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Abstract

The protein kinase C (PKC) signaling, a major regulator of chondrocytic differentiation, has been also implicated in
pathological extracellular matrix remodeling, and here we investigate the mechanism of PKCε-dependent regulation
of the chondrocytic phenotype in human nucleus pulposus (NP) cells derived from herniated disks. NP cells from
each donor were successfully propagated for 25+ culture passages, with remarkable tolerance to repeated freeze-
and-thaw cycles throughout long-term culturing. More specifically, after an initial downregulation of COL2A1, a stable
chondrocytic phenotype was attested by the levels of mRNA expression for aggrecan, biglycan, fibromodulin, and
lumican, while higher expression of SOX-trio and Patched-1 witnessed further differentiation potential. NP cells in
culture also exhibited a stable molecular profile of PKC isoforms: throughout patient samples and passages, mRNAs
for PKC α, δ, ε, ζ, η, ι, and µ were steadily detected, whereas β, γ, and θ were not. Focusing on the signalling of
PKCε, an isoform that may confer protection against degeneration, we found that activation with the PKCε-specific
activator small peptide ψεRACK led sequentially to a prolonged activation of ERK1/2, increased abundance of the
early gene products ATF, CREB1, and Fos with concurrent silencing of transcription for Ki67, and increases in mRNA
expression for aggrecan. More importantly, ψεRACK induced upregulation of hsa-miR-377 expression, coupled to
decreases in ADAMTS5 and cleaved aggrecan. Therefore, PKCε activation in late passage NP cells may represent a
molecular basis for aggrecan availability, as part of an PKCε/ERK/CREB/AP-1-dependent transcriptional program
that includes upregulation of both chondrogenic genes and microRNAs. Moreover, this pathway should be
considered as a target for understanding the molecular mechanism of IVD degeneration and for therapeutic
restoration of degenerated disks.
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Introduction

A principal cause of lower back pain is degeneration of the
intervertebral disc (IVD), a complex disease associated with
specific environmental stressors and some genotypes [1]. The
disk consists of the central gelatinous nucleus pulposus (NP)
core and the external annulus fibrosus (AF) striated
fibrocartilage that is attached through the endplates onto the
vertebrae. The disk is a complex structure highly specialized
for mechanical functions such as spine connectivity, flexure,
rotation, and extension. Most of these functions are essentially
attributed to the rich extracellular matrix (ECM) of the NP that

the small and abundant early in life, chondrocyte-like NP cells
produce. IVD degeneration is characterized and may be
preceded by decreases in the production of proteoglycans, and
in particular aggrecan, and type II collagen [2]. Replacing the
traditional therapeutic approaches with those restoring disc
properties has been a major challenge. Several studies have
focused on the use of autologous cell implantation approaches
in an attempt to regenerate the NP. Indeed, several cell
sources, including mesenchymal stem cells from the bone
marrow or the adipose tissue as well as NP cells, may be
propagated in culture; these cells have been used for
transplantation into animal models with promising results [3-6].

PLOS ONE | www.plosone.org 1 November 2013 | Volume 8 | Issue 11 | e82045

http://creativecommons.org/licenses/by/3.0/
http://www.eexot.gr
http://www.bioacademy.gr


A second line of investigations has focused on soluble factors
that may be used for therapeutic injections [7,8], should these
factors and the biological processes that may control are
identified and characterized.

Elucidation of the mechanisms that regulate the NP cell
survival and differentiation would greatly advance all
therapeutic efforts [9]. Deriving their lineage from notochord, an
embryonic structure of mixed origin, NP cells possess features
of chondrocytes [10,11], and, in animal species that retain
notochordal cells in adult life, may benefit from paracrine
signaling [12] or a progenitor-and-derivative relation [13]. Yet,
the molecular basis of intercellular or intracellular signalling
pathways that control the transcriptional programs of
proliferation and differentiation in NP cells remains uncharted.
Such programs are expected to entail delicate control of the
expression of genes that regulate ECM composition, and in
particular aggrecan, and those that degrade it, like ADAM
metallopeptidase with thrombospondin type 1 motif, 5
(ADAMTS-5), the main aggrecanase in human NP [14] that is
thought to promote IVD degeneration [15]. The study of these
mechanisms has been aided by the recent availability of
adequate cell numbers, obtained through culturing and
subculturing of human nucleus pulposus cells, in their naïve
state [7,11,16-20] or after immortalization with stable
transfection of recombinant human telomerase reverse
transcriptase [21], and key regulators have begun to be
identified.

Protein Kinase C (PKC), a family of serine/threonine protein
kinases, has emerged as a key regulator of signaling pathways
controlling proliferation, differentiation, and survival in the
chondrogenic cell lineages. PKCs transduce extracellular
signals from membrane receptors to the nucleus, and execute
their regulatory roles acutely, by modifying through
phosphorylation the function of protein substrates, i.e., other
signalling, cytoskeleton and secretion-related proteins, as well
as in the long-term, through MAPK activation, and thus
activation of transcription factors and phenotypic gene
regulation (e.g., 22-25). In addition, PKCs may mediate cross-
talk with other major signalling pathways, including the PKA,
wnt canonical and non-canonical, and the tyrosine kinase
receptors pathway [26-29]. Most recently, a novel mechanism
of action for PKC has been documented in the regulation of
expression of microRNAs (miRNAs). These 20–25-nucleotide-
long, endogenous, non-coding RNAs can target gene
expression through translational repression and/or target
mRNA for degradation in a sequence-dependent manner [30].
miRNAs most often respond to transcriptional activity that
follows activation of signalling pathways, as part of
transcriptional program regulation [31,32], and thus co-regulate
major biological pathways with potential clinical uses (e.g., 33).

Aside the human nucleus pulposus cells where expression of
PKC isoforms has not been addressed, many studies have
dealt with the role of individual PKCs in all basic cellular
processes of chondrocytes, including its action as a major
signalling effector of activated vitamin D receptors [34], yet
there is no clear consensus on specific mechanisms. The
difficulty in delineating the roles of individual PKCs primarily
lies with the fact that isoform-specific activators and inhibitors

have only very recently been developed [35-37], while long
term effects of PKC genetic manipulation usually include inter-
regulation amongst the isoforms. Thus, in studies used in
culture models activities of PKCα and ζ are reduced during
nitric oxide-induced apoptosis in chondrocytes [38,39]; their
role in dedifferentiation, however, appears as necessary
[40,41] or indifferent [38]. In human articular chondrocytes
cultures, PKCζ is required for cytokine-mediated expression of
aggrecanases, a hallmark of osteoarthritis [42,43] and of
metalloproteinases (MMPs), an irreversible mechanism of
cartilage collagenolysis during inflammatory joint diseases [44].
Similarly, PKCδ is shown as necessary for chondrocytic
survival [45], but, when activated by basic fibroblast growth
factor (bFGF), stimulates MMP activity [46]. The novel PKCε
has been detected in all tested chondrocytic lineages across
species [40,45-47], yet its specific roles have to be addressed.
PKCε was not found implicated in reactive oxygen species-
induced chondrocyte cell death [45], while its activation was
reduced by bFGF, a “catabolic” agonist in human articular
chondrocytes [46]. Further pointing out a protective role, PKCε
has not been detected in screens that identified genes
upregulated in diseases of chondrocytes, like for example
PKCβI [45], and ζ or ι [42,44]. Moreover, PKCε does not
appear to participate in crosstalks between major biological
pathways in chondrocytes, like PKCα [29,48] and ζ [49]. The
study for the specific actions of PKCε has become possible
with the development of a rationally designed peptide, namely
ψεRACK, an PKC allosteric activator derived from a sequence
that regulates autoinhibitory interactions [35,37]. ψεRACK,
conjugated to TAT peptide, has been administered in culture
and in vivo with equal success in producing PKCε specific
biological effects [24,36]. With this background, we undertook
these studies to investigate the mechanistic details of PKCε
activation and study its potential function as a chondrocytic
phenotype regulator in human nucleus pulposus cells.

Materials and Methods

Materials
Culture media and supplements were from Life Technologies

and fetal bovine serum (FBS) from Biowest. We used the
following antibodies (and dilutions): polyclonal antibodies to
tropomyocin (1:400) from Sigma, to phosphorylated species of
PKCε (1:1,000) and myristoylated alanine-rich C-kinase
substrate (MARCKS) (1:1,000), to PKCε (1:1,000), ERK1/2
(1:2,000), and to activator protein 1 (AP-1) (1:1,000) from
Santa Cruz, to cAMP responsive element binding protein
1(CREB1) (1:1,000) from Millipore; mouse monoclonal
antibodies to MARCKS (1:1,000) and phosho-ERK1/2 (1:2,000)
from Santa Cruz, to p120GAP (1:2,000) from Upstate
Biotechnology, to neo-epitope ARG on aggrecan, clone BC-3
(1:1,000 for Western blotting and 1:200 for
immunocytochemistry) from ABCAM, and to β-tubulin (1:500)
from Sigma; and secondary antibodies conjugated to
horseradish peroxidase or fluorochromes from Santa Cruz. The
PKCε-selective activator peptide, ψεRACK [PKCε (85-92),
HDAPIGYD] [37] was synthesized and conjugated to a peptide
derived from the trans-activating transcriptional activator (TAT)
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(amino acids 45-57, YGRKKRRQRRR) by Peptide 2.0 Inc.
PD98059, U0126, and SB203580 were from Calbiochem.

Human samples, isolation and culture of human
nucleus pulposus cells

Human tissue samples of lumbar pathological IVD
(Thompson grade 3 or 4) were donated from consenting
patients (14 males and 6 females, aged 27 to 45) undergoing
surgery for removal of herniated discs. The IVDs were
maintained into DMEM:F12 and the nucleus pulposus was
surgically dissected from the annulus fibrosus using a
stereoscope. One tenth of each disk was acutely frozen in
Trizol and the rest was used to establish primary cell cultures.
Briefly, nucleus pulposus cells were released after mincing with
scalpels and an overnight treatment with 0.025% collagenase
(Worthington) at 37°C. Tissues were triturated with a pasteur
pipette and debris removed with a 500 x g x1 min
centrifugation; the resulting supernatant was washed and
resuspended in DMEM:F12 1:1, supplemented with 10% FBS,
66μM L-ascorbic acid [50], 1mM L-Glutamine, 1% Gentamicin,
and 1% penicillin/streptomycin. After plating onto culture dishes
(1 IVD/60mm), cells were grown at 37°C and 5% CO2.
Culturing media was replenished every 2-3 days and, when
confluent, NP cells were trypsinized, counted, and split at a
ratio of 1:3. Every 3-4 passages, some cells were frozen and
stored in FBS:DMSO:glycerol:DMEM at a ratio of 50:10:10:30
at -90°C or -180°C, and were thawed with a similar success
rate of 80% of the trials (maximum freezing time was 2 years).
Articular knee cartilages (AC) were donated from three patients
with trauma and no history of joint disease and were cultured
as previously described [51].

Ethics statement
For our studies, herniated disks from patients undergoing

discectomy surgery for degenerative disc disease or knee
cartilage shreds, removed from frayed cartilage edges during
repair surgery for acute trauma, were obtained only from
individuals that had previously given their verbal informed
consent to release for medical research the tissue byproducts
of their procedure. The oral consent was documented by an
appropriate witness, following the protocol approved by the
Ethics Committee, KAT Hospital, University of Athens. This
protocol fully conformed to the ethical guidelines of the 1975
Declaration of Helsinki for Medical Research, including
randomly assigned numbers to protect the anonymity of the
patient.

Immunocytochemistry, deconvolution microscopy, and
Western blotting

Cell fixation and immunofluorescence analysis was
performed as previously described (e.g., 23,52,53). For
aggrecan detection, cells were treated postfixation with 5x10-5

U /µL of Chondroitinase ABC (Sigma) for 3 hours at 37°C. The
primary antibodies were detected with species-specific
rhodamine- or FITC-conjugated secondary antibodies as
indicated in figure legends, the nuclear DNA with Hoechst
33258 (Pharmingen), and F-actin with Alexa Fluor 633-
phalloidin- (Invitrogen). Cell staining was visualized using an

Axiovert 200M inverted fluorescence microscope with a
motorized stage and a Hamamatsu Orca-ER CCD camera;
images from double or triple staining were obtained at the
same focal planes of serial 0.5μm thick Z dimension optical
sections and resulting Z-stacks were deconvolved with
Slidebook™.

Immunoblotting, using total cell homogenates in RIPA buffer
or concentrated, chondroitinase-treated culture media were
performed as previously described (e.g., 23,53-55). Twenty five
µg of protein or volumes corresponding to 500 µg of cellular
protein were analyzed per condition. Following separation with
SDS polyacrylamide gel electrophoresis, proteins were
transferred to nitrocellulose membranes, and analyzed by
indicated antibodies and the appropriate species specific
secondary antibodies conjugated to horseradish peroxidase.
Immunoreactivity was visualized by enhanced
chemiluminescence (Santa Cruz). Chemiluminescence
detection was linear at 30-60 sec of exposure for all antibodies
used except for BC-3 which was 5 min.

RT-PCR analysis
Semi-quantitative PCR was performed as previously

described [22,56]. Briefly, total RNA isolated from NP, AC, and
90-8 (a malignant peripheral nerve sheath tumor, MPNST, cell
line) cultured cells using the Trizol reagent (Ambion) was
reverse transcribed (1 µg per reaction) with SuperScript II
reverse transcriptase (Invitrogen), and 1µL of the formed cDNA
was amplified with Taq DNA Polymerase (Hytest), in the
presence of gene-specific primers for: ACAN F
GAGAAGTTCACCTTCCAG GAAG, R
CTGCACATGTCCATGCCA; ADAMTS5 F
GAGGATTTATGTGGGCAT CATTCATGTG, R
CATATGGTCCCAACGTCTGC; SOX5 F CAAGGCAATC
ATGCGCAACA, R TGCTAGACACGCTTGAGTGC; SOX6 F
GATGCCA TCAACTCCACAGC, R
GCTGCAGAGCCATTCATTGC; SOX9 F ACAA
GAAAGACCACCCCGAATAC, R
TGCTCAGTTCACCGATGTCCAC; COL2A1 F
TTCAGCTATGGAGATGACAATC, R
AGAGTCCTAGAGTGACTGAG; BGN F
TGCAGAACAACGACATCTCCG, R
GGAGGAGCTTGAGGTCTGGGA; LUM F
AAGGCCTTTGAGAATGTAACTG, R
TGTTGCTGATCTTATTGTTGTCTA; FMOD F
ACCGTCCCCGATAGCTACTT, R
CATCCTGGACCTTCCAGCAAA; PTCH1 F
GAAGGTGCTAATGTCCTGAC, R
GTGCTGTTCTTGACTGTGCC; ki67 F
ACCCTGCGACTCTCCACAGT, R
GCTCCTCTGTACGTCCCTTTT; and GAPDH F
ATGGTGAAAGTCGGAGTCAA, R
ATCACAAGTTTCCCGTTCTC. Primers for the PKC genes
were as in Oshevski et al. 1999 [57]. Small RNAs were isolated
using the MIRVANA kit (Invitrogen) and Homo sapiens (hsa)-
miR-377 or the mRNA for the U6 were detected using a
specific stem-loop adaptor primer set F GCCGCATCACACAA
AGGCAAC, R GTGCAGGGTCCGAGGT, and primers F
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CTCGCTTCGGC AGCACA, R AACGCTTCACGAATTTGCGT,
respectively.

Amplification conditions were an initial denaturation step of 4
min at 94°C followed by 33-40 cycles (linear region) at 94°C for
30 sec, at 52°C - 62 °C (depending on annealing temperature
of each primer set) for 30 sec, at 72°C for 30 sec, followed by
10 min at 72°C. PCR products, separated in appropriate for
each product percentage agarose gels, were stained with
ethidium bromide and visualized under UV light using the
Dolphin-Doc Pro system. For quantification, band intensities
were assessed using the ImageJ software and normalized in
reference to controls GAPDH (genes) or U6 (miRNAs), which
were always amplified for each cDNA preparation in their linear
region of 23 cycles.

Databases
In silico analysis of ADAMTS5 3’-UTR to identify predicted

binding sites of microRNA was performed using the following
databases: TargetScan Release 6.2. (http://
www.targetscan.org), microrna.org (http://www.microrna.org ),
miRDB (http://mirdb.org), and DIANA-microT 3.0 (http://
diana.cslab.ece.ntua.gr/microT). Genomic sequences for
pairwise alignments were downloaded from EnsEMBL (http://
www.ensembl.org) and AP-1 and CREB1 transcription binding
sites were identified using the ConTra web tool (http://
bioit.dmbr.ugent.be/ConTra/index.php) as previously described
[58-62].

Statistical analysis
Experiments were performed 2-5 times and numerical data

were analyzed by ANOVA; a P value of less than 0.05 was
considered significant.

Results

Establishment and characterization of human NP cell
cultures of early and late passages

In order to attain sufficient NP cell numbers to study
mechanisms of differentiation, we reasoned that NP cells
should be allowed to first partially de-differentiate and thus gain
in proliferation capacity. In pilot experiments we established the
conditions, described in Methods, which permitted both cell
cultures from every patient to be established and propagation
of these cultures for up to 30 passages. When freshly plated,
cells exhibited spherical shapes as they underwent cell division
(Figure 1A, NP6 Passage 0 (P0), culture day 3 (C3),
arrowhead, and NP8 P0, C2), before spreading onto the
substrate (double arrows, NP6 P0, C3). Over the next days,
cells acquired a polygonal body with several processes
radiating away from the cell body, thus assuming an irregular
stellate appearance (Figure 1A, NP6, P0, C12); such NP cell
morphology with several lamellipodia with filopodia has been
previously reported for human (e.g., 16,63) or bovine NP cell
cultures, while in cell cultures established from explants [11] or
through mechanical dissociation (filters) [17] lesser
lamellipodia, often without filopodia, were observed at least
during early passages. Cells grew exponentially during the first

few passages (Figure 1B), and proliferation rate remained high
up to passages 10-12, even after propagation (repeated
passages and cycles of freeze-and-thaw) that covered cell
maintenance periods (culture plus storage) of over two years in
total. Cell morphology was also very similar over different
patient samples e.g., Figure 1A, NP6 P0 at C12, and NP9 P7,
NP13 P17, and NP11 P28 (all at C10). It is noteworthy that
also up to passage 10-12, about 1-2% of the cell population
consisted of large body cells with intricate process outgrowth
patterns (Figure 1A, arrowheads in NP7 P5 and NP14 P6).
Beyond that, cell proliferation slowed down, yet cells kept their
stellate appearance and responded to plating on chitosan with
a rounded morphology (data not shown). In general, cells grew
without contact inhibition and we often observed cellular hives
(Figure 1A, triple arrow) at least up to P10. Contact inhibition
was also absent in cultures of human articular chondrocytes
(AC), which were used as reference of a chondrocytic
phenotype; these cells, however, grew without hive formation
(Figure 1A, AC P5).

NP cells exhibited elaborate cytoskeletons of microtubules
and F-actin as observed with deconvolution microscopy and
immunostaining with antibodies to β-tubulin and staining with
phalloidin-Alexa Fluor 633, respectively (Figure 2 A and B).
These patterns emphasized their ramified cytoplasm (Figure
2A, arrows), in particular of the large NP cells (Figure 2A,
arrowheads), as compared to AC cells, which kept a triangular
or bipolar cell body with fewer processes and lesser
microtubule branching (Figure 2B, arrows). We observed little
cell body motility in live microscopy (data not shown), while the
phalloidin patterns revealed that most F-actin was organized in
focal adhesions in NP cells but in stress fibers in AC cells
(double arrows in Figure 2A versus Figure 2B). Deconvolution
microscopy revealed that aggrecan immunostaining, with an
antibody that recognizes ADAMTS-cleaved aggrecan,
decorated the cytosol of all NP cells in a vesicle-like pattern, in
particular around the nucleus and along major processes
(arrows in Figure 2D), reminiscent of Golgi exocytic vesicles
and ADAMTS-5 intracellular staining patterns [64,65]. The
specificity of the staining was confirmed when omission of
chondroitinase (Figure 2E upper panel), or incubation at 4°C
(Figure 2E lower panel) dissipated staining, except in cells that
were dividing and the nuclear lamina was dissolved (asterisks).
Thus, BC-3 staining was feasibly the result of post-fixation
activity of an aggrecanase, while we may not exclude the
possibility that this was internalization of shorter, 374ARGS-led
aggrecan fragments, internalized from the ECM for intracellular
destruction [66].

Cells of early or late passages expressed mRNAs for the
most important component of the ECM of nucleus pulposus,
the large chondroitin sulfate proteoglycan aggrecan (Figure 3).
Moreover, at least message levels did not wither with cell
plating or passaging, nor differed amongst samples (i.e. NP1
tissue versus P8, 13 or NP2 tissue versus P2, 6, or 12 or NP10
tissue versus P2 or P21). The mRNA expression for the
chondrocyte marker type II collagen α1 was, however,
downregulated, suggesting that these culture conditions
promoted proliferation at the expense of differentiation. The
mRNA levels for the three members of the SOX family of
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Figure 1.  Morphologies and growth rate of human NP cells in culture.  (A) Phase contrast micrographs (black-and-white
panels), and immunocytochemical decoration of mitotic spindles (microtubules visualized with β-tubulin-rhodamine and
chromosomes with Hoechst 33258, upper row middle panel) and of the actin-binding protein tropomyosin (visualized with
fluorescein, last two panels) show gains in numbers and a stable morphology throughout patients samples and passaging, even
after freeze-thawing cycles (examples are given for samples NP6, 9, 11, 13, and 14; arrows and arrowheads are described in the
text). NP or AC cells grew without contact inhibition, while NP cells could form cellular hives in early passages (triple arrow in NP14
P6). Large NP cells, accounting for ~1%, were observed in all samples (arrowheads in NP7 P5 and in NP14 P6); bar=10 μm in
phase contrast photographs. (B) Cell number (logarithmic scale, y-axis ) versus days in culture (linear scale, x-axis): NP cells had
impressive growth rates in early passages with similar curves amongst patient samples (data shown are the average of all
samples); arrows indicate times of cell culture propagation through passaging.
doi: 10.1371/journal.pone.0082045.g001
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Figure 2.  Cytoskeletal and chondrocyte phenotypic markers in cultured NP cells.  NP cell cultures were fixed, immunostained
and imaged with deconvolution microscopy (A) β-tubulin immunostaining (red) reveals elaborate microtubule cytoskeletons in NP
cells (arrows), especially in the rare large notochordal-like cells (arrowheads), while phalloidin staining (magenta) shows that F-actin
is organized in focal adhesions under the cell body (double arrows); nuclei are stained blue with Hoechst. (B) In contrast, AC cells
exhibit polarized cell bodies, lesser microtubule branching (arrows), and F-actin forms intense stress fibers (double arrows). Staining
with the BC-3 antibody (red) that recognizes the neoepitope on human aggrecan that is created after cleavage within the sequence
TEGE373-374ARGS by aggrecanases activity, decorated the cytoplasm of both (C) AC cells and (D) NP cells. In both cell types the
staining pattern was consistent with a vesicular distribution (arrows). (E) Aggrecan staining was not detected when chondroitinase
was omitted (upper panel) or when the reaction was allowed to proceed at 4° C (asterisk indicate cells at mitosis) (NP6 P10, C7).
NP tissue indicate fresh tissue sample, NP numbers indicate patient sample, and P the culture passage; all cells were visualized
with a 63x oil immersion lens.
doi: 10.1371/journal.pone.0082045.g002
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transcription factors, which are causally linked with the
chondrocytic phenotype, namely SOX5, 6, and 9, were often
higher in plated cells than the parental NP tissue (Figure 3).
Interestingly, in NP tissues the mRNA expression for Patched-1
(PTCH1), the receptor for the chondrogenic Hedgehog
proteins, was detected variably, yet in cultured cells it was
steadily expressed. The mRNA expression patterns for the
small proteoglycans biglycan, fibromodulin, and lumican were
overall stable over long term culturing, including periods of
freezing and reviving, and similar to the tissue levels (Figure 3),
further indicating that NP cells remained committed to a stable
chondrocytic phenotype.

PKCs have important role in the proliferation, differentiation,
or apoptosis of chondrocytes, yet, their molecular profile has
not been previously addressed in human NP cells. Thus, we
used semi-quantitative PCR to detect all known PKC isoforms
in human NP-derived cultures, using as reference AC cells as
well as the 90-8 cell line that expresses all PKCs, but βI (Figure
4). Throughout patient samples, mRNAs for PKC α, δ, ε, ζ, η, ι,
and µ were steadily detected, whereas β, γ, and θ were not.
This pattern was stable and was retained in all culture
passages, either early (NP11, P0; NP1, P3) or late (NP10, P23;
NP1, P13). An intriguing observation was that, upon
subculturing, the ζ isoform consistently appeared at a slightly

different molecular size (402 versus 321, arrowheads versus
arrow), possibly due to alternative splicing, and this eventually
became the prominent transcript. AC cells presented with an
almost identical molecular PKC phenotype to that of NP cells,
expressing the same isoforms at comparable ratios.

PKCε activation leads to gains in differentiation of NP
cells

In pilot experiments, we used expression levels of SOX9,
which readily reflects initiation of transcription for chondrogenic
differentiation, and a combination of isoform specific activators
or inhibitors and antisense oligonucleotides to evaluate effects
of individual PKC isoform and found that activation of PKCε
with ψεRACK, a peptide that selectively binds to and activates
PKCε, significantly increased expression of SOX9 (Fig. S1).
Thus, we investigated the signalling coupling of PKCε and ERK
in NP cells. Using Western blot analyses we verified time-
dependent phosphorylation/activation of PKCε after exposure
to ψεRACK and phosphorylation of the PKC-specific substrate
MARCKS (Figure 5A). Activated PKC is necessary for
activation of the ERK cascade, and this was the case for PKCε
activation in this chondrocytic cellular context which led to
phosphorylation/activation of the MAPK ERK1/2 (Figure 5B),
but not the MAPKs JNK or p38 (data not shown). Moreover,

Figure 3.  Chondrocytic marker expression remains stable over many cell passages of NP cell cultures.  Representative
images of RT-PCR results demonstrate expression levels of ACAN; COL2A1; SOX 5,6, and 9; PTCH1; BGN; FMOD; and LUM in
NP tissue and in early and late passage of NP cells from different patient samples, and highlight that, under monolayer culture
expansion, messages for ECM proteoglycans aggrecan, biglycan, fibromodulin, and lumican were sustained at similar levels
throughout passaging. For each sample, the expression of each gene was examined using identical amounts of cDNA template, as
for the housekeeping GAPDH (shown at the bottom panel).
doi: 10.1371/journal.pone.0082045.g003
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this PKCε/ERK pathway led to significant activation of
transcription factors that are important for chondrogenic
differentiation at 8 hours, namely, significantly increased
expression of CREB1 (Figure 5B), and of activating
transcription factor (ATF) and Fos (Figure 5C). These
inductions were completely inhibited by U0126 (10 µM) and by
PD98059 (20 µM) that prevent activation of MEK1/2, the
upstream activator of the MAPK ERK1/2, whereas the selective
inhibitor of the MAPK p38 SB203580 (10 µM) had no effect
(Figure 5D). Taken together, these results attest for a central
and specific role for PKCε in the activation of MEK1/2-ERK1/2
in NP cells, while its temporal mode suggested possible
regulation, in addition to early genes CREB1 and AP-1, of late,
or phenotypic gene transcription.

To investigate whether PKCε may promote phenotypic
changes in NP cells, we examined the transcription of the
aggrecan gene. PKCε activation had a remarkable positive
effect on the transcription for aggrecan, as its mRNA, after a
small reduction at 8 hours of exposure to ψεRACK, rose at 18
hours and remained high for at least up to 40 hours (Figure 6A,
ACAN). Moreover, examination of the levels of the mRNA for
the proliferation marker Ki67 (MKI67) revealed that, after an
increase at 8 hours with ψεRACK, its expression became
almost undetectable, indicating cell cycle withdrawal. When we
assessed the gene expression for the major NP aggrecanase
ADAMTS-5, we found that ψεRACK treatment readily and

significantly downregulated the expression of ADAMTS5, with
low levels persisting into 40 hours (Figure 6A). These
decreases correlated flawlessly with the decreases in
ADAMTS-cleaved aggrecan in the medium of NP cultures, as
seen with immunodetection of the neoepitope ARG on
aggrecan (Figure 6B). Moreover, both effects of ψεRACK on
ACAN and ADAMTS5 transcription were reversed with
preincubation of the cells with U0126 (10 µM; 20 min ahead)
(Figure S2), providing further evidence for their dependency on
ERK activation.

ADAMTS5 transcription should have been upregulated, as
expected from studies with overexpression of constitutively
active CREB [67], we reasoned that this unexpected
downregulation of ADAMTS-5 mRNA was due to microRNA
activity. Our in silico analysis showed that the 3’-UTR of
ADAMTS5 holds an impressive 65% of the length of its mRNA
(6141bp/9056bp), one of the longest amongst all known
transcripts. Further bioinformatics surveys predicted that
miR-377, a conserved amongst mammals miRNA, could bind
on six sites (797-803, 1304-1332, 2937-2943, 3126-3133,
4775-4803, 6056-6062) on the 3’- UTR tail of ADAMTS5. To
validate ADAMTS5 as a target of miR-377 and as part of the
transcriptional regulation imposed upon PKCε activation, we
designed specific primers and amplified hsa-miR-377 in control
and ψεRACK-treated NP cells. Fascinatingly, we found that
PKCε activation upregulated the expression of hsa-miR-377 as

Figure 4.  PKC isoform expression in human NP cells of early or late passage.  Representative images of RT-PCR results for
PKC isoform profiling demonstrate an indistinguishable profile amongst various NP samples and cell passages (NP11, P0; NP10,
P23; NP1, at P3 and P13), and AC cells (AC, P17) in culture, with the exception of the ζ isoform, which appears at a slightly
different molecular size (402 versus 321 - arrowheads versus arrows). The MPNST 90-8 cell line which expresses all the PKC
isoforms but βI, served as a positive control. For each sample, the expression of each gene was examined using identical amounts
of cDNA template, as for the housekeeping GAPDH (shown at the bottom row). The ladder used was the GeneRuler 100 bp (NEB),
where the intense band corresponds to the 500 bp size.
doi: 10.1371/journal.pone.0082045.g004
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Figure 5.  PKCε activates ERK and transcription factors AP-1 and CREB1 in human NP cells.  Western blot analyses of NP
cell lysates (25 µg of protein per lane) treated with vehicle (time 0) or with the PKCε-selective activator peptide ψεRACK (1μM) for 8,
18, or 40 hours show (A) ψεRACK-dependent increases in phosphorylation of PKCε (P-PKCε, left upper panel), and of the PKC-
specific substrate MARCKS (P-MARCKS, right upper panel) (lower panels show PKCε and MARCKS abundance, respectively); (B)
time course of PKCε-induced ERK1/2 phosphorylation, which establishes a moderate and sustained ERK activation up to 40 hours
(left upper panel) (lower panel shows ERK1/2 protein abundance), and of PKCε activation-dependent increases in expression of the
transcription factor CREB1 at 8 hours (right panel); (C) significant increases in expression of transcription factors Fos and ATF also
at 8 hours after exposure to ψεRACK; equal loading for CREB1, Fos, and ATF was additionally monitored with immunodetection of
p120GAP (right panel) on the upper part of the nitrocellulose membranes; (D) that ψεRACK-dependent ERK, CREB1, ATF and Fos
activation was abolished by U0126 and PD98059, both inhibitors of MEK1/2, but not SB203580 (all inhibitors were added 20 min
prior to treatments with ψεRACK). Similar results were obtained in five different NP cell lines; examples shown are from NP13 P8-
P12 (A-C) and from NP11 P9-P13 (D).
doi: 10.1371/journal.pone.0082045.g005
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by 8 hours of exposure to ψεRACK hsa-miR-377 levels had
peaked significantly, and remained high thereafter (Figure 6C
and graph in 6D). Our results suggest that PKCε activation
increased the expression of hsa-miR-377, which led to long-
term downregulation of ADAMTS5, causing in turn reduction in
cleaved aggrecan in NP cells ECM.

Discussion

In order to understand the molecular basis of the
differentiation process of human NP cells, we established
monolayer culture conditions that would allow control over this
event. These basic conditions led to some de-differentiation
and significant gains in proliferation, which allowed us to
passage cells many times, with cells retaining mRNA
expression of chondrocytic markers, except for Col2A1, at

similar levels to those detected in the corresponding parental
tissue, as previously reported for rat NP cells after few weeks
in culture [17,68,69]. Specifically, NP cells expressed
detectable levels of SOX9, an important for the initiation of
chondrocytic differentiation transcription factor [70], throughout
culturing periods of over 20 passages. Moreover, SOX9
cooperatively with SOX5 and 6 maintains a chondrocytic
phenotype by directly regulating the transcription for the two
other classical markers of NP cells, aggrecan and type II
collagen [71]. NP cells also steadily expressed high levels of
aggrecan message, confirming and extending the observation
that during monolayer expansion of NP cells, after a transitional
reduction, aggrecan, but not Col2A1, levels may stabilize [17].
Apparently, once released from the tissue, the transcriptome at
first responded to the new environment in culture, which
includes a number of stimulators including normoxia and serum

Figure 6.  PKCε activation induces aggrecan gene expression, decreases ADAMTS5, and detection of ADAMTS-5-
depended cleavage of ECM aggrecan through upregulation of hsa-miR-377 expression.  (A) RT-PCR detected the relative
expression of ACAN, MKI67, ADAMTS5 after treatment of NP cells with 1 μM ψεRACK (or vehicle) for indicated times and revealed
that time-dependent activation of PKCε significantly increased the mRNA expression for aggrecan, while in an opposing manner
decreased ADAMTS5; mRNA levels of the proliferation marker Ki67 became barely detectable after 8 hours of PKCε activation. (B)
Immunoblotting of ECM proteins isolated from the culture media of NP cells with BC-3, an antibody that detects ADAMTS-5-
mediated cleavage of human aggrecan, revealed a drastic decrease of cleaved aggrecan by 40 hours of treatment with ψεRACK, in
agreement with the lower levels of ADAMTS5. (C) Levels of expression of hsa-miR-377, predicted to bind at several sites of
ADAMTS5 3’-UTR, were significantly induced with PKCε activation, as determined with RT-PCR; † indicates the hsa-miR-377
primers. (D) Quantitation of hsa-miR-377 levels showed early sustained gains with ψεRACK (P < 0.01 at 8 and 18 h), whereas
ADAMTS5 decreased gradually (P < 0.01 at 40 h); GAPDH and U6 were used for normalization of ADAMTS5 and hsa-miR-377,
respectively. Bars in the graph represent the mean results of four independent experiments ±SEM, in which two different NP lines
(NP6 P10 and NP8 P11 were run in parallel (n=8 for each time point), * P < 0.05 and ** P < 0.01 relative to 0 h ψεRACK.
doi: 10.1371/journal.pone.0082045.g006

PKCε/ERK Signaling in Nucleus Pulposus Cells

PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e82045



growth factors, such as lysophosphatidic acid (LPA), with
intense proliferation (as in rat chondrocytes, [72]). This finding
shows that the mitotic program is constantly suppressed in the
disk as reported by others (e.g., 7,11,17,19,20); as, however,
the transcriptome in parallel adopts to the new environment by
reverting to a nodal yet proximal point of differentiation in the
tissue, cells are led to differentiation, hence the expression of
NP markers, which is then stabilized under constant, non-
challenging culture conditions. Indeed LPA receptors, highly
abundant in nucleus pulposus cells [9], signal through PKC and
PI3K/Akt, to additionally promote survival and differentiation (in
resting chondrocytes [73]). While we did not assess matrix
synthesis, we should reiterate that the cell lines we developed
showed tolerance to repeated freeze-and-thaw cycles in terms
of general growth characteristics and molecular phenotypic
features. Thus, our data highlight for the first time this aspect of
the remarkable plasticity that the NP cells apparently possess.

Moreover, under these conditions we observed the survival
and propagation for several passages of a subpopulation of
large cells, with a body diameter over 30 µm (Figures 1A, and
2A), with morphological phenotypes resembling “physaliferous”
notochordal cells [13]. This pool of cells survived for about 10
passages and as it dissipated, so did the high proliferation rate
of the culture. It was unfeasible to study whether these cells
transformed to the smaller stellate cells, it appears, however,
that these cells supported proliferation, possibly through
paracrine functions, for example secretion of growth factors.
Recently, a pool of cells with notochordal lineage markers was
discovered in the adult bovine caudal disc, previously thought
to contain only chrondrocyte-like NP cells and novel markers
have been proposed [74,75]. Based on these facts we
speculate that these cells may represent a notochordal
population in the NP believed to dissipate by the age of 10 in
humans, possibly through maturation into NP cells [13].

We then proceeded to identify signaling pathways that may
regulate this molecularly stable phenotype, focusing on PKC.
Many studies have addressed the function of PKCs signalling
in chondrocytes, as elaborated earlier, yet PKC profiling has
attracted little attention. With the current studies we postulate
that NP cells in culture express mRNA for PKC isoforms α, δ, ε,
ζ, η, ι, and µ but not for β, γ, or ϑ. In studies using rat NP cells
in monolayer cultures, targeted investigation of PKCα, γ, ε, ζ,
and ι expression identified mRNAs for all of these isoforms
[26]. Differences in the expression of PKCs, in this case of γ,
between rat and human should be expected, as the standing
position of humans imposes through mechanotransduction a
different and constant genetic pressure on gene transcription.
A consideration may be that the NP cells in our study derived
from symptomatic patients, yet, the human AC cells from
healthy donors exhibited an identical PKC profile. AC cells may
have different lineage, they do, however, fulfill similar functional
purposes and share common chondrocytic characteristics with
NP cells, therefore the PKC profile we now report may be a
“blueprint” for the human chondrocytic phenotype.

When we specifically activated PKCε with ψεRACK to
explore its actions on chondrocytic differentiation we made a
series of novel observations. First we found that PKC
phosphorylates in vivo MARCKS, an F-actin binding protein

that has been identified as a new therapeutic target of
antirheumatic drugs and possibly a marker for cartilage/
chondrocyte integrity and regeneration of human chondrocytes
[76]. Moreover we observed a low level, yet sustained
activation of ERK1/2. The magnitude and duration of ERK
activation may determine the cellular response in many cell
types: a high magnitude, acute and transient (minutes)
activation as by epidermal growth factor generally induces cell
proliferation whereas a low magnitude and prolonged activation
(hours) induces differentiation [23,77,78]. Apparently this
stands also true for chondrocytic phenotypes, as connective
tissue growth factor (CCN2), an agonist that promotes
proliferation in de-differentiating rabbit chondrocytes, induces a
transient [79] and drastic, over 15fold activation of ERK [40]. A
similar ERK1/2 activation profile mediates LPA-induced rat
chrondrocyte proliferation [72]. In the latter paradigm, inhibition
of another MAPK, p38, did not suppress proliferation, a result
also shown for human chondrosarcoma HCS-2/8 and rabbit
growth plate cartilage cells treated with CTGF/CCN2, where,
however, p38 inhibition induced 35[S]-sulfate incorporation, a
measure of differentiation [80]. In our studies we did not detect
p38 or JNK activation even in short time frames, which we
attribute to the fact that PKCε was directly activated with
ψεRACK, without the modulation of upstream effectors and
induction of cross-talk amongst major signalling pathways that
membrane receptor agonism induces. Downstream to PKCε
activation, however, different effectors, activated at different
time frames may contribute to ERK1/2 activation, as
established in neuronal cell types where PKCε may, in addition
to Raf, activate FGFR to start a new cycle of ERK activation
[24]. Interestingly activation of FGFR in chondrocytes leads to
an acute activation of SOX9, which, like in our case, induces
aggrecan but not collagen type II expression [81].

In additional support for a differentiation-driving signalling of
PKCε in the long term, ψεRACK-dependent activation of ERK
led to activation of the CREB1 and AP-1 transcription factors,
as postulated with increased synthesis of CREB1 and of the
AP-1 homo- and hetero-dimer forming ATF and Fos. This
synthesis was completely inhibited by PD98059 and U0126
that prevent activation of MEK1/2 upstream activator of
ERK1/2, whereas the selective p38 inhibitor SB203580 had no
effect. Therefore the biological effects that we observed may
be attributed to ERK1/2 activation, at least amongst MAPKs.
Similar magnitude and duration profiles of ERK activation
mediate both granulin-epithelin precursor-induced
chondrogenesis in human C28I2 chondrocytes [82] and BMP-2
induced transcription of GlcAT-1, a key enzyme for chondroitin
sulfate biosynthesis and glycosaminoglycan accumulation in rat
NP cells, via AP-1 [83]. Moreover, long-term (40 hours)
ψεRACK caused a sustained upregulation of aggrecan
expression with concurrent reduction of the proliferation marker
Ki67. The initial increase of Ki67 prior to its silencing may
feasibly indicate that NP cells first underwent one cell cycle and
then proliferation ceased as differentiation prevailed. Similarly,
long-term treatment with the pan-PKC activator phorbol ester
TPA of rat NP cells in culture resulted first in gains in
proliferation and then upregulation of aggrecan expression [26].
This is a common theme and often cells that are induced
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towards differentiation may first undergo one cell cycle, during
which expression of differentiation markers is gained [55,84].
Taken together these data suggest that in response to PKCε
activation NP cells entered differentiation in the expense of
proliferation.

The notion that PKCε activation may regulate aggrecan
homeostasis as part of a transcriptional program for
differentiation was supported by our findings that ψεRACK in a
coordinated manner suppressed the expression of ADAMTS5,
functionally verified by the reduced cleavage of aggrecan, and
increased expression of hsa-mir-377. MicroRNAs have been
shown to participate in gene cohort regulation for the
implementation of differentiation transcriptional programs in
response to PKC in many cell types including chondrocytes
[85,86] and chondrogenic differentiation of mesenchymal cells
[87]. Our experiments verify the in silico analysis that predicted
at least 6 possible binding areas for hsa-miR-377 on
ADAMTS5 3’-UTR and imply that these interactions may have
a biological significance on NP cells cartilage homeostasis.
This particular microRNA is highly and preferentially expressed
in chondrocytes [88], no other regulation, however, of its
expression has been reported until now.

Further support that hsa-miR-377 may be part of a
differentiation program came from bioinformatics genome
analyses, when we examined AP-1 and CREB1 sites on ACAN
and ADAMTS5 promoter sequences and hsa-miR-377

intergenic region (Figure 7). Apparently, while an AP-1 site at
-1458 to -1452 bp from the ACAN transcription start site is
conserved among Homo sapiens and Bos taurus, a second
one is not. A comparable “loss” of AP-1 regulation is detected
for human ADAMTS5, where the relatively distant from the
transcription start site is conserved amongst human, rabbit, rat
and cow, but the closer one is lost. In contrast, we found clear
gains in CREB1 and AP-1 sites for human miR-377.
Specifically, we identified two CREB1 sites as opposed to only
one in cow and rat, and an advantage of three sites for AP-1 as
compared to only one in cow and rabbit. Taken together with
our signalling results, these data suggest that the net outcome
of PKCε-dependent activation of AP-1 and CREB1 leads to a
clear gain in the expression of the chondrocytic hsa-miR-377,
as part of a program that also supports gains in aggrecan
expression.

Summarizing, in dissecting the molecular basis of availability
in human NP cells, our results suggest that PKCε signaling
upregulates aggrecan as part of an PKCε/ERK/CREB/AP-1-
dependent transcriptional program that includes concurrent
upregulation of ACAN and hsa-miR-377, and dowregulation of
the hsa-miR-377 target ADAMTS5. Thus regulation of PKCε
and hsa-miR-377, should be considered as novel tools for
studies aiming at delineating further IVD degeneration-prone
genotypes and at therapeutic restoration of degenerated disks.
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Figure 7.  Predicted AP1 and CREB1 binding sites in the ACAN, ADAMTS5, and hsa-mir-377 promoters.  Genomic pairwise
sequence alignments which correspond to the region that spans 1500bp upstream of the human transcription start site of ACAN and
ADAMTS5, or the intergenic region (1375bp) between hsa-mir-377 and its 5’ adjacent hsa-mir-496 were used to identify potential
AP1 (red) and CREB1 (green) transcription binding sites. Comparative analysis with four other animal species, namely Oryctolagus
cuniculus-rabbit, Rattus norvegicus-rat, Canis familiaris-dog, and Bos taurus-cow that are commonly used for IVD studies, revealed
that the ACAN and ADAMTS5 promoters in Homo sapiens are less responsive to AP-1 and CREB activation than the bovine ones,
in contrast to the hsa-mir-377 promoter which is enriched in these sites and thus expected to yield higher stoichiometry responses
(“--” indicate non available alignments).
doi: 10.1371/journal.pone.0082045.g007
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Supporting Information

Figure S1.  PKCε activation regulates SOX9 expression
levels in human NP cells. When NP cultures were incubated
for times indicated with the specific PKCε activator ψεRACK
(1µM), a significant increase in SOX9 levels was detected by
RT-PCR; the induction lasted for 2 hours and then SOX9
mRNA levels fluctuated back to baseline. SOX9 levels were
examined using identical amounts of cDNA template, as for the
housekeeping GAPDH (shown at the bottom row); example
shown is from three pooled culture dishes of NP7 P8.
(DOCX)

Figure S2.  PKCε activation regulates ACAN and ADAMTS5
expression through ERK activation in human NP cells. The
significant increases in ACAN and decreases in ADAMTS5
expression established by 18 h of incubation with the specific

PKCε activator ψεRACK (1µM), were reversed by the MEK1/2
(and therefore ERK1/2) inhibitor U0126. ACAN and ADAMTS5
levels were examined using identical amounts of cDNA
template, as for the housekeeping GAPDH (shown at the
bottom row). Similar results were obtained in three different NP
cell lines; examples shown are from three pooled culture
dishes of NP8 P13.
(DOCX)
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