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Summary
Introduction: Osteoarthritis (OA) is a degenerative musculoskeletal disease, which affects approximately the 13% of
western population. Nowadays, there is no effective treatment for OA to avoid disease progression or to promote cartilage
regeneration. Connexin43 (Cx43) is a transmembrane protein increased in cartilage and synovium from OA patients.
Cx43 forms membrane channels that allow the exchange of molecules and ions between two adjacent cells through gap
junctions (GJs), or between a cell and its environment through hemichannels. In this study we investigated the involve‐
ment of Cx43 and GJ intercellular communication in the degradation of articular cartilage in chondrocytes from patients
with OA. 
Material and methods: Primary chondrocytes were obtained from cartilage from OA and healthy donors. Protein levels
were evaluated by western‐blot, immunofluorescence and flow cytometry. RNA expression was evaluated by RT‐qPCR.
A scrape loading/dye transfer assay was used to evaluate cell communication. Cell senescence was analysed by flow
cytometry or by light microscopy using β‐galactosidase assay.
Results: Cx43 and GJs overactivities were correlated with the progression of OA, by promoting chronic cell dedifferen‐
tiation and senescence in vitro assays. We found that Cx43 overexpression activates factors involved in epithelial‐to‐me‐
senchymal transition, such as Twist‐1. Increased levels of dedifferentiated cells, with high rates of cell proliferation, led
to cell senescence via p53/p16INK4a, activating the senescence‐associated secretory phenotype (SASP) and promoting
the synthesis and liberation of inflammatory factors, including the interleukin‐6 (IL‐6). Cx43 downregulation by using
small molecules, such as oleuropein, or by genetic edition with CRISPR technology, led to the chondrocyte redifferentia‐
tion and an improved phenotype, with increased synthesis of extracellular matrix proteins such as Col2A1 and down‐
regulating the synthesis of MMPs, inflammation and senescence.
Conclusions: Downregulation of Cx43 in OA chondrocytes restores regeneration by activating chondrocyte re‐differen‐
tiation and decreasing cellular senescence. These results corroborate the use of Cx43 as an effective therapeutic target
in order to restore cartilage regeneration and avoid OA progression. 
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INTRODUCTION

Osteoarthritis (OA) is a chronic disease that is characte‐
rized by a progressive degradation of the articular car‐
tilage that covers the surface of the synovial joints,
which allow the movement of the skeleton without cau‐
sing pain. Chondrocytes from patients with osteoarthri‐
tis undergo changes in the phenotype associated with
an increase in catabolic and inflammatory activity1,2,
along with an increase in cellular senescence and senes‐
cence‐associated secretory phenotype (SASP)2,3. Our re‐
search group has previously shown that chondrocytes
in the articular cartilage have long cytoplasmic projec‐
tions that cross the extracellular matrix (ECM)4,  which
form connections and gap junctions (GJs) through con‐
nexin‐43 channels (Cx43)4,5. In 2013, our research group
published relevant results associated with alterations in
the activity of Cx43 in osteoarthritis, indicating that
from the disease’s early stages there is an increase and
changes in the localization of the protein in the cartilage
of patients with arthrosis6. Subsequently, using animal
models, we observed that the C‐terminal domain of Cx43
plays a fundamental role in the structure and composi‐
tion of articular cartilage7.

Cx43 is involved in tissue regeneration processes in
skin, heart and other tissues8,9. Several authors have re‐
ported that osteoarthritis could be included in diseases
related to alterations in tissue regeneration10,11. In fact,
arthritic chondrocytes undergo cellular dedifferentiation
and present higher levels of cell proliferation12,13, probably
due to an attempt to repair the damage produced in the
cartilage. The presence of chronically dedifferentiated
chondrocytes triggers the progressive replacement of ar‐
ticular cartilage by fibrocartilage associated with degene‐
ration and functional loss in the joint14‐19. In this line of
research, it is important to emphasize that the use of mo‐
lecules that promote chondrogenesis, and therefore the
re‐differentiation of the chondrocyte, have a protective
effect in OA20 models. These molecules are called OA‐mo‐
difying drugs (DMOADs), among which is kartogenin,
which has been shown to promote chondrogenesis in
human mesenchymal stem cells and also improve rege‐
neration. of cartilage in mice subjected to inflammatory
and/or mechanical damage in the joint20. Other DMOADs,
such as TD‐198946, TAK‐778 or AG‐041R, have also been
described as promoter molecules of chondrogenesis with
therapeutic potential in repair of articular cartilage21‐23.
The cartilage of patients with OA presents high levels of
Cx43 together with alterations in the process of tissue re‐
generation. Our objective was to study whether altera‐
tions in Cx43 activity and intercellular communication
through UCs would be related to changes in the cellular
phenotype and senescence associated with disease pro‐
gression.

MATERIAL AND METHODS

Sample collection and cell culture
The cartilage samples were isolated and processed as
previously described4 after the donors signed the infor‐
med consent and the approval of the Clinical Research
Ethics Committee of Galicia (C.0003333, 2012/094 and
2015/029) was granted. We used the human chon‐
drocyte cell line T/C‐28a2, from healthy primary chon‐
drocytes that were transfected with the SV40 virus
particle, donated by Dr. Mary Goldring (The Hospital for
Special Surgery, New York, USA). The chondrocytes were

cultured in DMEM medium (Dulbecco's modified Eagle's
Medium, Lonza) supplemented with 10% fetal bovine
serum (FBS) and a mixture of 1% antibiotics (P/S; Pe‐
nicillin 100 U/mL, Streptomycin 100 μg/mL, Gibco).

Western blot
The analysis of total or nuclear protein levels was ca‐
rried out using the Western blot technique. Equivalent
amounts of proteins were separated in 10% denaturing
acrylamide gels and transferred to a polyvinylidene fluo‐
ride (PVDF) membrane. After blocking with skimmed
milk diluted in tris buffered‐saline (TBS), the membra‐
nes were incubated overnight at 4°C with anti‐α‐tubulin
primary antibodies (Sigma‐Aldrich, T9026), Cx43
(Sigma‐Aldrich, C6129) Twist‐1 (SCBT, sc‐81417), cell
proliferation nuclear antigen or PCNA (SCBT, sc‐56), p53
(SCBT, sc‐126), nuclear factor enhancer of the kappa
light chains of activated B cells or NF‐Kß ( SCBT, sc‐
8008) or Lamin A (SCBT, sc‐20680). After incubation
with the primary antibody, the membranes were washed
with TBS and incubated with their corresponding secon‐
dary antibodies labeled with horseradish peroxidase
(HRP) for 1 hour at room temperature. Once the excess
antibody was removed with TBS, the signal was visuali‐
zed in a LAS‐3000 development chamber (Fujifilm).

Immunofluorescence
For protein detection by immunofluorescence, cells pre‐
viously fixed with 2% paraformaldehyde were incubated
with 0.1 M glycine (Sigma‐Aldrich) for 10 minutes. Sub‐
sequently, a permeabilization of the cell membranes was
performed with Triton X‐100 (Sigma‐Aldrich) at 0.2% in
phosphate buffered saline (PBS), for 10 minutes. Nonspe‐
cific junctions were blocked by a 30‐minute incubation
with 1% bovine albumin serum (BSA, Sigma‐Aldrich) in
PBS. Subsequently, the cells were incubated with the pri‐
mary antibody for 1 hour at room temperature. After
three 10‐minute washes with PBS, the cells were incuba‐
ted with the secondary antibody labeled with a fluoro‐
phore for 1 hour, in the dark and at room temperature.
Three more 10‐minute washes were carried out with PBS,
followed by a staining of 4 'nuclei, 6‐diamidino‐2‐pheny‐
lindol‐DAPI‐ (Sigma‐Aldrich). The images were made in
an Olympus BX61 microscope with a DP71 camera.

Immunohistochemistry
Chondrocyte micromases were embedded in O.C.T.TM (Op‐
timum Cutting Temperature) compound and cut into 4 μm
sections, which were incubated with 3% hydrogen pero‐
xide for 10 minutes. Sections were incubated with the pri‐
mary anti‐collagen type II antibody for 1 hour at room
temperature. After three washes with PBS, the sections
were incubated with OptiView HQ Universal Linker
(Roche) for 10 minutes. Subsequently, they were incuba‐
ted for 8 minutes with OptiView HRP Multimer (Roche),
the excess reagent was washed and the signal was revea‐
led in a solution of 0.1% DAB in 0.02% hydrogen peroxide.

Flow cytometry
For the measurement of protein levels by flow cytometry,
the cells were fixed with 1% paraformaldehyde for 10 mi‐
nutes, washed with a wash solution (PBS + 0.5% BSA +
2mM EDTA), and stained with antibodies anti‐Cx43‐APC
(R & D Systems, FAB7737A), endoglin or CD105‐PE (Im‐
munostep, 105PE‐100T) or CD166 antigen (ALCAM) or
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CD166‐APC (Immunostep, 1399990314). The analysis
was carried out on a FACSCaliburTM cytometer.

Cell transfection
The T/C‐28a2 cell line was transfected by electroporation
with the Amaxa® Cell Line Kit Nucleofector® kit V (Lonza)
in a Cell Line NucleofectorTM (Lonza). One million cells were
electroporated with 3 μg of plasmid pIRESpuro2 (Clon‐
tech) containing the sequence of the human Cx43 gene, do‐
nated by Dr. Arantxa Tabernero (INCYL, University of
Salamanca, Spain). At 24 hours the medium was changed
by means of P/S and antibiotic for the selection of the chon‐
drocytes containing the plasmid.

On the other hand, the electroporation of the T/C‐
28a2 line was also carried out with a CRISPR vector
(modified from Addgene #48138) with the enzyme Cas9
VP12 (derived from Addgene #72247) bound to a GFP
marker (green protein). fluorescent), with a guide that
targets 20 nucleotides of the Cx43 gene. This vector has
been donated by Dr. Trond Aasen (Vall d'Hebron Rese‐
arch Institute, Autonomous University of Barcelona,   
Spain). Electroporated and positive cells for GFP were
seeded in a 96‐well plate and expanded as clones.

Gene expression
Gene expression levels were carried out by extracting
mRNA with TRIzol (Invitrogen), retrotranscription with
SuperScript® VILO ™ kit (Invitrogen) and quantification
by quantitative real‐time PCR in a LightCycler®480
(Roche). Primers were used for:

– hypoxanthine phosphoribosyltransferase-1 -HPRT-1-
(5'‐TTGAGTTTGGAAACATCTGGAG‐3 '; 5'‐GCCCAAAGG‐
GAACTGATAGTC‐3'), ‐ GJA1 (5'‐ACATGGGTGACTG‐
GAGCGCC‐3 '; 5'‐ATGATCTGCAGGACCCAGAA‐3'),

– interleukin-1β -IL-1β- (5'‐CGAATCTCCGACCACCAC‐
TAC‐3 '; 5' ‐ TCCATGGCCACAACAACTGA‐3 '),

– interleukin-6 -IL-6- (5 '‐TGTAGCCGCCCCACACA‐3'; 5
'‐GGATGTACCGAATTTGTTTGTA‐3'),

– prostaglandin-endoperoxide synthase-2 -PTGS2- (5'‐
CTTCACGCATCAGTTTTTCAAG ‐3 '; 5'‐TCACCGTAAATAT‐
GATTTAAGTCCAC‐3'),

– metalloprotease 3 -MMP-3- (5'‐CCCTGGGTCTCTTT
CACTCA‐3 '; 5'‐GCTGACAGCATCAAAGGACA‐3'),

– cyclin-dependent kinase inhibitor-2 -CDKN2- (5'‐
GAGCAGAACGATAGGGCTTG‐3 '; 5'‐CAT GTGCCCTCT
CCTCCTAA‐3').

CUs Activity
Cell communication through communicating junctions
was evaluated using a Scrape Loading/Dye Transfer
(SL/DT) test. For this, a cut is made on confluent cells
with a scalpel and the tip of a needle in Lucifer Yellow
fluorescent compound (LY, Cell Projects Ltd© Kent, UK),
incubating at 37°C for 5 minutes. The damaged cells that
manage to repair the membrane take the fluorescent
compound from the medium. The transfer of LY from the
cut line was evaluated in an inverted fluorescence mi‐
croscope (Nikon Eclipse Ti) and the ratio between un‐
damaged cells positive for LY was calculated between
the number of cells taking the compound through a da‐
mage in the membrane.

Senescence
Cellular senescence was evaluated according to β‐galac‐
tosidase activity with a commercial kit with X‐gal as a

substrate (Senescence Cells Histochemical Kit, Sigma‐
Aldrich) and also by flow cytometry with the substrate
di‐β‐galactopyranoside, which results in green fluores‐
cence when hydrolyzed (Invitrogen). In the case of X‐gal,
the cells with β‐galactosidase activity will be stained
greenish blue, so that they can be analyzed under a visi‐
ble light microscope. On the other hand, the hydrolysis
of the di‐β‐galactopyranoside substrate was detected on
a FACSCalibur™ cytometer, and the mean fluorescence
was normalized to the untreated cell levels.

Statistic analysis
The GraphPad Prism program (version 5.00) was used
to analyze the data. Student's t or Mann‐Whitney U were
used to analyze quantitative variables. The statistically
significant differences were considered before values   of
p<0.05.

RESULTS

Cx43 activates the catabolic activity in chondrocytes of
patients with OA
Concurring with what was observed in tissue6, articular
chondrocytes in primary culture from donors with OA
(OAc) had significantly higher Cx43 levels than those
isolated from healthy donors (N) detected by flow cyto‐
metry (Figure 1A). The high levels of Cx43 were corre‐
lated with higher levels of intercellular communication
through UCs, quantified by an SL/DT transfer assay of
LY (Figure 1B). In order to study the effect on the cellular
phenotype of high levels of Cx43 and intercellular com‐
munication through UCs, a healthy donor chondrocyte
cell line, T/C‐28a2, was used as a study model. Cx43 was
overexpressed using a vector with the human Cx43 gene
under the CMV24 promoter (Figure 1C). The increase in
Cx43 in the human chondrocyte cell line T/C‐28a2 was
correlated with an increase in the activity of the UCs de‐
tected by the SL/DT assay (Figure 1D). The gene expres‐
sion assay by RT‐PCR showed a significant increase in
the gene expression of interleukin 1‐β (IL‐1β), cyclo‐
oxygenase‐2 (COX‐2) and metalloprotease‐3 (MMP‐3)
when the Cx43 was overexpressed in the healthy chon‐
drocyte line (T/C ‐ Cx43) (Figure 1E).

Activation of cell dedifferentiation in OA
Using flow cytometric assays, we studied the levels of
cell de‐differentiation markers in chondrocytes from pa‐
tients with osteoarthritis and chondrocytes isolated
from healthy donors, in order to confirm the presence
of immature chondrocytes in cartilage samples from pa‐
tients with OA. By flow cytometry, higher levels of the
CD166 "Stem" marker were detected in OAc in primary
culture compared to healthy chondrocytes (Figure 2A).
Consistent with these results, the increase of Cx43 in he‐
althy chondrocytes (cell line) using an expression vector
(T/C‐Cx43 or T/C‐28a2 line transfected with a plasmid
to overexpress Cx43) triggered a significant increase in
the levels of the two "stem‐like" markers CD166 and
CD105, with respect to the control cells with low levels
of Cx43 (T/C‐28a2) (Figure 2B).

The decrease in the activity of the Cx43 and the UCs acti-
vates cellular re-differentiation in OA
To reduce Cx43 activity in OAc, the effect of different
molecules on the levels and activity of Cx43 was stu‐
died. In this study, we observed that the polyphenol
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oleuropein decreases the levels of Cx43 in OAc (Figure
3A). The decrease in Cx43 levels improved the OA chon‐
drocyte phenotype detected by an increase in the main
marker of articular chondrocytes, collagen II (Figure
3B). The treatment of OAc with a concentration of 10
μM of oleuropein for 7 days significantly decreased le‐
vels of CD105 and CD166 dedifferentiation markers (Fi‐
gure 3C), as well as the gene expression of IL‐1β, IL‐6,
COX‐2 and MMP‐3 detected by flow cytometry and
analysis of gene expression respectively (Figure 3D).
The effect of Cx43 on cellular plasticity in OAc was con‐
firmed in 3D culture. Modulation of Cx43 levels in the
presence of 10 μM oleuropein in micromasses and in
chondrogenic medium improved the structure of the ex‐
tracellular matrix, detecting a significant increase in co‐
llagen II deposits and proteoglycans in the 3D structure
matrix (Figure 4).

Cx43 activates TEM and cellular senescence in OAc
The overexpression of Cx43 in the line of chondrocytes
T/C‐28a2, was correlated with an increase in the nu‐
cleus of PCNA, protein used as a marker of cell prolife‐
ration, and with activation of the transcription factor
related to TEM, Twist‐1, detected by translocation and
increased levels of the transcription factor at the nu‐
clear level (Figure 5A). The transfected chondrocytes to

overexpress the Cx43 also showed higher nuclear levels
of NF‐kß, one of the most important transcription fac‐
tors in the regulation of synthesis of the SASP compo‐
nent (Figure 5A). Elevated levels of Cx43 correlated
with elevated levels of factors involved in p53 cellular
senescence (Figure 5B) and p16 (Figure 5C). OAc treat‐
ment with 10 μM oleuropein reduced Cx43 levels (Fi‐
gure 3A) and cellular senescence detected by
β‐galactosidase activity by light microscopy and flow
cytometry (Figure 5D). In order to confirm the effect of
the Cx43 decrease in TEM and cellular senescence, the
T/C‐28a2 line was transfected with a CRISPR/Cas9
plasmid, obtaining heterozygous cells for the Cx43 gene
(Figure 6A). Reduced levels of Cx43 on the T/C‐28a2
line correlated with a significant decrease in the "stem‐
like" markers CD166 and CD105 (Figure 6B). The de‐
crease in Cx43 levels in these cells, triggered a decrease
in the levels of transcription factors Twist‐1 (TEM) and
NF‐kβ (SASP) at the nuclear level (Figure 6C), decrea‐
sing the levels of cellular senescence , detected by β‐ga‐
lactosidase activity and flow cytometry (Figure 6D).
T/C‐28a2 chondrocytes with low levels of Cx43
(CRISPR‐Cx43) showed significantly lower levels of
synthesis of the pro‐inflammatory mediators IL‐1β and
IL‐6, and of protease MMP‐3, with respect to the line
T/C‐28a2 without transfecting.

Figure 1. (A) Cx43 levels analyzed by flow cytometry comparing healthy (N) and osteoarthritic (OAc) human chon-
drocytes in monolayer culture. n=3, mean ± standard error of the mean (EEM); ***p<0.0001; Student t test. (B) Quan-
tification of the Scrape Loading/Dye Transfer (SL/DT) cellular communication assay comparing chondrocytes from
healthy (N) and osteoarthritic (OAc) donors. n=8, mean ± SEM; **p<0.01; Mann-Whitney test. (C) On the left, immu-
nofluorescence for Cx43 (green) in chondrocytes T/C-28a2 (T/C) and the same line transfected with a plasmid to
overexpress Cx43 (T/C-Cx43). The nuclei have been stained with DAPI (blue). On the right, gene expression levels
of Cx43 in these two chondrocyte lines. n=5, mean ± SEM; *p<0.05; Mann-Whitney test. (D) Quantification of the
SL/DT cellular communication assay, comparing the T/28a2 (T/C) line and transfected with a plasmid to overex-
press the Cx43 (T/C-Cx43). n=10, mean ± SEM; ***p<0.0001; Mann-Whitney test. (E) Levels of gene expression of
IL-1β, COX-2 and MMP-3 in the T/C-28a2 line that over-expresses Cx43 (T/C-Cx43) compared to the line transfected
with a control plasmid (T/C). n=4, mean ± SEM; *p<0.05; Mann-Whitney test
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DISCUSSION

During osteoarthritis, the chondrocytes have increased
levels of the transmembrane protein Cx436 and their
phenotype is altered preventing them from participating
in tissue regeneration and carrying out their function,
triggering progressive tissue degeneration. The dediffe‐
rentiation related to epithelial‐mesenchymal transition
phenomena (TEM) is a cellular process that participates
in the regeneration of tissues by allowing the cells to de‐
differentiate into a more immature state to activate pro‐
cesses, including cell proliferation and migration, with

the objective of replacing the damaged cells and remo‐
deling the extracellular matrix25,26. However, when this
dedifferentiation occurs chronically it can cause the de‐
velopment of fibrosis in the context of tissue regenera‐
tion27,28. In this study we have described that the levels
of Cx43 and intercellular communication through UCs
in osteoarthritis correlate positively with the cell de‐dif‐
ferentiation markers CD105 and CD166. In addition, we
have verified that this state can be partially reversed by
the use of molecules that decrease the levels of Cx43, im‐
proving the phenotype of arthritic chondrocytes and

Figure 2. (A) Measurement of CD166 dedifferentiation marker by flow cytometry in arthritic chondrocytes (OAc)
and chondrocytes from healthy donors (n=9, mean ± SEM, ***p<0.0001, Mann-Whitney test). (B) Levels of markers
CD105 (n=5) and CD166 (n=7) measured by flow cytometry in the T/C-28a2 cell line that over-expresses Cx43 (T/C-
Cx43) compared to the same line transfected with a control plasmid (T/C). Mean ± EEM; *p<0.05; Mann-Whitney
test
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Figure 4. Sections of three-dimensional culture of arthritic chondrocytes (OAc) cultured in chondrogenic medium (MC)
with/without 10 μM oleuropein for 30 days. In the upper panel, immunohistochemistry of a micromass for type II
collagen (n=4-6, mean ± SEM, *p<0.05, Student's t-test). Below, staining of toluidine blue to detect proteoglycans,
which produce a blue to pink-violet color shift (n=6, mean ± SEM, **p<0.01, Mann-Whitney test)
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MEC in in vitro tests. The decrease in Cx43 gave rise to
cellular re‐differentiation and, therefore, to a lower ex‐
pression of pro‐inflammatory cytokines and degrading
enzymes of the articular cartilage matrix. Our results
also show that high levels of Cx43 in chondrocytes are
related to an increase in senescence associated with a
higher expression of p16INK4a and high levels of p53. Re‐
cent studies highlight the importance of senescence in
osteoarthritis29‐33. In fact, Jeon et al. published an article
in Nature Medicine where they showed senescence as a
new therapeutic target to treat osteoarthritis and pro‐
mote the regeneration of cartilage33,34. In this study we
demonstrate for the first time the relationship between
the over activity of Cx43 in human chondrocytes and the
activation of dedifferentiation and cellular senescence
that lead to alterations in the regeneration process and
favor the progress of the disease. From these results,
therapies aimed at decreasing Cx43 levels in osteoarth‐
ritis arise as an interesting therapeutic approach for os‐
teoarthritis.

In conclusion, these findings suggest that the increase
in Cx43 activity reached from very early stages of OA6

could contribute to the degeneration of articular carti‐
lage and joint by activating cellular dedifferentiation via
TEM and cellular senescence, contributing to the synthe‐

sis of enzymes that degrade the release of cytokines that
contribute to the degenerative process in the joint.
These results demonstrate that Cx43 and UCs act as a
regulator of dedifferentiation/re‐differentiation and se‐
nescence in chondrocytes, probably activating proteins
related to TEM, such as Twist‐1, and pro‐inflammatory
cytokines such as IL‐1β. The decrease in Cx43 levels in
OAc promotes its re‐differentiation, decreasing the ex‐
pression of inflammatory mediators and senescence,
and in turn is accompanied by a greater deposition of
Col2A1 and proteoglycans in the extracellular matrix.
The use of molecules such as oleuropein and the design
of studies to decrease the activity of Cx43 in vivo is pro‐
bably a first step in the development of innovative the‐
rapeutic strategies for the effective treatment of
osteoarthritis from early stages of the disease by resto‐
ring tissue regeneration.
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