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Abstract

Although it has been demonstrated that human bone marrow stromal cells (hBMSCs) express the
ubiquitous connexin4d3 (Cx43) and form functional gap junctions, their role in the early
differentiation of hBMSCs into osteoblasts remains poorly documented. Using in vitro assays, we
show that Cx43 expression and gap junctional intercellular communication (GJIC) are increased
during the differentiation of hBMSCs into osteoblasts, both at the protein and mRNA levels. Two
independent procedures to reduce GJIC, a pharmacological approach with GJIC inhibitors (18a-
glycyrrhetinic acid and Gap27 peptide) and a molecular approach using small interfering RNA
against Cx43, demonstrated that the presence of Cx43 and functional junctional channels are
essential to the ability of hBMSCs to differentiate into osteoblasts in vitro. In addition, a reduced
GJIC decreases the expression of Runx2, the major transcription factor implicated in the control of
osteoblast commitment and early differentiation of hBMSCs into osteoblasts, suggesting that GJIC
mediated by Cx43 is implicated in this process. Together our results demonstrate that GJIC
mediated by the Cx43 channels plays a central role throughout the differentiation of hBMSC into

osteoblasts, from the early stages to the process of mineralization.



Introduction

Bone formation is a regulated process that takes place during embryonic development, growth,
remodeling and repair. It begins with the commitment of mesenchymal stem cells (MSC) into the
osteoblastic differentiation program, continues with the early differentiation of stem cells into
osteoblast progenitors and the subsequent differentiation of these osteoblast progenitors into
immature osteoblasts, and finally the late differentiation of these immature osteoblast into mature
osteoblasts (Augello 2010; Vaananen 2005; Neve et al., 2011). These MSC, located mainly in the
bone marrow stroma, can also differentiate into other mesenchymal cell lineages such as
fibroblasts, chondrocytes and bone marrow stromal cells including adipocytes, depending on the
activated signaling transcription pathways (Friedenstein et al., 1987; Owen 1988; Marie 2008). At
the end of the osteogenic differentiation process, mature osteoblasts produce many markers such
as alkaline phosphatase (ALP), collagen type | (COL1), bone sialoprotein (BSP), osteopontin and
osteocalcin (OCN) (Wennberg et al., 2000). This process results in the formation of an extracellular
organic matrix which will be mineralized.

Connexins, the structural proteins of gap junctions, are a family of transmembrane proteins that
oligomerize into hemichannels containing six connexin subunits (Sosinsky 2005). Upon reaching
the cell surface, two hemichannels pair to complete an intercellular gap junction channel, which
directly links the cytoplasm of neighboring cells and mediates the exchange of low-molecular-mass
molecules (<1000 Da), including cAMP, inositol trisphosphate, and ca® (Sohl and Willecke, 2004;
Nielsen et al., 2012).

Multiple lines of evidence have established that Cx43, the most abundant connexin in bone
cells, and subsequent intercellular channels play a major role in skeletal development and for the
function of osteoblasts (Stains and Civitelli 2016; Plotkin and Stains, 2015). Cx43 gene mutations
have thus been directly associated with abnormalities of skeletal development observed for
exemple in oculodentodigital and cranometaphysal dysplasias (Paznekas et al., 2003; Laird, 2014).
Specifically, it has been demonstrated that Cx43 expression is required for osteoblastic gene
expression and function in primary and cultured osteoblasts (Lecanda et al., 1998; Lecanda et al.,
2000). For exemple, it has been shown that gap junctional communication is required for the

maturation process of osteoblastic cells in culture and for the stimulation of osteoblast



mineralization in response to parathyroid hormone (Schiller et al., 1992; Schiller et al., 2001a;
Schiller et al., 2001b). In addition, in vivo experiments using either Cx43" or Cx43";Col1a.1-2.3
kb-Cre mice have demonstrated that Cx43 play a crucial role in osteoblastic differentiation and
function (Plotkin and Stains, 2015).

However, although it was shown that human MSC (hMSC) express Cx40, Cx43 and Cx45
(Valiunas et al., 2004, Talbot et al., 2013), and form functional gap junctions, the role of connexins
in the in vitro differentiation of human MSCs into osteoblast progenitors remains poorly
documented. In this context, the aim of the present work was to determine the specific role of Cx43
in the early differentiation of hMSCs into osteoblasts and throughout the process of osteoblast
differentiation by using small interfering RNA against Cx43 as well as via a pharmacological

approach with GJIC inhibitors (18a-glycyrrhetinic acid and Gap27 peptide).



Materials and methods

Ethics statement

Bone marrow aspirates were obtained from healthy volunteers (age=46+12; range=36-67) during
orthopaedic surgical procedures after exposure of the iliac crest in the orthopaedic department of
the University Hospital of Tours (France). The written consent of informed patients was obtained
for the use of tissue samples for anonymized research, in accordance with French law (Art. L.
1245-2 du code de la santé publique, Loi n® 2004-800 du 6 aolt 2004 Journal Officiel du 7 ao(t
2004). The donors had no significant medical history. The study followed the ethical guidelines of
the University Hospital of Tours and was approved by the ethics committee "Comite de protection

des personnes" (Tours - Region Centre Ouest).

Cell culture

Human bone marrow stromal cells (hBMSCs) were isolated by Ficoll density gradient separation as
previously described (Chang et al., 2009). Non-adherent cells were removed by replacing the
culture medium and hBMSCs were then cultured in medium composed of Dulbecco's Modified
Eagle Medium (Lonza, Belgium), 10% fetal bovine serum (Hyclone Perbio, France) with 1 ng/ml
basic fibroblast growth factor (bFGF; R&D systems, UK). Adherent cells were characterized by flow
cytometry (CD45°, CD34, CD105", CD73", CD90" and CD146", purity = 99%) prior to further

experiments. The expression of each marker was not changed in the presence of bFGF.

Osteoblast differentiation

hBMSCs were seeded at 1x10* cells/cm?in 24-well plates in culture medium without bFGF. After 3
days, when the cells were confluent, the medium was replaced by fresh medium supplemented
with vitamin D3 (‘IO'8 M; Hoffmann-La Roche, Switzerland) and dexamethasone (10'8 M; Sigma,
France), referred to as "osteogenic medium" in the text. Three days later, ascorbic acid (50 pg/ml;
Sigma) and B-glycerophosphate (10'7 M; Sigma) was added to allow mineralization. Alizarin red
staining was used to detect the mineralized nodules formed, as previously described (Chipoy et al.,
2004). Briefly, around day 15, cells were fixed in ice-cold 70% ethanol for 1h and incubated with

Alizarin red S (40 mM, pH 7.4; Sigma) for 10 min at room temperature. After washing, images were



captured using a stereo microscope (Stemi 2000-C; Zeiss, Germany), and mineralized surfaces
were quantified using the Qwin software (Leica, Germany). This software quantifies the red pixel
intensity of the whole well surface and expresses these values in arbitrary units. Two gap junction
inhibitors were used: the Cx43 mimetic peptide Gap27 (250 uM; GeneCust, France) and the
chemical agent 18a-glycyrrhetinic (50 pM; Sigma). Medium in presence or absence of GJIC
inhibitors was replaced by fresh medium every 24h. Control cultures were treated with the solvent

(DMSO, Sigma) only.

Western Blot

Cells were lysed in a lysis buffer (1% SDS, 10mM Tris pH 7.4, 1 mM Sodium orthovanadate) and
protein concentration was determined by BCA kit (Sigma). 10 ug of total protein extracts in
Laemmli buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.001%
bromophenol blue) were separated by SDS-polyacrylamide gel electrophoresis, and transferred to
Immobilon-P membranes (Millipore, France). Membranes were immunoblotted with mouse
monoclonal anti-connexin43 (dilution 1/1000, Sigma) or mouse monoclonal anti-GAPDH (dilution
1/2000, Abcam, France). Antibody binding was visualized with the enhanced chemiluminescence
system (SuperSignal West Pico Chemiluminescent Substrate, ThermoSientific, France). For
quantification, luminescence was detected with a Charge Couple Device (CCD) camera and

analyzed using the GeneTools program (Syngene, UK).

Real-time polymerase chain reaction

Total RNA was extracted using NucleoSpin®RNAII (Macherey Nagel, France). 1 ug of total RNA
was used for first strand cDNA synthesis using ThermoScript RT-PCR System (Invitrogen, France).
DNase | treatment (25 units, 10 min) of total RNA was performed to eliminate genomic
contamination. Real-time PCR was performed with a Chromo4 instrument (Biorad, France) using
SYBR Green Supermix reagents (Biorad). Primer sequences are provided in Table 1. Calibration
curves with different amounts of cDNA were used to validate the primers according the MIQE
guidelines (Bustin et al., 2009). Cyc1 (cytochrome c-1) and Hprt 1 (Hypoxanthine guanine
phosphoribosyl transferase 1) were used as internal controls to normalize the data to determine the

AACt

relative expression of the target genes using the 2 method.



Plasmid constructs, transient cell transfections and reporter assays

The Cx43 promoter/gene reporter construct -2400Cx43-lux was a gift from Gl Fishman, The Leon
H. Charney Division of Cardiology, New York University School of Medicine, New York, NY and
has been described previously (De Leon et al., 1994). Transient cell transfections were performed
with jetPEIT'\’I (Polyplus-transfection, France). The phRLMLP-Renilla luciferase expression vector
was cotransfected in every experiment to monitor transfection efficiencies. Luciferase activity was

determined with the Dual-Luciferase reporter assay system (Promega, France).

RNA interference

Modified hBMSCs cells were obtained by lentiviral cell transduction as previously described
(Trichet et al., 2006). Oligonucleotides were designed and cloned into pSUPER to produce the
short hairpin RNA shRNACx43 directed against the human Cx43 gene. The targeted sequence
was TGCTGCGAACCTACATCAT. The cloned oligonucleotides were controlled by sequencing
(Genome Express) before subcloning them with the upstream H1 promoter into the vector pFG12.
As a control, a vector pFG12 was developed to produce shRNAs targeting the LacZ gene. The
resulting constructs were used for lentivirus production following the protocols provided with the

ViraPower Lentiviral Expression System (Invitrogen) to transduce hBMSCs.

Parachute assay

Gap junctional intercellular communication (GJIC) was determined by “parachute” assay, as
previously described (Ziambaras et al., 1998, Talbot et al., 2013; Tellez-Gabriel et al., 2017). Cell
cultures were divided into “acceptor” and “donor” cell groups. Adherent acceptor cells were loaded
with Dil (Sigma; 5 uM), a nontransferable membrane dye, for 1h, and confluent donor cells were
dyed with calcein-acetoxymethylester (calcein-AM; Sigma; 1 uM), a gap junction permeant dye,
for 45 min. After loading, cells were washed in PBS to remove the excess dye. Then, the calcein-
AM-dyed cells were trypsinized and parachuted on the Dil-dyed acceptor cell layer at a cell ratio
of 1:10 and incubated at 37°C for 2h to allow calcein transfer via gap junctions. Dye coupling was
analyzed using a FACS FC500 cytometer (Beckman Coulter). For the analysis of results, gates

were established on the day of each experiment using non-dyed cells, cells dyed with calcein-AM,



and cells dyed with Dil.

Cell proliferation assay (test XTT)

Cell viability was determined using a 2,3- bis(2 methoxy-4 nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide (XTT) reagent assay kit (Roche Molecular Biomedicals, Germany). Two thousand
cells per well were plated into 96-well plates. At confluence, cells were cultured for 17 days in

culture medium in the presence or absence of GJIC inhibitors.

Statistical analysis

Analyses were performed using GraphPad Prism 6.0 software (GraphPad Software). The
unpaired t-test was used for the comparison of two conditions. An ANOVA test was used for the
multi-group comparisons of more than two samples. A two-way ANOVA test was used for multi-
group comparisons of data that compare two variables. The results are given as mean + SD.

Results with p<0.05 were considered significant.



Results

Increased production of Cx43 during the differentiation of hBMSCs into osteoblasts in
vitro

We first analyzed the in vitro differentiation of hBMSC into osteoblasts under our experimental
conditions (see materials and methods). As shown in Figure 1A, incubation of hBMSCs in
monolayer cultures with osteogenic medium over 2 weeks resulted in osteoblastic differentiation
process as demonstrated by a marked increase in mineral deposition revealed by Alizarin red
staining. Concurrently, there was an increase in the expression of genes associated with
osteoblast differentiation (Figure 1B). The expression of Runx2, the main transcriptional factor
involved in the osteoblast commitment and the early differentiation of hBMSCs into osteoblast
progenitors (Marie, 2008), was increased quickly after stimulation of hBMSCs with osteogenic
medium. Indeed, quantitative real-time PCR demonstrated that Runx2 mRNA levels increased
from day 1 until day 3 and then decreased. Quantitative real-time PCR demonstrated that the
levels of transcripts encoding Alkaline Phosphatase (ALP), a gene associated with the
differentiation of osteoblast progenitors into immature osteoblasts, increased from day 3 to day 7,
and then slowly returned to basal level. The transcript levels of Bone Sialoprotein (BSP) and
Osteocalcin (OCN), two genes associated with the late differentiation of immature osteoblasts into
mature osteoblasts, gradually increased starting at day 13 and day 7, respectively, until the end of
the experiment. As expected, the expression of Sox9, a transcription factor implicated in
chondrocyte differentiation was not modified after stimulation of h(BMSCs with osteogenic medium
(data not shown).

We secondly analyzed the production of Cx43 during hBMSC differentiation into osteoblasts
under our experimental conditions. Interestingly, Western-Blot analysis showed an increase in
Cx43 protein level after treatment of h(BMSCs with osteogenic medium for 9 days, which remained
stable until day 15 (Figure 2A). To determine whether the induction of Cx43 production during
hBMSC differentiation occurred via modulation of the corresponding gene, the Cx43 mRNA
steady-state levels following treatment with osteogenic medium were measured by real-time PCR.
As shown in Figure 2B, induction of Cx43 mRNA was observed in response to osteogenic

medium after 9 days of treatment, and Cx43 levels remained elevated until day 17. By contrast,



no change in the expression of Cx45 was observed during this process of hBMSC differentiation
(Figure 2B). Although the presence of Cx40 has been demonstrated in hMSC (Valiunas et al.,
2004), its expression level remains very low (under the limit of capacity of detection by PCR in our
experimental conditions) throughout the differentiation process (data not shown). To further
explore whether the effect of osteogenic medium on Cx43 gene expression takes place at the
transcriptional level, transient cell transfections were performed with the Cx43 promoter/gene
reporter construct -2400Cx43-lux. As shown in Figure 2C, osteogenic medium induced a 6.5-fold
transactivation of the Cx43 promoter in hBMSCs. To determine whether the increase in Cx43
gene expression in hBMSCs during osteogenic differentiation is associated with gap junctional
intercellular communication changes, GJIC was analyzed by FACS using the parachute assay.
GJIC was significantly enhanced (26-fold increase) after 17 days of incubation of hBMSCs with
osteogenic medium (Figure 2D).

Together, these results demonstrated an increase in Cx43 production and subsequent cell-cell

communication during the differentiation of hBMSCs into osteoblasts.

Small interfering RNA against Cx43 and treatment with 18a-glycyrrhetinic acid or Gap27
peptide efficiently reduce GJIC between hBMSCs

To investigate the role of Cx43 and GJIC during the early differentiation of hBMSCs into
osteoblast progenitors and throughout the process of hBMSC differentiation into mature
osteoblasts, Cx43 was stably knocked down in hBMSCs by transduction with a lentiviral vector or
the cells were treated with the GJIC inhibitor 18a-glycyrrhetinic acid or with the peptide Gap27.

As shown in Figure 3A, shCx43 cells were characterized by a significant (70%) reduction in
Cx43 mRNA levels compared to shLacZ or parental cells used as control. This decrease was
confirmed at the protein level (Figure 3B). The knocked down of Cx43 does not change the Cx45
gene expression in hBMSCs (Figure 3A). In addition, GJIC analysis using the parachute assay
demonstrated that GJIC was significantly decreased (by 50%) in shCx43 cells compared to
shLacZ cells or parental hBMSCs (Figure 3C). Of note, the Cx43 knock-down does not affected
the proliferation rate of the cells (data not shown). As shown in Figure 3D both, 18a-glycyrrhetinic
(50 uM) acid and Gap27 peptide (250 uM) significantly reduce GJIC between hBMSCs by

respectively 70% and 60% after 24h incubation of the cells. Of note, in the experimental



conditions used, the viability of cells was not affected in the presence of 18a-glycyrrhetinic acid or
Gap27 peptide throughout the experiment (Figure 3E).
Together these results demonstrated that small interfering RNA against Cx43 or treatment with

two GJIC inhibitors efficiently reduce GJIC between hBMSCs

Cx43 knocked down blocks the differentiation of hBMSCs into osteoblasts

We next investigated the effect of the Cx43 knocked down on the osteogenic differentiation of
hBMSCs. As shown in Figure 4A, an early decrease in Runx2 expression was observed in
shCx43 cells in response to osteogenic medium compared to that measured in shLacZ cells or in
parental cells. Indeed, Runx2 mRNA steady-state levels were increased by approximately 3-fold
in parental and shLacZ cells after treatment of hBMSCs with osteogenic medium for 1 day, but
only by 1.7-fold in shCx43 cells. Furthermore, a significant decrease in ALP, BSP and OCN
expression levels was observed in shCx43 cells in response to osteogenic medium compared to
those measured in shLacZ or in parental cells. ALP mRNA steady-state levels were increased by
approximately 9-fold in parental and shLacZ cells, but only by 2-fold in shCx43 cells after 7 days
of incubation with osteogenic medium (Figure 4A). OCN and BSP mRNA steady-state levels were
increased by approximately 180- and 16-fold, respectively, in parental and shLacZ cells, and only
by 120- and 8-fold in shCx43 cells after treatment of hBMSCs with osteogenic medium for 17
days (Figure 4A). Interestingly, after 17 days of treatment with osteogenic medium, a marked
decrease (60%) in mineral deposition was measured in shCx43 monolayer cultures compared to
that measured in shLacZ or in parental cultures (Figure 4B). Finally, the expression level of Cx45
was evaluated by quantitative real-time PCR throughout the process of differentiation. As shown
in Figure 4C, the expression level of Cx45 is not modified by the knocked down of Cx43 in
hBMSC and remains unchanged throughout the process of differentiation. In contrast and as
expected, the expression level of Cx43 was decreased after hBMSC infection with the shRNA
against Cx43 and remains very low throughout the process of differentiation.

Together, these results indicate a crucial role of Cx43 during the early differentiation of

hBMSCs into osteoblasts and throughout the process of osteoblast differentiation.



Treatment with GJIC inhibitors inhibits the differentiation of hBMSCs into osteoblasts

To investigate the role GJIC, and not only the role of Cx43 expression, during the early
differentiation of hBMSCs into osteoblast progenitors and throughout the process of hBMSC
differentiation into mature osteoblasts, the cells were treated with 18a-glycyrrhetinic acid or
Gap27 peptide.

As shown in Figure 5A, a significant decrease in Runx2 expression level in response to
osteogenic medium was observed in the presence of 18a-glycyrrhetinic acid or Gap27 peptide
compared to hBMSCs cultured without inhibitor. Treatment of hBMSCs with osteogenic medium
for 1 day induced a 3.6-fold increase in Runx2 mRNA steady-state levels. By contrast, Runx2
level increased by only 1.4-fold and 1.6-fold in the presence of 18a-glycyrrhetinic acid or Gap27
peptide. A significant decrease in ALP, BSP and OCN expression levels in response to
osteogenic medium was also observed in the presence of 18a-glycyrrhetinic acid or Gap27
peptide compared to hBMSC controls (Figure 5A). ALP mRNA steady-state levels were increased
by 8.6-fold in the absence of a GJIC inhibitor, while treatment with 18a-glycyrrhetinic acid or
Gap27 peptide induced only a 2.2-fold and 3.2-fold increase in mRNA levels, respectively, after 7
days of incubation of hBMSCs in osteogenic medium. Treatment of hBMSCs with osteogenic
medium for 17 days induced an increase in OC and BSP mRNA steady-state levels of 137- and
10-fold, respectively. By contrast, OCN and BSP levels increased by only 30- and 2.3-fold in the
presence of 18a-glycyrrhetinic acid, and by 63- and 4.7-fold in the presence of Gap27 peptide. In
agreement with these data, a significant decrease in mineral deposition was measured in the
presence of 18a-glycyrrhetinic acid or Gap27 peptide compared to cells cultured in the absence of
GJIC inhibitors. After 17 days of treatment with osteogenic medium, hBMSCs treated with 18a-
glycyrrhetinic acid or Gap27 peptide showed significantly less Alizarin red S staining (95% and
60%, respectively) compared to cells cultured without GJIC inhibitor (Figure 5B).

Together, these results indicate an important role GJIC during the early differentiation of

hBMSCs into osteoblasts and throughout the process of osteoblast differentiation.



Discussion

Previous in vitro studies have demonstrated the importance of Cx43 in osteoblast function and
during the late stages of osteoblast differentiation specifically during the differentiation of
immature osteoblasts into mature osteoblasts able to mineralize (Plotkin anf Bellido, 2013; Stains
and Civitelli, 2016). In vivo experiments using either Cx43" or Cx43";Col1a.1-2.3 kb-Cre mice
have demonstrated that Cx43 play a crucial role in osteoblastic differentiation (Plotkin and Stains,
2015). However, the role of Cx43 in the early differentiation of hBMSCs into osteoblasts in vitro
remains poorly documented.

In the present study, we first demonstrate that Cx43 expression is increased at the
transcriptional level during the late differentiation of hBMSCs into mature osteoblasts. Many
transcription factors control osteoblastogenesis. Among them, activator protein-1 (AP-1), a
dimeric transcription factor formed by Fos (c-Fos, Fra-1, Fra-2, FosB) and Jun proteins (c-Jun,
JunB, JunD) is required for bone formation and remodeling (Eferl and Wagner 2003). For
example, most Fos proteins are implicated in the proliferation and differentiation of osteoblasts
(Grigoriadis et al., 1993). Interestingly, one AP-1-binding site has been identified in the human
Cx43 proximal promoter P1 (approximately 150 nucleotides up- and downstream of the
transcription initiation site), suggesting that this AP-1 response element could be involved in the
increased expression of Cx43 during hBMSC differentiation into osteoblasts.

Additionally, we demonstrate that Cx43 and subsequent GJIC play an important role throughout
the differentiation of hBMSCs into osteoblasts from the early stages to the process of
mineralization. It is well recognized that gap junctional communication plays an important role in
the control of differentiation into different cell types and tissues (Duval et al., 2002). Specifically, it
has been shown that Cx43 and GJIC are crucial in the regulation of self-renewal and maintenance
of pluripotency in embryonic stem cells (Todorova et al., 2008). With regard to hBMSC
differentiation, osteoblastogenesis may be schematically defined by three phases (Marie, 2008): 1)
the osteoblast commitment of hBMSCs and the early differentiation of hBMSCs into osteoblast
progenitors, 2) the differentiation of these osteoblast progenitors into immature osteoblasts, and 3)
the differentiation of immature osteoblasts into mature osteoblasts able to mineralize. All these

three phases are characterized by sequentially expressed genes. The first stage is characterized



by the expression of Runx2, the earliest and the most specific transcription factor of mesenchymal
stem cell commitment toward osteoblastic lineage (Wagner and Karsenty, 2001). Runx2 is indeed
expressed in all mesenchymal condensations before osteoblast differentiation during early murine
skeleton development at E10.5-E12.5 (Ducy et al., 1997). Our in vitro results showed that Runx2 is
induced very early, 1 day after stimulation of hBMSCs with osteogenic medium. This early increase
in Runx2 expression precedes the increased expression of ALP (expression peak at day 7), a gene
specific to the differentiation of osteoblast progenitors into immature osteoblasts (the second stage
of the differentiation process). In this work, we specifically demonstrated that the early increase in
Runx2 expression observed after stimulation of hBMSCs with differentiation medium is inhibited
both by the use of an shRNA against Cx43 or by GJIC inhibitors, suggesting that Cx43 as well as
GJIC play a role during the commitment of hBMSCs toward osteoblastic lineage or at least during
the early stages of hBMSC differentiation into osteoblast progenitors. In addition, using hBMSCs
rather than osteoblast progenitors used in previous studies, our results also demonstrated that
Cx43 plays a central role during the differentiation of osteoblast progenitors into immature
osteoblasts and later during the differentiation of these immature osteoblasts into mature
osteoblasts.

Regarding the convergence of Cx43 and Runx2 expressions, it has been previously
demonstrated that the overexpression or knockdown of Cx43 is able to regulate the expression
and/or the transcriptional activity of Runx2 in several cells such as MC3T3-E1, mouse calvaria
osteoblastic, human fetal osteoblastic or longitudinal ligament cells (Stains et al., 2003; Li et al.,
2006; Thi et al., 2010; Niger et al., 2011; Niger et al., 2012; Yang et al., 2016). The studies on the
molecular mechanism underlying this process have identified two effectors, the extracellular signal-
regulated kinase (ERK) and the protein kinase C delta (PKC), responsible for Cx43-regulation of
Runx2 expression and/or Runx2 transcriptional activity (Lima et al., 2009; Niger et al., 2013; Niger
etal, 2012; Li et al., 2015; Tu et al., 2016).

Gap junctions can mediate the passage of nucleotides, amino acids, ions and second
messengers between coupled cells allowing ionic and metabolic signaling communication (Harris,
2007). Among these messengers able to cross through gap junctional channels, there is evidence
that the spatial and temporal patterns of calcium are crucial in the regulation of the differentiation

process. Both the stable increase in Ca2+ intracellular concentration ([Ca2+]), and the oscillations



of [Ca2+] are a mode of signaling in both excitable and non-excitable cells. In bone marrow-derived
stem cells, spontaneous [Ca2+] oscillations were shown to depend on Inositol P3-mediated Ca2+
release followed by Ca2+ influx from the extracellular compartment (Kawano et al., 2002). In this
context, it has been shown that [Ca2+] oscillations can be regulated by intercellular coupling
through gap junctions (Dupont et al., 2007). We can thus hypothesize that Cx43-mediated gap
junctional intercellular communication drives the differentiation of hBMSCs into osteoblasts via its
ability to propagate [Ca2+] oscillations. However, future studies are required to establish the nature

of the signals, Ca2+ or others, which drive the hBMSC differentiation process.



Legends of Figures

Figure 1: In vitro differentiation of hBMSCs toward osteoblasts

hBMSCs were cultured in the presence or absence of osteogenic medium up to 17 days. (A) At
each time point, cultures were fixed and stained with Alizarin red S. Results show one
representative experiment of three independent experiments. (B) Runx2, Alkaline Phosphatase
(ALP), Bone Sialoprotein (BSP) and Osteocalcin (OCN) mRNA steady-state levels were
determined by quantitative RT-PCR, and are expressed relative to the control culture in absence of
osteogenic medium. Bars indicate mean + SD of three independent experiments performed in

duplicate.

Figure 2: Increase of Cx43 production during the differentiation of hBMSCs into osteoblasts.

hBMSCs were cultured in the presence or absence of osteogenic medium (Diff) up to 17 days. (A)
Cx43 production was detected by Western Blot analysis. Result shown is representative of three
independent experiments. (B) Cx43 and Cx45 mRNA steady-state levels were determined by
quantitative RT-PCR, and expressed relative to the control culture in absence of osteogenic
medium. Bars indicate mean = SD of three independent experiments performed in duplicate. (C)
hBMSC cells were incubated in the presence or absence of osteogenic medium for 9 days. After
incubation, cell cultures were transfected with the -2400Cx43-lux construct, and incubation
continued for another 48h. Bars indicate mean = SD of three independent experiments performed
in duplicate. (***p<0.01) (D) FACS analysis of calcein transfer in hBMSCs treated or not with
osteogenic medium during 17 days. Histogram plots (left panel) represent the mean of
fluorescence recorded in FL1 channel, which corresponds to calcein-positive cells. Control peak
corresponds to cells dyed with Dil only, and parachute peak to cells double-labeled. Histograms
(right panel) indicate mean of the relative transfer-ratio of calcein between cells, which represents a
direct measure of the degree of dye coupling. Bars indicate mean + SD of three independent

experiments performed in duplicate. (***p<0.01)

Figure 3: Small interfering RNA against Cx43 and GJIC inhibitors efficiency block GJIC in

hBMSCs



(A) Cx43 and Cx45 mRNA steady-state levels were determined by quantitative RT-PCR in parental
(P), shLacZ and shCx43 cells as indicated. Bars indicate mean + SD of three independent
experiments performed in duplicate. (**p<0.05) (B) Cx43 production was detected by Western Blot
analysis in parental, shLacZ and shCx43 cells as indicated. Result shown is representative of three
independent experiments. (C) FACS analysis of calcein transfer in parental, shLacZ and shCx43
hBMSCs treated or not with osteogenic medium (Diff) for 17 days. Bars indicate mean + SD of
three independent experiments performed in duplicate. (***p<0.01). (D) FACS analysis of calcein
transfer in hBMSCs treated or not with 18a-glycyrrhetinic acid (50 uM) or Gap27 peptide (250 uM)
for 24h. Bars indicate mean = SD of three independent experiments performed in duplicate.
(***p<0.01). (E) hBMSCs viability, treated or not with 18a-glycyrrhetinic acid (50 uM) or Gap27
peptide (250 upM), was determined using a 2,3- bis(2 methoxy-4 nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XTT) reagent assay kit. Bars indicate mean + SD of three independent

experiments performed in duplicate.

Figure 4: Small interfering RNA against Cx43 inhibits the differentiation of hBMSCs into
osteoblasts.

(A) Parental, shLacZ and shCx43 cells were cultured in the presence or absence of osteogenic
medium. The expression of Runx2 was determined by quantitative RT-PCR after incubation of
hBMSCs with osteogenic medium for 1 day. The expression of ALP was determined by quantitative
RT-PCR after incubation of hBMSCs with osteogenic medium for 7 days. The expression of BSP
and OCN mRNA steady-state levels were measured by quantitative RT-PCR after incubation of
hBMSCs with osteogenic medium for 17 day. Bars indicate mean + SD of three independent
experiments performed in duplicate. (**p<0.05, ***p<0.01). (B) Parental, shLacZ and shCx43
hBMSCs were cultured in the presence or absence of osteogenic medium. 17 days after induction
of osteogenesis, cultures were fixed and stained with Alizarin red S. Results show one
representative experiment of three independent experiments. (C) Parental, shLacZ and shCx43
cells were cultured in the presence or absence of osteogenic medium. The expression of Cx43 and
Cx45 were determined by quantitative RT-PCR throughout the differentiation process. Results

indicate mean = SD of three independent experiments performed in duplicate.



Figure 5: GJIC inhibitors reduce the differentiation of hBMSCs into osteoblasts.

(A) hBMSCs were cultured in the presence of GJIC inhibitors (a-glycyrrhetinic acid or Gap27) as
indicated. The expression of Runx2 was determined by quantitative RT-PCR after treatment with
osteogenic medium for 1 day. The expression of ALP was determined by quantitative RT-PCR
after treatment with osteogenic medium for 7 days. 17 days after treatment of the cells with
osteogenic medium (Diff), BSP and OCN mRNA steady-state levels were determined by
quantitative RT-PCR. Bars indicate mean = SD of three independent experiments performed in
duplicate. (**p<0.05; ***p<0.01). (B) Cultures were fixed and stained with Alizarin red S 17 days
after induction of osteogenesis in the presence or absence of 18a-glycyrrhetinic acid (50 uM) or

Gap27 (250 uM). Results show one representative experiment of three independent experiments.



Acknowledgments : Jerome Amiaud for its technical help



Literature cited

Augello A, De Bari C. 2010. The regulation of differentiation in mesenchymal stem cells. Hum
Gene Ther 21:1226-1238.

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller R, Nolan T, Pfaffl
MW, Shipley GL, Vandesompele J, Wittwer CT. 2009. The MIQE guidelines: minimum
information for publication of quantitative real-time PCR experiments. Clin Chem 55:611-622.

Chang Y, Hsieh P-H, Chao CC-K. 2009. The efficiency of Percoll and Ficoll density gradient media
in the isolation of marrow derived human mesenchymal stem cells with osteogenic potential.
Chang Gung Med J 32:264-275.

De Leon JR, Buttrick PM, Fishman Gl. 1994. Functional analysis of the connexin43 gene promoter
in vivo and in vitro. J Mol Cell Cardiol 26:379-389.

Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G. 1997. Osf2/Cbfa1: a transcriptional activator
of osteoblast differentiation. Cell 89:747-54.

Dupont G, Combettes L, Leybaert L. 2007. Calcium dynamics: spatio-temporal organization from
the subcellular to the organ level. Int Rev Cytol 261:193-245.

Duval N, Gomeés D, Calaora V, Calabrese A, Meda P, Bruzzone R. 2002. Cell coupling and Cx43
expression in embryonic mouse neural progenitor cells. J Cell Sci 115:3241-3251.

Eferl R, Wagner EF. 2003. AP-1: a double-edged sword in tumorigenesis. Nat Rev Cancer 3:859-
68.

Friedenstein AJ, Chailakhyan RK, Gerasimov UV. 1987. Bone marrow osteogenic stem cells: in
vitro cultivation and transplantation in diffusion chambers. Cell Tissue Kinet 20:263-272.

Grigoriadis AE, Schellander K, Wang ZQ, Wagner EF. 1993. Osteoblasts are target cells for
transformation in c-fos transgenic mice. J Cell Biol 122:685-701.

Harris AL. 2007. Connexin channel permeability to cytoplasmic molecules. Prog Biophys Mol Biol
94:120-143.

Kawano S, Shoji S, Ichinose S, Yamagata K, Tagami M, Hiraoka M. 2002. Characterization of
Ca(2+) signaling pathways in human mesenchymal stem cells. Cell calcium 32:165-174.

Laird DW. 2014. Syndromic and non-syndromic disease-linked Cx43 mutations. FEBS Lett.
588:1339-48.

Lecanda F, Towler DA, Ziambaras K, Cheng SL, Koval M, Steinberg TH, Civitelli R. 1998. Gap
junctional communication modulates gene expression in osteoblastic cells. Mol Biol Cell 9:2249-
2258.

Lecanda F, Warlow PM, Sheikh S, Furlan F, Steinberg TH, Civitelli R. 2000. Connexin43 deficiency
causes delayed ossification, craniofacial abnormalities, and osteoblast dysfunction. J Cell Biol
151:931-944.

Li Z, Zhou Z, Saunders MM, Donahue HJ. 2006. Modulation of connexin43 alters expression of
osteoblastic differentiation markers. Am J Physiol Cell Physiol 290:C1248-55.

Li S, Zhang H, Li S, Yang Y, Huo B, Zhang D. 2015. Connexin 43 and ERK regulate tension-
induced signal transduction in human periodontal ligament fibroblasts. J Orthop Res 33:1008-
14.

Lima F, Niger C, Hebert C, Stains JP. 2009. Connexin43 potentiates osteoblast responsiveness to
fibroblast growth factor 2 via a protein kinase C-delta/Runx2-dependent mechanism. Mol Biol



Cell 20:2697-708.

Marie PJ. 2008. Transcription factors controlling osteoblastogenesis. Arch Biochem Biophys 473:
98-105.

Neve A, Corrado A, Cantatore FP. 2011. Osteoblast physiology in normal and pathological
conditions. Cell Tissue Res 343:289-302.

Nielsen MS, Axelsen LN, Sorgen PL, Verma V, Delmar M, Holstein-Rathlou NH. 2012. Gap
junctions. Compr Physiol 2:1981-2035.

Niger C, Lima F, Yoo DJ, Gupta RR, Buo AM, Hebert C, Stains JP. 2011. The transcriptional
activity of osterix requires the recruitment of Sp1 to the osteocalcin proximal promoter. Bone
49:683-692.

Niger C, Buo AM, Hebert C, Duggan BT, Williams MS, Stains JP. 2012. ERK Acts in Parallel to
PKC delta to Mediate the Connexin43-dependent Potentiation of Runx2 Activity by FGF2 in
MC3T3 Osteoblasts. Am J Physiol Cell Physiol 302:C1035-44.

Niger C, Luciotti MA, Buo AM, Hebert C, Ma V, Stains JP. 2013. The regulation of runt-related
transcription factor 2 by fibroblast growth factor-2 and connexin43 requires the inositol
polyphosphate/protein kinase Cd cascade. J Bone Miner Res 28:1468-77.

Owen M. 1988. Marrow stromal stem cells. J Cell Sci Suppl 10:63-76.

Paznekas WA, Karczeski B, Vermeer S, Lowry RB, Delatycki M, Laurence F, Koivisto PA, Van
Maldergem L, Boyadjiev SA, Bodurtha JN, Jabs EW. 2009. GJA1 mutations, variants, and
connexin 43 dysfunction as it relates to the oculodentodigital dysplasia phenotype. Hum Mutat
30:724-33.

Plotkin LI, Bellido T. 2013. Beyond gap junctions: Connexin43 and bone cell signaling. Bone
52:157-66.

Plotkin LI, Stains JP. 2015. Connexins and pannexins in the skeleton: gap junctions, hemichannels
and more. Cell Mol Life Sci 72:2853-67.

Schiller PC, Mehta PP, Roos BA, Howard GA. 1992. Hormonal regulation of intercellular
communication: parathyroid hormone increases connexin 43 gene expression and gap-
junctional communication in osteoblastic cells. Mol Endocrinol 6:1433-40.

Schiller PC, D'lppolito G, Balkan W, Roos BA, Howard GA. 2001a. Gap-junctional communication
is required for the maturation process of osteoblastic cells in culture. Bone 28:362-9.

Schiller PC, D'lppolito G, Balkan W, Roos BA, Howard GA. 2001b. Gap-junctional communication
mediates parathyroid hormone stimulation of mineralization in osteoblastic cultures. Bone
28:38-44.

Sohl G, Willecke K. 2004. Gap junctions and the connexin protein family. Cardiovasc Res 62:228-
32.

Sosinsky GE, Nicholson BJ. 2005. Structural organization of gap junction channels. Biochim
Biophys Acta 1711:99-125.

Stains JP, Civitelli R. 2016. Connexins in the skeleton. Semin Cell Dev Biol 50:31-9.
Stains JP, Lecanda F, Screen J, Towler DA, Civitelli R. 2003. Gap junctional communication

modulates gene transcription by altering the recruitment of Sp1 and Sp3 to connexin-response
elements in osteoblast promoters. J Biol Chem 278:24377-24387.



Talbot J, Brion R, Picarda G, Amiaud J, Chesneau J, Bougras G, Stresing V, Tirode F, Heymann
D, Redini F, Verrecchia F. 2013. Loss of connexin43 expression in Ewing’s sarcoma cells favors
the development of the primary tumor and the associated bone osteolysis. Biochim Biophys
Acta 1832:553-564.

Tellez-Gabriel M, Charrier C, Brounais-Le Royer B, Mullard M, Brown HK, Verrecchia F, Heymann
D. 2017. Analysis of gap junctional intercellular communications using a dielectrophoresis-
based microchip. Eur J Cell Biol 96:110-118.

Thi MM, Urban-Maldonado M, Spray DC, Suadicani SO. 2010. Characterization of hTERT-
immortalized osteoblast cell lines generated from wild-type and connexin43-null mouse calvaria.
Am J Physiol Cell Physiol 299:C994-C1006.

Todorova MG, Soria B, Quesada I. 2008. Gap junctional intercellular communication is required to
maintain embryonic stem cells in a non-differentiated and proliferative state. J Cell Physiol
214:354-362.

Trichet V, Benezech C, Dousset C, Gesnel MC, Bonneville M, Breathnach R. 2006. Complex
interplay of activating and inhibitory signals received by Vgamma9Vdelta2 T cells revealed by
target cell beta2-microglobulin knockdown. J Immunol 177:6129-6136.

Tu B, Liu S, Liu G, Li Z, Sun Y, Fan C. 2016. Inhibition of connexin 43 prevents traima-induced
heterptipic ossification. Sci Rep 16;6:37184.

Vaananen HK. 2005. Mesenchymal stem cells. Ann Med 37:469-479.

Valiunas V, Doronin S, Valiuniene L, Potapova |, Zuckerman J, Walcott B, Robinson RB, Rosen
MR, Brink PR, Cohen IS. 2004. Human mesenchymal stem cells make cardiac connexins and
form functional gap junctions. J Physiol (Lond) 555:617-626.

Wagner EF, Karsenty G. 2001. Genetic control of skeletal development. Curr Opin Genet Dev
11:527-32.

Wennberg C, Hessle L, Lundberg P, Mauro S, Narisawa S, Lerner UH, Millan JL. 2000. Functional
characterization of osteoblasts and osteoclasts from alkaline phosphatase knockout mice. J
Bone Miner Res 15:1879-1888.

Yang H, Shi L, Shi G, Guo Y, Chen D, Chen D, Shi J. 2016. Connexin 43 Affects Osteogenic
Differentiation of the Posterior Longitudinal Ligament Cells via Regulation of ERK Activity by
Stabilizing Runx2 in Ossification. Cell Physiol Biochem 38:237-47.

Ziambaras K, Lecanda F, Steinberg TH, Civitelli R. 1998. Cyclic stretch enhances gap junctional
communication between osteoblastic cells. J Bone Miner Res 13:218-228.



Relative Runx2 mRNA level

Relative BSP mRNA level

151

104

54

0

1204

2 1007
=
‘®m 801
®
- g 601
" g 401
Time (days) N 201
<
o.
0o 7 9 11 13 15
Time (days)
©
>
2
<
P4
o
£
o
-
<
(43
2
&
°
4
01357 911131517 01357 911131517
Time (days) Time (days)
250+
°
>
2 2004
<
P4
x 1501
£
3 1001
o
2 507
ki
g o
01357 911131517 01357 911131517
Time (days) Time (days)

Figure 1



CXA43 | ™ e s v e — -
GAPDH | e ane ann ann «= wn e amn s |
Diff - + -+ - + - + - +
5 9 1 13 15
Time (days)
4 4
B 3 -
2 3
3 = 3
3 3
o 4
E E 2
(] n
< <
X X
S 1 b
2 g
5 s
¢ 0 s o
01357 91131517 01357 91131517
Time (days) Time (days)
C 8-
“ *k%k
X
6 4
Sz
S2
e 4
2x
&7 21
[T}
(4
0
Diff = +
D . Dicontrol gl:lparachute 30- *kk
]
& 251
S
& 204
o o 2
£ 154
w w Py
2 104
®
g 5
° FL1 log ° FL1 log Diffo- +
Diff - +

Figure 2



T T
o (=3
N ©

-

19A3] YNYW Gv

160 -
140 -
100 -

T
o
©

X2

T 1
o o
N

40 4

aAne[ay

19A3] YNYW €4XD

<

aAne|Ry

shLacZ shCx43

P

shLacZ shCx43

P

~
-
[} el
X > -
Ie) 2
< 4 ~
" <]
N
[2] ™
©
-
=
2] -
o =)
I T T T T T 1
N v ® © ¥ N © 0 - n =
oljel Jajsuel) aAne|ay (1043u09 j0 %,) AjgeIA []2)
(&
~
o« o«
<t -~
% X >
(&) (&) =] ©
< K= o N~ -
[ [} ..M-
) N ~ © ~
L] Y] (]
4 8 x
4 % o
s £ o] ©
[ ® O
i -
o o £ -
[=
nw =)
© c oo o9oo
< = © 0O I N ! r T T 1
X © - N 2 © ¥ Ao
© ? 1aA3] uajoud - 0 - 0 o
@ £pXD oAneIaY oljel Jajsueu) aAne|oYy - o
; (1013u09 Jo %) AniqelA 112D

o 1T}

(days)

(days)

Figure 3



*kk

r
N O W © < N o
- -

I9A3] VNYHW d7V 9Ale|9Y

r T T T 1
< (3] (3] - o

[9A8] YNYW ZXuny aAne|sy

<

Diff

+

Diff

shLacZ shCx43

P

shLacZ shCx43

]

T
o o
0 5
1

0-

2001
150 1
Diff

I9AS] VNYW NDO 2AlE|I9y

r T T T T 1
(=] © N © < o
N . -

19A3] YNYW dS4g 2Ane|9y

Diff

shLacZ shCx43

P

shLacZ shCx43

P

oo © 9 @ © ©
& & ® © ¥ N
- -
Biuuieys pai uneziy
S

Diff

shLacZ shCx43

shCx43 P

P

*+ parental
=-=-8--- shLacZ

17

15

I9A9] YNYHW €YXD dAlE[9Yy

parental

=-=--8@--- shLacZ

shCx43

-

»

17

15

<

-

I9A9] VNYW GHXD dAlEe|aY

(&}

Figure 4



*k%k

*kk

*kk

=

T T T T 1
o © © < ~N o
-

19A3] YNYW d7V 9Ale|ay

*dkk

n << (2] N - o
[9A3] YNYHW ZXUNY dARE[OY

+

Diff

+

Diff

a-gly

Gap27

a-gly

Gap27

*%

*k%k

*k%k

1 1 1
(=3 o o
0 5
1

200
150+

I9AS] YNYW NDO 2AlE|19Yy

r T T T T T T 1
¥ N © 0 © ¥ N ©
- - -

19A3] YNYW dS9g 2Ale|19Yy

+

+

Diff

+

Diff

a-gly

Gap27

Gap27 a-gly

Bujuiels pal uuezily

r
o
N
-

100 -
8
6
4
2

Diff

a-gly

+ +

Diff
a-gly

Figure 5



Table 1. Primer sequence for quantitative RT-PCR

Gene
Cx43
ocC
BSP
ALP

Runx2

SOX9

Cx45

Hprt 1

Cyc1

Gene (full name)
Connexin43
Osteocalcin

Bone sialoprotein
Alkaline phosphatase

Runt-related transcription factor 2

SRY (sex determining region Y)-
box9

Connexin 45

Hypoxanthine guanine

phosphoribosyl transferase 1

Cytochrome c-1

Accession number
NM_000165.3
NM_199173.2
NM_004967
NM_000478.3

NM_004348.3

NM_000346.3

NM_005497.3

NM_000194.1

NM_001916

Forward primer
gcctgaacttgccttttcat
ggcgctacctgtatcaatgg
cgaatacacgggcgtcaatg
aacaccacccaggggaac

gcctaggcgcatttcaga

gtacccgcacttgcacaac

tgggtaaccgaagttctggaca

tgaccttgatttattttgcatacc

gcatggtggtgaggactacg

Reverse primer
ctccagtcacccatgttge
tcagccaactcgtcacagtc
gtagctgtactcatcttcataggc
ggtcacaatgcccacagatt

gctcttcttactgagagtggaagg

tcgctcetegttcagaagtcte

gaacagtgagccagatcttccc

cgagcaagacgttcagtcct

ggccaggaaagtaggggttg
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