NUCLEUS PULPOSUS CELLS

To determine the role of Wnt signaling in nucleus pulposus cells, we

first evaluated Wnt signal activation by examining the b-catenin

protein levels in nucleus pulposus cells from 12-week-old rats. As

shown in Figure 1A, immunoblotting analysis and densitometry of

nucleus pulposus cells showed that the level of total b-catenin was

higher in LiCl-treated cells compared with control nucleus pulposus

cells. By contrast, LiCl treatment decreased the level of phospho-b-

catenin (data not shown). To confirm whether Dkk-1, a secretory

protein that inhibits Wnt signaling by disrupting the interactions

between Wnt and Fz, suppresses the transcriptional activity of

Topflash, we assessed the transcriptional activity of Topflash or

Fopflash following the addition of DKK-1 (0.1mg/ml) for 24 h. The

activity of Topflash decreased after DKK-1 stimulation, and as

expected, the Fopflash promoter activity was unresponsive to

DKK-1 stimulation (Fig. 1B).

Next, to confirm the activation or suppression ofWnt signaling in

nucleus pulposus cells, we examined whether Wnt signaling is

promoted by different concentrations and durations of treatment

with the Wnt activators LiCl or BIO in nucleus pulposus cells. Our

previous study showed that LiCl treatment (20mM, 24 h) upregu-

lated b-catenin signaling eightfold in Topflash-transfected cultures

but not in Fopflash-transfected cultures [Hiyama et al., 2010].

However, there are no detailed reports on the activation of Wnt

signaling by LiCl and BIO in nucleus pulposus cells. Nucleus

pulposus cells were transfected with Topflash and treated for

different times and at different concentrations of LiCl or BIO. After

Fig. 1. Regulation of Wnt/b-catenin activity in nucleus pulposus cells. A:

Western blot analysis showed increased detectable b-catenin protein levels

after treatment with LiCl. B: Cells transfected with the Topflash reporter

plasmid or Fopflash along with the pGL4.74 plasmid were cultured with or

without DKK-1 (0.1mg/ml), and the reporter activity was measured. C: Cells

transfected with the Topflash reporter plasmid and the pGL4.74 plasmid were

treated with different concentrations of LiCl (left panel) or BIO (right panel),

and the reporter activity was measured. Values are expressed as the mean� SD.
�P< 0.05. n.s., not significant.
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8–24 h, we measured the activity of Topflash in nucleus pulposus

cells. Figure 1C shows that there was a dose- and time-dependent

increase in the activity of Topflash with LiCl or BIO stimulation.

Inhibition of GSK-3b with LiCl or BIO stimulated Topflash

transcription in nucleus pulposus cells compared with that in

untreated cells.

It is interesting that the level of Topflash activity was

considerably higher after treatment with LiCl than after treatment

with BIO. We thought that the LiCl concentration may have

been higher than the BIO concentration. However, Mazumdar et al.

[2010] reported that LiCl (20mM) and BIO (200 nM) activate

Wnt. Therefore, we believed that activation of Wnt signaling

in nucleus pulposus cells has a higher affinity for stimulation

by LiCl than by BIO. We also examined the gene expression

levels of Wnt proteins following treatment with LiCl (20mM, 24 h).

Real-time PCR arrays showed that treatment with LiCl upregulated

gene expression of Wnt1, Wnt4, Wnt6, and Wnt16 compared

with that of untreated control cells; gene expression of Wnt3a,

Wnt5a, Wnt5b, and Wnt10a was not upregulated (Supplemental

Fig. 1A).

PROMOTION AND REGULATION OF C-MYC BY WNT SIGNALING IN

NUCLEUS PULPOSUS CELLS

We also investigated the mechanism underlying the c-myc

regulation by LiCl using Western blot analysis to determine the

effects of mimicking Wnt signaling on the expression of c-myc

protein in nucleus pulposus cells. Treating the cells with LiCl at

20mM for 6–24 h produced the best results. For c-myc, two bands

were detected: the upper band (65 kDa) was the phosphorylated form

of c-myc protein and the lower band (49 kDa) was the unpho-

sphorylated form. These results demonstrated that LiCl treatment led

to a time-dependent decrease in c-myc protein expression in nucleus

pulposus cells and that the decrease was most pronounced 24 h after

treatment (Fig. 2A). To verify the Western blotting data, we next

performed real-time PCR analysis of c-myc mRNA expression

following treatment with LiCl (20mM, 24 h). Figure 2B shows that

treatment with LiCl for 24 h decreased c-myc mRNA levels. We also

measured the expression level of several genes in intervertebral disc

tissues, including c-myc and GSK-3b. Interestingly, both c-myc and

GSK-3b gene expression was much higher in nucleus pulposus

tissues than in annulus fibrosus tissues (Fig. 2C). This suggests that

Fig. 2. Regulation of c-myc by Wnt signaling in nucleus pulposus cells. A: Western blot analysis using an anti-c-myc antibody demonstrated that LiCl treatment decreased

c-myc protein expression in nucleus pulposus cells 6–24 h after treatment with 20mM LiCl. B: Real-time RT-PCR analysis of c-myc mRNA levels in nucleus pulposus cells

cultured for 24 h in the presence or absence of 20mM LiCl. Values are expressed as the mean� SD. �P< 0.05. C: We examined the relative c-myc and GSK3bmRNA expression in

nucleus pulposus tissue normalized to that of annulus fibrosus tissue. D: The expression of c-myc after treatment of recombinant c-myc protein was assessed in nucleus pulposus

cells by immunofluorescence analysis. Bars indicate 20–30mm; original magnification 40�. E: Nucleus pulposus cells were grown in 96-well plates and exposed to LiCl (20mM)

for 24 h. Representative results of immunocytochemistry using anti-c-myc (red) and DAPI (blue) are shown. The results are representatives of three independent experiments

per protein. Bars indicate 20–100mm; original magnification 20�.
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the c-myc and GSK-3b genes may be more important in nucleus

pulposus cells than in annulus fibrosus cells.

To determine whether recombinant c-myc protein led to

activation of c-myc-dependent transcription, we performed immu-

nofluorescence analysis. The immunofluorescence analysis indicat-

ed that there was a concomitant increase in c-myc protein

expression in nucleus pulposus cells treated with exogenous c-

myc at 100 ng/ml for 24 h. The c-myc treatment induced total c-myc

levels and promoted the nuclear translocation of c-myc more

strongly in nucleus pulposus cells than in untreated cells. We also

observed detectable amounts of c-myc in the cytoplasm (Fig. 2D).

Immunofluorescence analysis also showed a concomitant decrease

in c-myc protein expression in nucleus pulposus cells treated with

LiCl at 20mM for 24 h (Fig. 2E).

EXPRESSION OF C-MYC PROTEIN IN THE INTERVERTEBRAL

DISC IN VIVO

We examined whether there is expression of c-myc protein in the

intervertebral disc tissues. We performed immunostaining of

saggital sections from 12- to 3-week-old rats with an antibody to

c-myc, or counterstained the sections with hematoxylin for

morphology assessment. We found that c-myc is expressed by

cells of the nucleus pulposus (A–C) and annulus fibrosus (D–F) in the

12-week-old rat disc, whereas the expression of c-myc level of 3-

week-old rat disc (G–I) was higher than that of 12-week-old rat. In

all cases, much more of the staining was localized to the nucleus

than the cytosol and plasma membrane (Fig. 3).

C-MYC REGULATES CELL VIABILITY IN NUCLEUS PULPOSUS CELLS

To test whether Wnt signaling activation is sufficient to promote or

inhibit nucleus pulposus cell proliferation, the viability of cells was

evaluated using the MTT assay. The number of viable cells decreased

by 30% following LiCl treatment (Fig. 4A). Wnt3a treatment was

sufficient to inhibit nucleus pulposus cell proliferation (data not

shown). We also examined whether nucleus pulposus cell

proliferation is regulated by c-myc. Treatment of nucleus pulposus

cells with c-myc (100 ng/ml) significantly increased viability

(Fig. 4B). To examine whether increased c-myc activity promotes

cell proliferation in nucleus pulposus cells, we inhibited c-myc

activity with 10058-F4, a small-molecule c-myc inhibitor known to

Fig. 3. Sagittal sections of an intervertebral disc from a Sprague–Dawley rat (12 and 3 weeks of age). The boxed area in the left panel (4�) is shown at higher magnification in

the right panel (40�). The c-myc level in the nucleus pulposus (A–C) and annulus fibrosus (D–F) cells in the 12-week-rat disc, whereas the c-myc level was detected in 3-week-

rat disc (G–I) both annulus fibrosus (H) and nucleus pulposus (I) (40�). Note that the nucleus pulposus cells and annulus fibrosus cells both express the c-myc protein (arrows in

C, F, H, and I). Bars are 100–200mm.
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inhibit heterodimerization between c-myc and max, preventing

c-myc from transactivating its transcriptional target genes [Yin

et al., 2003; Huang et al., 2006]. The nucleus pulposus cells were

treated with 10058-F4 (20mM) for 24 h, and cell viability was

measured using the MTT assay. Treatment with 10058-F4 decreased

cell viability (Fig. 4C). Together, these results suggest that c-myc is

an important factor that promotes the proliferation of nucleus

pulposus cells.

We then used flow cytometry to study cell-cycle progression by

quantifying DNA and the effects of activation of c-myc. After serum

deprivation, 81.9� 6.2% of the nucleus pulposus cells were in the

G1 phase, 8.4� 6.4% in the S phase, and 4.0� 3.0% in the G2/M

phase. Treatment with c-myc (100 ng/ml) for 24 h significantly

decreased the percentage of cells in the G1 phase to 68.8� 6.8% and

increased the percentage of cells in the S phase and G2/M phase to

12.4� 7.7% and 16.4� 0.9%, respectively (Fig. 4D).

EFFECT OF THE C-MYC PROMOTER ON THE WNT SIGNALING IN

NUCLEUS PULPOSUS CELLS

We further investigated the regulation of c-myc expression by

analyzing the 2.26-kb promoter sequence of human c-myc and

measuring the activity of different-sized promoter constructs

(Fig. 5A). The c-myc promoter contains 14 Tcf/Lef-binding motifs:

13 Tcf/Lef-binding motifs in the p-c-myc-Del1 construct and

three Tcf/Lef-binding motifs in the p-c-myc-Del4 construct. To

analyze the promoter function further, we used luciferase reporter

constructs containing a �2,263/þ513 bp (p-c-myc-Del1), �1,055/

þ513 bp (p-c-myc-Del2), �605/þ513 bp (p-c-myc-Del3), or �348/

Fig. 4. Measurement of cell viability in nucleus pulposus cells. A: Nucleus pulposus cells were pretreated for 24 h with 20mM of LiCl, and cell viability was determined by the

MTT assay. B,C: Cell viability after treatment with c-myc (B) or the c-myc inhibitor 10058-F4 (C) was measured using the MTT assay. D: Nucleus pulposus cells were cultured for

24 h, and the cells were treated with or without c-myc (100 ng/ml) for 24 h and harvested, and the nuclei were stained with propidium iodide. DNA histograms were generated

using flow cytometry. Each plot represents the analysis of 10,000 events. The histograms present typical results, and the percentages of cells in G1, S, and G2/M cell-cycle phases

are shown as the means of triplicate measurements. Values are expressed as the mean� SD. �P< 0.05. n.s., not significant.
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þ513 bp (p-c-myc-Del4) construct of the human c-myc promoter

(Fig. 5B). We measured the basal activity of all four constructs in

nucleus pulposus cells. Figure 6A shows that the�348/þ513-bp (p-

c-myc-Del4) construct had maximal basal activity, whereas the

�2,263/þ513-bp (p-c-myc-Del1) construct exhibited the lowest

activity.

We next examined the effect of GSK-3b on the activities of all the

c-myc promoters in nucleus pulposus cells. Treatment of nucleus

Fig. 5. Tcf- and Lef-binding motifs contained in the c-myc promoter. A: The DNA sequence of the promoter region of the c-myc gene [He et al., 1998]. Tcf/Lef (CTTTT, CTTTG,

or CAAAG) consensus sequences are marked in boldface type and underlined. The arrows indicate the starting location of the primers used to generate the promoter constructs.

The transcription start site is marked as þ1; GAC marks the translation start site. B: The transcription start site is marked as þ1. The Tcf/Lef-binding motifs are shown as

rectangles. The p-c-myc-Del1 construct comprised a 2,776-bp fragment containing 2,263 bp of the upstream c-myc promoter sequence linked to 513 bp of exon 1 (i.e.,

�2,263/þ513), whereas the p-c-myc-Del2, p-c-myc-Del3, and p-c-myc-Del4 constructs contained a 1,568-bp fragment (�1,055/þ513), 1,118-bp fragment (�605/þ513),

and 861-bp fragment (�348/þ513), respectively.
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Fig. 6. Effect of c-myc reporter activity on Wnt signaling in nucleus pulposus cells. A: Basal activities of the c-myc reporter constructs in the nucleus pulposus cells were

measured by a dual luciferase assay. B: The effect of LiCl on the activities of all c-myc promoters in nucleus pulposus cells. C: The cells transfected with the p-c-myc-Del1

reporter plasmid were treated with different concentrations of LiCl (1–20mM). D: Nucleus pulposus cells were cotransfected with the p-c-myc-Del1 reporter plasmid along

with WT-GSK3b or an empty vector and the pGL4.74 vector. E: Nucleus pulposus cells were cotransfected with the p-c-myc-Del1 reporter plasmid along with WT-Wnt3a or an

empty vector and the pGL4.74 vector. Values are expressed as the mean� SD. �P< 0.05. n.s., not significant.
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pulposus cells with LiCl (20mM) decreased the activity of all c-myc

promoters (Fig. 6B). To confirm these results, a p-c-myc-Del1

reporter plasmid was transfected into nucleus pulposus cells along

with the pGL4.74 vector, and the cells were stimulated with LiCl.

Figure 6C shows that the p-c-myc-Del1 reporter activity decreased

after LiCl treatment of the nucleus pulposus cells in a dose-

dependent manner. To further confirm the regulation of Wnt

signaling, we examined the effect of GSK-3b (loss of function) or

Wnt3a (gain of function) treatment on c-myc promoter activity in

nucleus pulposus cells. Nucleus pulposus cells were transiently

cotransfected with plasmids encoding GSK-3b (Fig. 6D) or Wnt3a

(Fig. 6E). The p-c-myc-Del1 promoter activity was activated in a

dose-dependent manner by the GSK-3b expression plasmid,

whereas the p-c-myc-Del1 promoter activity was decreased by

the Wnt3a expression plasmid in a dose-dependent manner in the

nucleus pulposus cells. These data were opposite to the results

obtained with knockdown of GSK-3b or Wnt3a (data not shown).

C-MYC REGULATES AGGRECAN ACTIVITY IN NUCLEUS

PULPOSUS CELLS

The role of c-myc on aggrecan, the major structural component of

intervertebral discs, is unknown. We analyzed the role of c-myc in

the regulation of aggrecan. First, we assessed the effects of c-myc on

aggrecan reporter (Agg–luc) activity. The cells were cultured for 48 h

after transfection, and the reporter activity was measured thereafter

(left panel). Nucleus pulposus cells were also cotransfected with the

aggrecan reporter plasmid (Agg–luc) and pGL4.74 plasmid. The

transfected cells were treated with or without a c-myc inhibitor

(10058-F4) (5mM), and the reporter activity was measured 24 h

after treatment (right panel). The aggrecan reporter activity was

suppressed in a c-myc concentration-dependent manner (Fig. 7A).

To confirm the reporter assay data, we next performed real-time PCR

analysis of aggrecan mRNA expression following treatment with c-

myc (100 ng/ml, 24 h). Treatment with c-myc for 24 h significantly

decreased the gene expression of aggrecan compared with that in

untreated control cells (Fig. 7B). The same results were observed for

aggrecan protein expression (Fig. 7C). Finally, to examine the effect

of c-myc protein on Wnt signaling in nucleus pulposus cells, we

used a c-myc expression plasmid in the Topflash reporter assay.

Activation of c-myc significantly decreased the Topflash reporter

activity in a dose-dependent manner in nucleus pulposus cells

(Fig. 7D). We also performed real-time PCR analysis of b-catenin

mRNA expression following treatment with c-myc (100 ng/ml, 24 h).

c-myc treatment inhibited gene expression of b-catenin compared

with that in untreated control cells (Supplemental Fig. 1B).

DISCUSSION

Some reports have suggested that the c-myc gene is transcribed in a

strictly proliferation-dependent manner in several cell types

[Mateyak et al., 1997; Morin et al., 1997; Bouchard et al., 1998].

However, the mechanism underlying the regulation of cell

proliferation in nucleus pulposus cells is not well understood.

The present study demonstrated for the first time that the expression

of c-myc, a key protein required for cell proliferation, is regulated by

Wnt signaling in nucleus pulposus cells. Our data show that

activation ofWnt signaling by LiCl leads to the suppression of c-myc

promoter activity and expression. We also performed deletion

analysis to study the relationship between the Tcf/Lef binding sites

and c-myc expression (Fig. 5). We observed that c-myc expression

was regulated by Tcf/Lef binding sites in nucleus pulposus cells. We

also examined the role of c-myc, including both loss of function and

gain of function, in nucleus pulposus cell proliferation and cell-

cycle progression. The results of the MTT assay and cell-cycle

analysis showed that cell proliferation and cell-cycle progression

increased 24 h following the addition of c-myc and that cell

proliferation was significantly suppressed 24 h following the

addition of a c-myc inhibitor.

Similar experiments using another GSK-3 inhibitor, BIO,

demonstrated that the transcriptional activity of Topflash was

lower and the c-myc response was weaker than when LiCl was

added. The discrepancies in these effects might reflect differences in

the effects of GSK-3b inhibitors in nucleus pulposus cells. GSK-3b is

involved in several diverse pathways, and we cannot exclude the

possibility that LiCl and BIO function via target pathways other than

GSK-3b in nucleus pulposus cells. In addition, the selectivity and

adequate concentration of most of the available GSK-3b inhibitors

has been poorly characterized. Experimental evidence shows that

certain concentrations of LiCl and/or BIO inhibit the role of GSK-3b

in Wnt signaling. However, considering that LiCl increased the

transcriptional activity of Topflashmore than did BIO and the results

of the gene expression experiments, we believe that LiCl may be a

more effective activator of Wnt signaling than BIO in nucleus

pulposus cells.

It was suggested originally that c-myc is a target gene of Wnt

signaling and that the expression of c-myc is increased by Wnt

signaling. However, in our experiments, activation of Wnt signaling

by LiCl produced opposite results; that is, LiCl suppressed c-myc

expression in nucleus pulposus cells via Tcf/Lef binding sites. The

results of the studies described herein suggest that this mechanism

may be specific to nucleus pulposus cells because the nucleus

pulposus is unique both embryologically and functionally. It is also

possible that LiCl induces other pathways directly. LiCl inhibits

GSK-3b, causing accumulation of b-catenin, but also leads to

changes in the expression of other proteins. Our previous results

indicated that LiCl markedly inhibits the expression of both ERK1

and ERK2 genes, which are downstream of the TGF/BMP signal. In

addition, we reported that blocking the MAPK pathway with

PD98059 has an effect on the inhibition of Wnt signaling; that is,

activation of Wnt signaling by the TGF/BMP signal may be

regulated by Smad-independent signals [Hiyama et al., 2011].

Berridge et al. [1982] reported that LiCl inhibits inositol monopho-

sphatase phosphatase (IMPase), decreasing inositol trisphosphate

(IP3) synthesis and negatively regulating phospholipase C signaling

(IP3–PLC–protein kinase C (PKC) signaling). Moreover, Madiehe

et al. [1995] reported that treatment of HL60 cells with LiCl at a

concentration>10mM decreases cell proliferation and induces cell-

cycle arrest because Liþ inhibits IMPases. Building on these studies,

future studies should address the role of c-myc to determine whether

LiCl regulates other signals such as non-Smad pathways including

MAPK, Rho-like GTPase signaling, phosphatidylinositol-3 kinase/
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protein kinase B (PI3K/AKT), c-Jun N-terminal kinases (JNKs), and

PKC.

Recent studies have suggested that Wnt signaling plays an

important role in the regulation of skeletal function. In our

experiments, b-catenin, an important factor for Wnt signaling, was

expressed in the notochord at the developmental stages, suggesting

that Wnt signaling regulates via c-myc the number of nucleus

pulposus cells during the process of transformation from no-

tochordal cells into chondrocyte-like cells. We also examined the

role of c-myc and its response to factors involved in cell

proliferation and its effects on aggrecan, a structural component

of nucleus pulposus cells [Trout et al., 1982]. Our results suggest that

c-myc significantly suppresses aggrecan expression in nucleus

pulposus cells. This result is consistent with the signaling regulatory

mechanism because activation of Wnt signaling by LiCl suppresses

c-myc expression in nucleus pulposus cells via Tcf/Lef binding sites

Fig. 7. Effect of aggrecan activity on the activation of c-myc in nucleus pulposus cells. A: The aggrecan reporter plasmid (Agg–luc) was transfected into nucleus pulposus cells

along with a c-myc expression plasmid (left panel). The transfected cells were treated with or without a c-myc inhibitor (10058-F4) (right panel). B: Real-time RT-PCR analysis

of aggrecan mRNA levels in nucleus pulposus cells cultured for 24 h in the presence or absence of c-myc. C: Nucleus pulposus cells were exposed to recombinant c-myc

(100 ng/ml) for 24 h. Representative results of immunocytochemistry using anti-aggrecan (green) and DAPI (blue) are shown. Bars indicate 20–100mm; original magnification

20–40�. D: Nucleus pulposus cells were cotransfected with the Topflash reporter plasmid along with c-myc plasmid. E: A schematic diagram of Wnt signaling in intervertebral

disc cells. Values are expressed as the mean� SD. �P< 0.05. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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and activation of Wnt signaling leads to increased aggrecan

synthesis. However, it is difficult to elucidate this mechanism

because there is much cross-talk between Wnt signaling and other

signals. Considering the contradictory results that activation of Wnt

signaling suppresses proliferation of nucleus pulposus cells but

increases aggrecan synthesis, we believed that signal pathways

other than the Wnt signaling are involved in intervertebral disc

degeneration because of changes in aggrecan synthesis.

In summary, we showed that Wnt signaling and c-myc form a

negative feedback loop in nucleus pulposus cells. However, the

precise mechanism responsible for this suppression is still unclear.

One limitation of using this particular inhibitor, LiCl, as a Wnt

activator is that LiCl may induce cross-talk with a pathway other

thanWnt signaling in vitro. The results of these experiments and our

previous studies onWnt signaling suggest one possible explanation;

that the expression of b-catenin appears in the notochord in the

early stages of development and that, when inactivated, Wnt

signaling contributes to the maintenance of homeostasis in the

intervertebral disc. Wnt signaling activation by some trigger would

activate c-myc and induce intervertebral disc cell senescence, which

would stop cell proliferation and ultimately cause degeneration of

the intervertebral disc. A change in intradiscal pressure (osmotic

change) or inflammatory cytokines may also be involved. Further

studies are needed to examine the interplay of various Wnt ligands,

other signaling pathways (e.g., non-Smad pathways), and osmolari-

ty in the intervertebral disc, and whether these can modulate Wnt

signaling.
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