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Abstract
Background/Aims: Osteocytes can sense and respond to extracellular stimuli, including
biochemical factors throughout the cell body, dendritic processes, and cilia bending. However,
further exploration is required of osteocyte function in response to substrate stiffness, an
important passive mechanical cue at the interface between osteocytes and the extracellular
matrix, and the deep bio-mechanism in osteocytes involving mechanosensing of cell behavior.
Methods: We fabricated silicon-based elastomer polydimethylsiloxane substrates with
different stiffnesses but with the same surface topologies. We then seeded osteocytes onto
the substrates to examine their responses. Methodologies used included scanning electron
microscopy (SEM) for cell morphology, confocal laser scanning microscopy (CLSM) for protein
distribution, western blot for protein levels, co-immunoprecipitation for protein interactions,
and quantitative real-time polymerase chain reaction for gene expression. Results: SEM
images revealed that substrate stiffness induced a change in osteocyte morphology, and
CLSM of F-actin staining revealed that substrate stiffness can alter the cytoskeleton. These
results were accompanied by changes in focal adhesion capacity in osteocytes, determined
via characterization of vinculin expression and distribution. Furthermore, on the exterior
of the cell membrane, fibronectin was altered by substrate stiffness. The fibronectin then
induced a change in paxillin on the inner membrane of the cell via protein—protein interaction
through transmembrane processing. Paxillin led to changes in connexin 43 via protein—protein
binding, thereby influencing osteocyte gap junction elongation. Conclusion: This process -
from mechanosensing and mechanotransduction to cell function - not only indicates that the
effects of mechanical factors on osteocytes can be directly sensed from the cell body, but also
indicates the involvement of paxillin transduction.
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Introduction

Cells respond not only to forces that are actively applied to the extracellular matrix
(ECM), but also to passive mechanical cues from the ECM itself, such as inherent stiffness
[1, 2]. Changes in passive mechanical factors, independent of the type or density of the
chemical and molecular components in the ECM microenvironment, can affect cell shape,
cytoskeletal reconstruction, cell phenotype maintenance, cell adhesion, cell migration, and
stem cell differentiation [3-5]. For example, during embryogenesis, the mechanical cues can
mold the ECM structure and alter the level of cytoskeletal tension within the growing cells,
thereby changing the cell growth patterns and influencing tissue development [6, 7]. During
the postnatal development of tissues, the mechanical cues thicken stress fibers, which
are prominent during periods of cellular elongation, and permit an oriented deposition of
ECM proteins that establish a scaffold for the architecture of the mature tissue [8]. During
tumourigenesis, ECM stiffness directs integrin clustering, focal adhesion change, stress
fiber formation, and ultimately malignant transformation [9]; thus, ECM stiffness provides
a subcellular explanation for the clinical correlation between high gross tumor stiffness and
poor prognosis. Although knowledge concerning the interface between cells and the ECM is
rapidly advancing, further investigations of the precise regulatory mechanisms that enable
cells to respond to matrix biophysical properties are necessary.

Osteocytes, one of the most important residents in bone tissue, are capable of sensing
mechanical cues applied to the bone; they then react to these loads by controlling the inner
metabolic signals of the bone and the activities of osteoblasts (bone-forming cells) and
osteoclasts (bone-resorbing cells) through cell-to-cell communication or secreted factors
[10-12]. Mechanical stimulation of osteocytes alters their metabolic activity. For example,
osteocytes start to produce signaling molecules, such as Wnts, prostaglandin E2, bone
morphogenetic proteins, and nitric oxide, enabling a rebalance of the bone metabolism
and the recruitment of osteoblasts and osteoclasts [13, 14]. Furthermore, osteocytes are
capable of quickly changing their enzyme activity and RNA synthesis in the intact bone
after mechanical loading [15, 16]. Ablation of 80% of the osteocytes prevents the bone loss
typically seen after unloading [17]. Thus, an investigation of the effect of mechanical stimuli
on osteocyte behavior is essential, as well as an exploration of the fundamental mechanism of
active mechanosensing and mechanotransducing by osteocytes in cell-matrix interactions.

In this study, we fabricated substrates with different stiffnesses but with the same surface
topology based on silicon-based elastomer polydimethylsiloxane (PDMS) and explored
osteocyte behavioral changes such as cell morphology, cytoskeleton, focal adhesion ability,
ECM protein anchoring, protein mechanotransduction, and the gap junction in response to
substrate stiffness. Determination of the cell behavioral changes from active mechanosensing
and mechanotransduction to the osteocyte gap junction in response to substrate stiffness
will help to increase understanding of the mechanism underlying the interface between cells
and their ECM microenvironment.

Materials and Methods

Preparation of PDMS substrates

PDMS has been used as a principal candidate in many biomaterial studies because it has advantages
such as flexibility, optical clarity, and elastic tenability [18, 19]. In this study, PDMS substrates were prepared
by mixing Sylgard 184 (Corning, Corning, NY), as curing agent, in five different ratios to the oligomeric base
(i.e., 1:5, 1:15, 1:30, 1:45, and 1:60). The mixtures were subsequently cast onto a group of single-well Petri
dishes (35 x 10 mm; Corning) and cured at 60 °C for 3 h. This was followed by a sterilization step, which
entailed the exposure of samples to UV radiation for 2 h, and cell culture.
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Young’s modulus measurements of PDMS substrates

Young’s modulus measurement was performed using the spherical indentation method to characterize
the stiffnesses of different PDMS substrates, as described previously [19]. Briefly, the ElectroForce® 3100
test instrument (Bose, Shanghai, China) was used for the indentation tests. A spherical indenter with a
radius of 3 mm was used, and the measurements were performed in ambient conditions. Loading procedures
were undertaken with displacement controlled; the loading rate was set at 2 mm/s while the maximum
indentation depth was 3 mm. Samples had a diameter of 55 mm and height of 15 mm. Six measurements
at different positions of the sample were obtained, and depth-indentation load curves were recorded.
The initial shear modulus was determined by fitting the load curves up to different ratios of h/R using the
Hertzian and Hyperelastic solutions [19], as follows:

where E represents the Young’s modulus, P the indentation load, h the indentation depth, and R the
indenter radius.

Surface topographic characterization of PDMS substrates

The surfaces of PDMS membranes with different stiffnesses were imaged by atomic force microscopy
(AFM) (Nanoscope Illa; Digital Instruments, Santa Barbara, CA) in tapping mode with 512 x 512-pixel data
acquisition. The scan speed was 1 Hz at ambient conditions. The topographic images were obtained with a
standard silicon tip on a cantilever beam. The spring constant of the cantilever was 50 pN/nm, and its length
was 125 um, with a resonant frequency of 300 kHz.

Scanning electron microscopy

For observation of morphological changes, osteocytes were seeded onto PDMS substrates with
different stiffnesses at a lower density (30% confluence) for 3 days. The cells were then fixed with 2.5%
glutaraldehyde for 2 h and dehydrated in a graded ethanol concentration of 50%, 60%, 70%, 80%, 90%,
95%, and 100%. After dehydration, the samples were mounted on specimen holders, coated with a thin
layer of gold, and then scanned by scanning electron microscopy (SEM).

Cell culture

The osteocyte cell line MLO-Y4 was purchased from the University of Texas (Austin, TX). The basal
medium for the cell line is formulated Dulbecco’s modified Eagle’s medium. To make a complete growth
medium, additional agents were added, including 4.5 g/L glucose. The cells were then normally cultured
with 10% fetal bovine serum medium with 0.1 mM non-essential amino acids, 4 mM L-glutamine, and 1%
antibiotics and incubated at 37 °C in a humidified atmosphere of 5% CO, and 95% air.

Confocal laser scanning microscopy

To visualize cytoskeletal and protein changes in response to different substrate stiffnesses, osteocytes
were seeded on PDMS substrates with different stiffnesses and equilibrated for 72 h. Then, the cells in
each group were washed three times using 1 x phosphate-buffered saline (PBS) and fixed in 4% (w/v)
paraformaldehyde for 1 h. The fixed cells were washed with 1 x PBS until the smell of paraformaldehyde
vanished. Bovine serum albumin (5% (w/v)) was applied for 1 h as a block and the samples were then
stained with FITC-phalloidin (6.6 pM; Invitrogen, Carlsbad, CA) or protein antibodies for 1-2 h at room
temperature (RT) (or incubated overnight at 4 °C; the used FITC-phalloidin and antibodies were recycled
according to the manufacturer’s instructions). The next step was the removal of the FITC-phalloidin and
antibodies and sealing with block buffer (Invitrogen). The cytoskeletons of cell samples were observed using
a confocal laser scanning microscope (A1R MP*; Nikon, Tokyo, Japan; parameters: 20 x, Nikon Microsystems
original image: 1024 x 1024, 100 um). Cell spreading areas were calculated using Image-Pro Plus 6.0 (Media
Cybernetics, Rockville, MD). The changes in numbers, lengths, and widths of gap junctions among osteocytes
in response to various substrate stiffnesses were calculated based on at least five osteocytes per image by
confocal laser scanning microscopy (CLSM) at 20x magnification in each experiment. The experiments were
performed at least three times.
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Western blot

Protein samples were prepared by mixing one part tissue sample with one part Bio-Rad Laemmli
sample buffer (Bio-Rad Laboratories, Hercules, CA) and then boiled at 100 °C for 5 min. Proteins were
separated by 8-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (according to molecular
weight) and transferred to a polyvinylidene fluoride (PVDF) membrane at 200 mA for 1 h at RT. The blot
was blocked with 5% non-fat dry milk suspended in 1x Tris-buffered saline with Tween 20 for 2 h at RT. The
resulting blot was incubated with 1:500-5000 antibody dilutions according to the specific manufacturer’s
recommendations for 2 h at RT or overnight at 4 °C, followed by incubation with 1:2000-10000 rabbit anti-
goat IgG-HRP from Santa Cruz Biotechnology (Santa Cruz, CA) for 2 h at RT. Signals from blots were obtained
using the Western Blotting Luminol Reagent Kit (Santa Cruz Biotechnology). Proteins were visualized by a
densitometer (Bio-Rad Laboratories) and a chemiluminescence kit (Lot No. 1723301, Millipore, Darmstadt,
Germany).

Co-immunoprecipitation

Protein immunoprecipitation was performed using the Pierce® Co-immunoprecipitation Kit (Lot#:
SB240573B, Thermo Fisher Scientific, Waltham, MA). Briefly, osteocytes were lysed according to the
manufacturer’s instructions, and the antibody of the bait protein was added to the lysate at a 1:30 ratio.
After overnight incubation, the antigen (bait protein) and the interacting proteins (prey proteins) were
separated and purified with a centrifugal column provided in the kit. After collection with elution buffer, the
samples were blotted onto the PVDF membrane via western blot.

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (QPCR) was performed as previously described [20].
To evaluate the expression levels of connexin 43, qPCR was performed with the SYBR Green PCR Kit using
iCycler (Bio-Rad Laboratories). PCR reactions were performed at 0.5 mM for each primer in a 25-ul volume
containing 1 pl of the cDNA sample. The reaction was initiated by activating the polymerase with a 5-min
preincubation at 95 °C. Amplification was achieved with 45 cycles of 15 s of denaturation at 94 °C, 15 s of
annealing at 65 °C, and 10 s of extension at 72 °C. The program was concluded by a melting curve analysis.
All experiments were performed in triplicate. The copy numbers of each gene were determined with cycle
threshold (AACT) methods. The means of the copy numbers of glyceraldehyde 3-phosphate dehydrogenase
were used as internal controls. Standard curves of all primers were prepared from total normal cDNA,
amplified by semiquantitative PCR, and cloned by use of the TOPO II TA Cloning Kit (K450002, Thermo
Fisher Scientific) following the manufacturer’s recommendations.

Statistical analysis

Statistical analysis was performed by one-way analysis of variance to determine whether differences
existed among groups. Post hoc analyses were conducted using Fisher’s protected least significant
differences. In each analysis, the critical significance level was set at p < 0.05.

Results

Substrate stiffness alters the cell morphology of osteocytes

We designed the substrates using the silicon-based elastomer PDMS due to its advantages
in biomaterial studies. By mixing the curing agent with the oligomeric base at 1:5, 1:15,
1:30, 1:45, and 1:60 ratios as previously described [18], a series of PDMS substrates was
fabricated. Their surface topologies were first characterized by AFM (Fig. 1A). These PDMS
substrates had smoother surfaces than those of the Petri dish control group (comprising
unaltered Petri dishes). Root mean square analysis further confirmed the lower surface
roughness in the PDMS substrates relative to the Petri dish control group (Fig. 1B). However,
the PDMS substrates showed significantly different stiffnesses and their corresponding
Young’s elastic moduli are shown in Fig. 1C. The spreading areas of osteocytes attached
in a monolayer culture were far broader than 1 micron (> 1 um); herein, we ignored the
impact of surface roughness and only considered the stiffness of the PDMS substrates as the
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Fig. 1. Cell morphology changes in response to different PDMS substrate stiffnesses. (A) Representative
AFM images of PDMS substrates. Each topographic image of the PDMS film was repeated at least six times
(n = 6). (B) Characterization of the root mean square roughness of PDMS surfaces (n = 3). *Significant
difference with respect to the Petri dish control (p<0.05). (C) Young’s moduli of PDMS substrates. The data
are the mean of six independent experiments (n = 6), *p<0.05. (D) Representative morphology changes via
SEM in osteocytes grown on PDMS substrates with different stiffnesses. (E) Representative cytoskeleton
changes of osteocytes by F-actin staining in response to different substrate stiffnesses.

primary mechanical stimulus. To confirm the influence of substrate stiffness on osteocytes,
we first seeded the osteocytes on these substrates and detected the basal cell morphology
changes in osteocytes by SEM (Fig. 1D). The areas of cell spreading wee greatly reduced
with a decrease in the substrate stiffness. These results were further confirmed through
cytoskeleton staining via characterization of the F-actin distribution (Fig. 1E).
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Substrate stiffness modulates vinculin expression

We next explored the adhesion capacity of osteocytes based on the results of cell
morphology changes in response to different substrate stiffnesses. We found that the
distribution of vinculin, a membrane-cytoskeletal protein in focal adhesion plaques in charge
of linking integrin adhesion molecules to the actin cytoskeleton, decreased as the substrate
stiffness decreased (Fig. 2A). The western blot results confirmed the changes in vinculin
protein in osteocytes in response to different substrate stiffnesses (Fig. 2B). The dispersion
graph plotted using optical density (OD) analysis based on three independent experiments
further showed the protein changes in vinculin (Fig. 2C). Quantification revealed the fold
changes in vinculin expression (Fig. 2D): there was up to a 75% reduction in vinculin in the
softest substrate group compared with the Petri dish group.

Fig. 2. Changes in vinculin in osteocytes in response to different PDMS substrate stiffnesses. (A)
Representative images of vinculin by CLSM were taken 3 days after cell seeding. The results shown are
representative of three repeated experiments (n = 3). Co-staining with F-actin was used as the cell shape
control. (B) Protein expressions of vinculin by western blot in osteocytes grown on PDMS substrates with
different stiffnesses. (C) Dispersion graph showing the changes in OD in western blot bands based on three
independent repeats by Image-Pro Plus. (D) Quantitative analysis of vinculin expression by the western
blot ratio to that of the Petri dish control group (n = 3). *Significant difference with respect to the Petri dish
control (p<0.05).
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Substrate stiffness regulates fibronectin and triggers intracellular signal transduction

through paxillin

Fibronectin binds to membrane-spanning receptor proteins and integrins and functions
as a link between the ECM and cell membrane [21]. We found coincident changes with the
reduction in substrate stiffness through immunofluorescent staining analysis on CLSM (Fig.
3A). The distribution of fibronectin in osteocytes decreased in accordance with the reduction
in cell spreading areas according to the F-actin stain. We next used western blot and found
a reduction in total fibronectin in response to the reduced substrate stiffness (Fig. 3B). The
dispersion graph from OD analysis further showed the changes in fibronectin protein (Fig.
3(C). This reduction was further qualified in Fig. 3D. We also found that fibronectin was related
to paxillin, a signal transduction adaptor protein with rich protein-protein interaction
sites in the N-terminal region [22]. The interaction between fibronectin and paxillin was

Fig. 3. Expression changes in fibronectin in response to different PDMS substrate stiffnesses. (A)
Representative changes in fibronectin distribution by CLSM in osteocytes grown on PDMS substrates with
different stiffnesses. (B) Protein expressions of fibronectin by western blot in osteocytes grown on PDMS
substrates with different stiffnesses. (C) Dispersion graph showing the changes in OD in western blot bands
based on three independent repeats by Image-Pro Plus. (D) Quantitative analysis of fibronectin expression
by the western blot ratio to that of the Petri dish control group (n = 3). *Significant difference with respect
to the Petri dish control (p<0.05).
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confirmed via the co-immunoprecipitation (Co-IP) assay (Fig. 4A). An examination of the
expressions of paxillin in response to substrate stiffness revealed that the total amounts of
paxillin decreased as substrate stiffness decreased (Fig. 4B). The dispersion graph based
on the three independent experiments further showed the protein changes in paxillin (Fig.
4C). Quantification confirmed the western blot results (Fig. 4D). We next explored the
distribution of paxillin in osteocytes in response to substrate stiffness. CLSM images of the
F-action-stained cytoskeleton revealed that paxillin is distributed along the cytoskeleton
and that its level mirrors that of the cytoskeleton (Fig. 4E).

Fig. 4. Fibronectin triggers changes in paxillin located on the inner side of the intracellular membrane.
(A) Co-IP showing the interaction of fibronectin and paxillin. $-actin was used as the internal control.
(B) Decreased expressions of paxillin in response to reduced substrate stiffnesses on western blot. (C)
Dispersion graph showing the changes in OD in western blot bands based on three independent repeats
by Image-Pro Plus. (D) Quantitative analysis of paxillin expression by the western blot ratio to that of the
Petri dish control group (n = 3). *Significant difference with respect to the Petri dish control (p<0.05). (E)
Representative distribution of paxillin in osteocytes on different PDMS substrates by CLSM.
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Fig. 5. Paxillin directly induces changes in connexin 43 in osteocytes in response to different PDMS
substrate stiffnesses. (A) Co-IP showing the interaction of paxillin and connexin 43. B-actin was used
as the internal control. (B) Decreased expressions of connexin 43 in response to the reduced substrate
stiffnesses on western blot. (C) Dispersion graph showing the changes in OD in western blot bands based
on three independent repeats by Image-Pro Plus. (D) Quantitative analysis of connexin 43 expression by
western blot ratio to that of the Petri dish control group (n = 3). *Significant difference with respect to the
Petri dish control group (p<0.05). (E) qPCR showing the mRNA changes in connexin 43 in osteocytes in
response to varied substrate stiffnesses. (F) Representative distribution of connexin 43 in osteocytes on
different PDMS substrates by CLSM. The boxed areas show the changes in gap junction between osteocytes
by characterization of connexin 43. (G) Changes in gap junction number between osteocytes (n = 50). (H)
Changes in gap junction length between osteocytes (n = 50). (I) Changes in gap junction width between
osteocytes (n = 50). E-G, *Significant difference with respect to the Petri dish control group (p<0.05).

1021


http://dx.doi.org/10.1159%2F000495482

Cellular Physiology Cell Physiol Biochem 2018;51:1013-1026
DOl

. . : W © 2018 The Author(s). Published by S. Karger AG, Basel
and B|ochem|stry Published online: 24 November 2018 |www.karger.com/cpb

Zhang et al.: Paxillin is Important in Stiffness-Triggered Gap Junction

Substrate stiffness modulates the gap junction elongation of osteocytes by concentrating

connexin 43 through paxillin binding

Because osteocytes communicate with each other through the gap junction [23], we
next explored the influence of substrate stiffness on the gap junction by examining connexin
43, whose distribution is reported in vitro [24] and in vivo [25]. At the protein level, we first
found an interaction between paxillin and connexin 43 by Co-IP (Fig. 5A). The connexin 43
in osteocytes was reduced in response to a reduced substrate stiffness on western blot (Fig.
5B). Quantification confirmed the results of western blot seen in the dispersion graph (Fig.
5C) and histogram (Fig. 5D). At the mRNA level, we also found that the mRNA of connexin
43 is reduced in osteocytes in accordance with the decrease in substrate stiffness (Fig. 5E).
To determine the location of connexin 43 in osteocytes, we further explored the distribution
of connexin 43 and found that connexin 43 was expressed in the cytoplasm, especially along
the cytoskeleton (F-actin), but was reduced along with the reduction in substrate stiffness
(Fig. 5F). Additionally, from the boxed area in Fig. 5F, we can see the gap junction change
between the osteocytes in response to substrate stiffness.

Finally, we performed quantitative analysis of the changes in the numbers, lengths, and
widths of the gap junctions among osteocytes in response to varied substrate stiffnesses.
By using Image-Pro Plus, the numbers, lengths, and widths of gap junctions among five
osteocytes per image taken by CLSM (20x) were calculated. The quantitative statistical
analyses were based on approximately 50 osteocytes in three independent experiments. The
numbers of gap junction were reduced with a decrease in substrate stiffness (Fig. 5G). The
length (Fig. 5H) and width (Fig. 5I) both decreased as substrate stiffness decreased.

Discussion

Interactions between cells and the ECM regulate numerous cellular behaviors, including
gene expression, protein synthesis, cell cycling, proliferation, and differentiation. On the one
hand, cells are able to synthesize, breakdown, or otherwise rearrange ECM components to
change ECM composition and topography. On the other hand, the biophysical properties of
the ECM also play a role in directing cell functions and, thus, any changes in ECM dynamics
will influence adjacent cells and their cellular activities [26, 27]. By maintaining the feedback
loop between cells and their ECM, tissues/cells can readily adapt to the physical forces
imposed on them [26, 28]. However, when the tissue homeostasis becomes imbalanced,
tissue function generally becomes impaired as a result of aberrant cellular behavior [29].
Thus, it is critical to understand how cells respond to their mechanical environment for
the treatment and prevention of diseases. In this study (Fig. 6, schematic diagram), based
on PDMS substrates with different stiffnesses, we detected changes in cell morphology, the
osteocyte cytoskeleton, and focal adhesion capacity by characterizing vinculin expression. We
next found that fibronectin, a protein that connects the ECM and cell membrane, interacted
with paxillin, a signal transduction adaptor protein that is capable of triggering intracellular
signaling. We further found that paxillin interacted with connexin 43, the marker protein for
gap junction and that this interaction influenced the communication between osteocytes.
These results can help to explain the modulatory mechanisms from primary mechanosensing
to final cell function.

The osteocyte has several mechanisms through which it responds to the mechanical
changes occurring in its environment, such as throughout the cell body, the dendritic
processes, or the bending of cilia. Recently, it has been reported that the mechanosensing
mechanism is initiated in the cell body [30], whereas mechanotransduction is initiated by
another proteoglycan (i.e., glycocalyx), which is found on the surfaces of dendritic processes
but not on the cell body [31]. Other research has suggested that the osteocyte senses
mechanical stimuli through cilia, which are single flagellar-like structures found on every
cell [32]. Furthermore, cilia in osteocytes do not mediate calcium flux in response to shear
force of fluid flow but do induce the release of prostaglandin, which is different from kidney
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Fig. 6. Schematic diagram explaining how matrix stiffness modulates cytoskeleton rearrangements and the
cell function of osteocytes through paxillin. The grey parts are involved in cytoskeleton rearrangements,
although not shown in this study, and the green arrows indicate the paxillin-modulated pathway.

cells [33]. In the current study, we favored the concept that the mechanosensing is initiated
on the cell body. We provide evidence of changes in vinculin, a membrane-cytoskeletal
protein in focal adhesion plaques that is in charge of linking integrin adhesion molecules
to the actin cytoskeleton, on the cell body of osteocytes. We further provide proof of an
interaction between fibronectin, a linker protein between the ECM and cell membrane,
and paxillin, a signaling transduction adaptor protein located on the inside of the cell
membrane. These changes in response to substrate stiffness prove that mechanosensing and
mechanotransduction occur on the cell body.

Paxillin is a signaling transduction adaptor that activates cytoplasmic signals such
as Wnts [34] and can cause changes in downstream targets [35]. Moreover, paxillin can
directly alter the cytoskeleton via the reorganization and recombination of microfilaments
and microtubules that alter cell responses [36]. In this study, we detected changes in
paxillin expression and distribution in response to different substrate stiffnesses and thus
inferred the activation of cytoplasmic signaling and the reorganization of the cytoskeleton.
Importantly, we further found an interaction between paxillin and connexin 43 proteins (Fig.
5A). The gene and protein expressions of connexin 43 were reduced in accordance with a
decrease in the substrate stiffness (Fig. 5B-I). The results indicate that a change in connexin
43 is directly related to a change in paxillin. Because gap junctions are mainly formed by
connexin subunits and connexin 43, encoded by the gap junction alpha 1 (Gjal) gene, is
the most abundant connexin in osteocytes, the change in connexin 43 induced by substrate
stiffness may represent a change in the gap junction. The results from western blot showed
that the total amount of connexin 43 decreased as the substrate stiffness decreased (Fig. 5B-
D). CLSM images showed that connexin 43 is expressed in the cytoplasm, especially inside
the cytoplasm along the cytoskeleton (Fig. 5E). Once a gap junction is formed between two
cells, connexin 43 is expressed along the gap junction and fuses together into a completed
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linear pattern. Thus, the numbers, lengths, and widths of fused connexin 43 between two
cells directly reflect the gap junctions between osteocytes (Fig. 5F, boxed area, and Fig. 5G-
[). These results indicate that paxillin can regulate gap junction formation and elongation,
which suggest its novel and critical role in the communication between osteocytes. Although
paxillin-regulated cytoplasmic signals and cytoskeleton alterations can provoke a cascade
of events that might involve gap junction modulation, the interaction between paxillin and
connexin 43 provides direct evidence of the role of paxillin in gap junction formation and
elongation.

One potential limitation of this study is that we only focused on the effect of substrate
stiffness. The reality is that osteocytes commonly display both temporal and spatial
variations in the level of the mechanical stimuli they exert on their ECM adhesions [37,
38]. The response of osteocytes should be an integrated effect that is not only due to
multi-mechanical stimuli, but also multi-chemical factors. The other limitation is that we
mimicked variations in ECM stiffness by using PDMS substrates in vitro, but the natural
ECM of osteocytes is actually a complex three-dimensional fibrous meshwork with a wide
distribution of fibers and gaps that provide complex biochemical and physical cues [39]. This
is very different from the uniformly coated surfaces of PDMS substrates, and cell reactions
to three-dimensional matrices are different from those to two-dimensional matrices. This
factor has to be considered when comparing the stiffened matrix data with the in vivo animal
model data or preclinical data.
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