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Summary

Objetives: Bone tissue can adapt to environmental stimuli by altering its morphology and metabolism. Different bone
cells communicate with each other through communicating junctions (CJs). Connexin 43 (Cx43) is the most abundant
C] protein with key functions in signal transduction and in response to hormonal and mechanical stimuli. Another me-
chanosensor element of osteocytes is the primary cilium, formed by microtubules and which develops in the cell cycle’s
GO phase. Our study aims to determine Cx43 and primary cilium involvement in osteocytic activity, to analyze the possible
interaction between these two mechanosensors and to assess the role they play in the detection and response of oste-
ocytes to mechanical stimuli and stimulation of the parathormone type 1 receptor (PTH1R) by its ligand, the parathor-
mone-related protein (PTHrP) (1-36).

Material and methods: The control MLO-Y4 (Cx43 +/+) osteocyte cell line was compared to Cx43-deficient MLO-Y4
(Cx43 -/-). The expression analysis of intraflagellar transport protein 88 (IFT88), Cx43 and phosphorylation of the ex-
tracellular signal regulatory kinase (P-ERK) was determined by Western blot. To characterize the possible colocalization
between the primary cilium and Cx43, an immunofluorescence was carried out. To simulate mechanical stimulation in
vitro, cells were subjected to mechanical stress of 10 dynes/cm2 by fluid flow for 10 minutes.

Results: The results obtained show that the number of cells with primary cilium does not vary due to the expression of
Cx43 (p = 0.089). In cells with Cx43 presence, mechanical stimulation by fluid flow and PTHrP increase the phosphory-
lation of extracellular signal-regulated kinases (ERK) compared to unstimulated cells (p = 0.049 and p = 0.011, respec-
tively).

Conclusions: The primary cilium and Cx43 act as mechanosensing elements for osteocytes. Deficiency in Cx43 does not
influence ciliogenesis or activation by mechanical stimulation of pro-survival signaling pathways in osteocytes.

Key words: osteocytes, connexin 43, primary cilium, mechanical stimulus, PTHrP.

INTRODUCTION

Bone tissue has the ability to adapt to surrounding en-
vironmental stimuli by altering its morphology and me-

tor type 1 (PTH1R) ligands, connexins* and primary
cilia. Some of these mechanosensors have been found to
interact with each other, allowing the integration of mul-

tabolism?.

The development, remodelling and repair of this tissue
are dynamic processes, regulated by the joint activity of
bone cells (osteocytes, osteoblasts and osteoclasts). Os-
teocytes are the most abundant type of cells in the bone.
They are located in the mineralized bone matrix, forming
a large cellular intercommunication network, called os-
teocyte lacuno-canalicular system (OLCS). Osteocytes are
the main mechanosensory cells in the bone?. They can de-
tect mechanical stimuli in the environment and commu-
nicate this signal to effector cells (osteoblasts and
osteoclasts) and have different mechanosensory structu-
res: ion channels, integrins?, parathyroid hormone recep-

»
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tiple extracellular signals3.

Mechanical stimuli regulate bone remodelling. The
deregulation of this process produces osteoporosis, a
condition characterized by decreased bone mass and in-
creased bone frailty®.

Osteocytes respond to mechanical stimulation by ac-
tivating different signalling pathways, such as Wingless-
type protein (Wnt)HPPf-catenin, and mitogen-activated
protein kinases (MAPK) and Hedghog (HH). In this
work, we analized some of the molecules acting in these
signalling pathways, specifically P-ERK and ERK pro-
teins. Interaction among the cells constituting the bone
tissue is essential for bone tissue homeostasis®.
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Cell communication via gap junctions (GJs) is one of
the most important of these interactions, as it happens
between cytoplasms of adjacent cells and, therefore,
allows intercellular diffusion of small molecules’. GJs not
only serve as passive channels, they also intervene in the
regulation of different signaling routes®.

Cxs are transmembrane proteins, named after their
molecular weight, from 26 to 59 kDa. Cx43 is the most
abundant protein in the GJs of bone cells. Connexins, in
particular Cx43, interact with structural and signalling
molecules, regulating cellular functions®°.

Primary cilia are microtubule-based structures in
which numerous receptor channels and proteins are loca-
ted, which allow the cilia to act as a mechanosensors!2,
PTH1R is a G-protein-coupled receptor (GPCR), which is
expressed in primary cilia and plays a fundamental role in
mechanical signal transduction in MLO-Y413 cells. This re-
ceptor has two widely characterized ligands: PTH and
PTHrP (parathormone-related protein). Both PTH and
PTHrP have effects on bone formation and are used as
anabolic agents in the treatment of osteoporosis!3!4

It has also been shown that stimulation by PTHrP and
mechanical stimulation by fluid flow induce the activa-
tion of ERK, thus preventing the increase of osteocyte
apoptosis'®.

In the present study, it was hypothesized that pri-
mary cilia and Cx43 act jointly in the regulation of sig-
nalling pathways involved in cell survival and in cell
adhesion capacity. The expression of primary cilia was
determined both in Cx43 +HPP+ and Cx43 -HPP- cells
and the non-colocalization of these two mechanosen-
sors. Therefore, it is suggested that Cx43 deficiency is
not involved in the development of the primary cilia, but
could influence other aspects, such as their functionality,
length or intra-flagellar transport.

Likewise, the cellular response of osteocytes (phos-
phorylation of ERK) was analyzed after stimulating
PTH1R, both with PTHrP, obtaining a greater increase in
P-ERK in Cx43 -HPP- cells as opposed to in Cx43 +HPP+,
and mechanically, which produced an increased P-ERK
expression regardless of Cx43 deficiency.

MATERIALS AND METHODS

1. Cell cultures

In this project, we worked with the continuous line of
murine long bone MLO-Y4 osteocytes Cx43 +HPP+, as a
control, and deficient in Cx43 (Cx43 -HPP-), which were
kindly provided by Dr. L. I Plotkin.

The cells were cultured at a concentration of 24,000
cellsHPPcm?, with a-Modified Eagle's Medium (a-MEM)
(Gibco™, Thermo Fisher Scientfic, Spain), supplemented
with 2.5% calf serum (Calf Serum; CS), 2.5% fetal bovine
serum (FBS), 1% L-Glutamine, 1% PenicillinHPPStrep-
tomycin and Puromycin (from Streptomyces alboniger,
Sigma Aldrich, BioReagent, Merck, Spain) at a concen-
tration of 10 pgHPPml.

To promote the development of the primary cilium,
the cells were grown in depletion medium, composed of
a-MEM (Gibco™) supplemented with 1% penici-
llinHPPstreptomycin and puromycin at a concentration
of 10 pgHPPml, for 24 hours.

All surfaces on which these cells were cultured had
to be previously collagenized, using for this matter type
I collagen at 0.01% acetic acid, to simulate the collagen
matrix where the osteocytes are embedded in vivo. Cells
were kept at 372C and 5% CO,.
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2. Western blot

The cellular total protein was extracted using RIPA buffer
(Sigma-Aldrich, Merck, Spain), supplemented with prote-
ase and phosphatase inhibitors (Calbiochem, Merck,
Spain).

Subsequently, these proteins were quantified using
bicinchoninic acid (BCA) (PierceTM BCA Protein Assay
Kit, Thermo Fisher Scientfic, Spain), which generates a
colorimetric reaction detectable at 562 nanometres
(nm). To carry out the reading, the Varioskan Flash plate
reader (Thermo Fisher Scientfic) was used, with Skanlt
Software 2.4.3 RE.

Protein extracts (20 pg) were separated by means of a
10% polyacrylamide gel under reduced conditions. They
were later transferred to a nitrocellulose membrane (Bio-
Rad, Hercules, California, USA). The blocking was carried
out with 5% milk powder, in Tris-saline buffer with
0.05% Tween20 (TTBS), for 1 hour under stirring at room
temperature. The following primary antibodies were then
stirred between 15-18 hours at 42C: anti-Phospho-
p44HPP42 MAPK (Erk1HPP2) (Cell Signaling, Beverly,
Massachusetts, USA), anti-p44HPP42 MAPK (Erk1HPP2),
anti-Cx43 (Sigma Aldrich, ST. Louis, Missouri, USA) and
anti-tubulin (Sigma Aldrich). These are all polyclonal an-
tibodies produced in rabbits, except for anti-tubulin
which is a monoclonal antibody produced in mice. It was
then incubated for one hour at room temperature, with
the corresponding IgG coupled to peroxidase, and the
membrane was developed by chemiluminescence with
Clarity™ Western ECL substrate (Bio-Rad, Life Science Re-
search, Spain). The intensity of the bands was quantified
by densitometry, using the DNR Bio Imaging System MF
ChemiBIS3.2 and Gelcapture and QuantityOne™ (Bio-
Rad) programs.

3. Immunofluorescence

30,000 cellsHPPwell were cultured from the multiwell pla-
tes (Falcon®, Thermo Fisher Scientfic, Spain). The cells
were grown until they reached 80% confluence; and sub-
sequently depletion medium was added for 24 hours to in-
duce the formation of the primary cilia. The cells were then
fixed with 4% paraformaldehyde (PFA) and permeabi-
lized with Triton X-100 at 0.5%. Next, the blocking solu-
tion, composed of bovine serum albumin (BSA) at 10%,
supplemented with goat serum at 5%, was added for 1
hour. After that, the following primary antibodies were
stirred for 15-18 hours at 42C: polyclonal anti-Cx43 pro-
duced in rabbits (Sigma Aldrich) and monoclonal anti-a
acetylated tubulin produced in mice (Sigma Aldrich), to
observe the primary cilium. The secondary antibodies
were then arranged: Alexa fluor® 488 goat anti-mouse ci-
lium (Invitrogen Molecular probes, Thermo Fisher Scien-
tificTM, Spain), and Cx43, Alexa fluor® 568 anti-rabbit IgG
(Life technologies, Thermo Scientific™, Spain) (1: 1000
dilution in BSA at 10% and goat serum at 5%). After 1 h
of incubation, 4'-6-diamidino2-phenylindole (DAPI) was
added. Nuclei, the primary cilia and Cx43 were seen on
the fluorescence microscope (Leica CTR 6000). The mer-
ging of the individual images of the primary cilium, Cx43
and cell nuclei into one single image was performed using
the Image] program.

4. Mechanical stimulation by fluid flow (FF) and by
PTHrP

To perform stimulation by FF and PTHrP, cells were cul-
tured on teflon-bound glass slides at a density of 25,000
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cellsHPPcm?. The FF technique is based on the constant
bombing of culture medium over the cell monolayer
using a peristaltic pump (Flexcell International Corp.,
Hillsborough, North Carolina, USA.) at 10 dynesHPPcm?
in a hermetically closed circuit for 10 minutes. The time
and frequency settings were established using the Mas-
ter Flex Peristaltic Pump 2010 program. On the other
hand, stimulation was performed with PTHrP (1-36)
(Bachem, Bubendorf, Switzerland) at a concentration of
107 molar (M), for 10 min. The same number of cultures,
but with cells that were not subjected to any stimuli, ser-
ved as static controls (SC).

5. Statistical analysis

In the statistical analysis of the results, data are expressed
as mean * standard deviation of at least two experi-
ments carried out in triplicate. It was performed using
the GraphPad Prism 8 program (GraphPad software, La
Jolla, California, USA). To compare means between two
groups, the nonparametric Mann-Whitney test was ca-
rried out, and to compare means of more than two
groups, the non-parametric Kruskal-Wallis test was
used. For mulptiple pairwise comparison we used
Dunn’s test. The established confidence interval was
95% in all statistical tests. So the results with a value of
p<0.05 were considered statistically significant.

ResuLts

1. Effect of Cx43 on the development of the primary
cilium in Cx43 +HPP+ and Cx43 -HPP- cells

The results obtained by Western blot indicate that in
Cx43-deficient cells the expression of this protein decre-
ases significantly in comparison with control cells Cx43
+HPP+ (W=0, p=0.029), which allows us to confirm the
deficiency of this protein (Figure 1). In addition, the pre-
sence of the primary cilium was characterized by the ex-
pression analysis of the IFT88 protein. IFT88 was used
as a marker for the primary cilium presence, since it is a
highly abundant protein in this organelle, as it is invol-

ved in intraflagellar transport, needed for ciliogenesis*®.
We observed that the IFT88 protein expresses in a simi-
lar way, regardless of the deficiency in Cx43 (W=4,
p=0.343).

Likewise, Cx43 and primary cilia were analyzed by im-
munofluorescence to try to determine the possible inter-
action between these two mechanosensors. Figure 2
shows both Cx43 +HPP+ and Cx43 -HPP- cells develop a
primary cilium, which is evidenced by the presence of
the primary anti-a-acetylated tubulin antibody, which
originates from the cell surface. Also, it can be seen that
Cx43 appears mainly in the cell membrane, possibly for-
ming GJs. Furthermore, it appears that the primary ci-
lium does not co-localize with Cx43. On the other hand,
we performed counts of the cells with primary cilium
from nine photographs taken in different fields using the
fluorescence microscope. In each image the number
(No.) of total cells (cel.) and the number of cells with a
presence of primary cilium were quantified, and we cal-
culated the ratio (No. of cells with ciliumHPPNo. of total
cells), both for the Cx43 +HPP+ and for Cx43 -HPP- cell
lines (Table 1 and Figure 3). In these results, we found
that the number of cilia formed did not significantly differ
(p=0.089) between the two cell lines (Cx43 +HPP+ and
Cx43 -HPP-).

2. Effect of mechanical stimulation and PTHrP on
Cx43 +HPP+ and Cx43 -HPP- cells

In several studies it has been determined that mechanical
stimulation inhibits osteocyte apoptosis, through a mecha-
nism that involves phosphorylation of MAPKs as ERKs*®.
The aim of this experiment was to analyze whether Cx43
deficiency altered the effect of mechanical stimulation
on osteocytes, and to determine whether Cx43 is invol-
ved in the activation of the PTH1R receptor, after stimu-
lated by one of its PTHrP ligands. The effects triggering
mechanical stimulation and PTHrP stimulation in MLO-
Y4 cells, the P-ERK expression was analyzed using Wes-
tern blot.

Figure 1. Expression of Cx43 and IFT88. A) Result of the nitrocellulose membrane development for the analysis of
Cx43, IFT88 and tubulin as loading control; total cellular protein extracts were used (25 pg). The molecular weight
(MW) marker was placed in the first lane; the next four lanes belong to four replicas of control MLO-Y4 cells (Cx43
+HPP+) and the last four correspond to four replicas of Cx43-deficient MLO-Y4 cells (Cx43 -HPP-). B) Mean * stan-
dard deviation of Cx43HPPtubulin. C) Mean * standard deviation of IFT88HPPtubulin. Protein levels normalized in

contrast to tubulin *p<0.05
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Figure 2. Immunofluorescence performed with osteocytes of the MLO-Y4. A) Cx43 +HPP+ and B) Cx43 -HPP- line.
Cell nuclei were stained with DAPI (blue), anti a-acetyl-tubulin antibodies were used to mark the primary cilium
(green), anti-Cx43 antibody to mark Cx43 (red) and merged. The images were taken with an immersion objective
at 63X. Scale bar =16 pm

DAPI Cx43 Merged
A A
16 pm 16 pm

Table 1. Counts of cells (cel.) with presence of primary cilium in the MLO-Y4 Cx43 +HPP+ and Cx43 lines

Cx43 +HPP+

MLO-Y4

Cx43 -HPP-

No. of Cel. number Cel. number Cel. number with Cel. number Cel. number Cel. number with
photo totals with cilium cilium/cell number totals with cilium cilium/cel. number
Cx43 +HPP+ Cx43 +HPP+  totals Cx43 +HPP+ (%) Cx43 -HPP- Cx43 -HPP- Cx43 -HPP- (%)

1 96 43 44.792 94 41 43.617

2 93 44 47.312 84 36 42.857

3 95 41 43.158 93 20 21.505

4 110 51 46.364 77 33 42.857

5 103 56 54.369 91 24 26.374

6 77 32 41.558 125 55 44.000

7 66 33 50.000 106 61 57.547

8 95 44 46.316 104 49 47.115

9 111 52 46.847 195 69 35.385

Figure 3. No. of cells with ciliumHPPNo. of total cells (%) in the Cx43 +HPP+ and Cx43 -HPP- lines. Results are expressed
as mean * standard deviation

60 MLO-Y4
1
Cx43 +HPP+ Cx43 -HPP- £ 40
=
Half 40139 g
<
Typical deviation 10.913 E
o 20
Standard error 0.351
0

Cx43 +HPP+ (Cx43 -HPP-
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Figure 4. P-ERK analysis after mechanical stimulation and with PTHrP. After mechanical stimulation and stimulation
with PTHrP, changes in protein levels were evaluated by Western blot, and those regarding P-ERK in total cell protein
extracts, cell lines Cx43 +HPP+ and Cx43 -HPP-, stimulated or not (static control, SC). Total ERK and tubulin were
used in order to normalize. Results are expressed as mean * standard deviation of a duplicate experiment of each

condition vs. SC
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The Kruskal-Wallis test was applied to establish the
differences between the Cx43 +HPP+ and Cx43 -HPP-
groups for the conditions: SC, FF and PTHrP. The test re-
sult pointed at differences between some of the groups
(p=0.0005). To determine between which groups, Dunn’s
Multiple Comparison Test was performed, showing that
both mechanical stimulation (FF) (p=0.049) and PTHrP
stimulation (p=0.017) induce a significant increase in
ERK phosphorylation in contrast to non-stimulated cells
(static control, SC); in the MLO-Y4 Cx43 +HPP+ cell line.
This result shows that extracellular stimuli favour the ac-
tivation of the SrcHPPERK signaling pathway, which pro-
motes cell survival. In the case of MLO-Y4 Cx43 -HPP- we
observed that P-ERK does not increase significantly in
contrast to CE (p=0.955) after mechanical stimulation
(FF). However, when stimulated with PTHrP, ERK phos-
phorylation increases significantly (p=0.025) (Figure 4).

Discussion

Connexins and primary cilia are bone cells’ mechano-
sensory elements which play a fundamental role in the
stimuli detection and signal transmission2.

The results obtained by Western blot confirm that the
Cx43 -HPP- cell line used in the experiment was deficient
in this protein, since the level of Cx43 expression decrea-
sed significantly compared to that on the Cx43 +HPP+
line. The IFT88 protein expression was also analyzed,
since it was used as a marker for the presence of the pri-
mary cilia in previous studies?’. According to the results
obtained, it can be concluded that there are no significant
differences in the IFT88 protein expression between the
Cx43 +HPP+ and Cx43 -HPP- lines. The results of the
IFT88 analysis by Western blot alone do not allow us to
ensure that primary cilia develops correctly, because the
IFT88 protein could be expressing itself in another cell
compartment different from the primary cilia. There-
fore, to verify whether the deficiency in Cx43 influences
the formation of the primary cilia, the expression of this

CE FF PTHrP CE FF PTHrP

Cx43 +HPP+ Cx43 -HPP-

organelle and of Cx43 was analyzed by immunofluores-
cence. Both Cx43 +HPP+ cells and Cx43 -HPP- cells were
observed to develop primary cilia; Likewise, it was
found that the number of cilia formed did not differ
meaningfully between the two cell lines. Furthermore,
it seems to be observed that the Cx43 and the primary
cilium do not co-localize; and in Cx43 +HPP+ cells, Cx43
is found in the plasma membrane of the cell, which
would be the expected location, since it is where it
forms GJs.

Previous research has shown that MLO-Y4 cells are
an optimal model for mechanical stimulation studies?'®.
However, in order to extrapolate the results obtained in
these in vitro studies to the authentic in vivo conditions,
it is necessary to work with mechanical stimuli that re-
produce and generate responses similar to those that
occur in the physiological situation. Currently, fluid flow
(FF) over a monolayer of osteocytic cells is the technique
that most closely approaches this situation?®.

The molecular target chosen as an indicator of the
viability of the MLO-Y4 line was P-ERK, because its acti-
vation after mechanical stimulation is an indicator of
survival in osteocytic cells'®8, In accordance with these
investigations, mechanical stimulation by FF was found
to induce an increase in the expression of P-ERK!®18,
Thus, FF promotes the survival of MLO-Y4 cells.

On the other hand, the PTHrPHPPPTH1R system is
also essential to regulate bone remodelling. Preliminary
results suggest that PTH1R is key in the anabolic bone
response consequent to mechanical stimulation in vivo.
This receptor acts as a mechanoreceptor in osteoblast
cells®3. The results of the study carried out indicate that
the exogenous administration of PTHrP (1-36) (PTH1R
ligand) protects against apoptosis in a similar way to
that of mechanical stimulation in osteocytes, since it in-
duces an increase in the expression of P- ERK. Similarly,
previous studies found that PTHrP, like PTH, has anti-
apoptotic properties in osteocytes'®.
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CONCLUSIONS

1. The number of cells with primary cilium does not
vary due to the expression of Cx43.

2. The primary cilium and the Cx43 act as osteocytes
mechanosensors.

3. The fluid flow-induced mechanical stimulation pro-
motes the survival of MLO-Y4 cells, regardless of the de-
ficiency in Cx43, since it causes an increase in the P-ERK

Rev Osteoporos Metab Miner. 2020;12(4):135-140

expression, both in Cx43 +HPP+ and Cx43 -HPP- cells.

4. Exogenous administration of PTHrP (1-36)
(PTH1R ligand) produces an increase in P-ERK in Cx43
+HPP+ and Cx43 -HPP- cells. However, this increase is
much higher in Cx43 -HPP- cells. Therefore, we suggest
Cx43 is inhibiting the PTH1R receptor, which, after bin-
ding its PTHrP ligand, causes the activation pathway in
which P-ERK is involved not to fully trigger.

}}l Conflict of interests: The authors declare no conflict of interest.
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