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Abstract

The pannexin 1 (Panx1) channel is a mechanosensitive channel that interacts with P2X7 receptors
(P2X7R) to form a functional complex that has been shown /in vitroto play an essential role in
osteocyte mechanosignaling. While the participation of P2X7R in skeletal responses to mechanical
loading has been demonstrated, the role of Panx1 and of its interplay with P2X7R still remain to
be determined. In this study, we use a global Panx2~/~ knockout mouse model and in vivo
mechanical loading to demonstrate for the first time that Panx1 channels play an essential role in
load-induced skeletal responses. We found that absence of Panx1 not only disrupts the P2X7R-
Panx1 signaling complex, but also alters load-induced regulation of P2X7R expression. Moreover,
lack of Panx1 completely abolished load-induced periosteal bone formation. Load-induced
regulation of B-catenin and sclerostin expression was dysregulated in PanxZ~'~ compared to
wildtype bone. This finding suggests that Panx1 deficiency disrupts Wnt/p-catenin signaling by
lowering B-catenin while favoring inhibition of bone formation by increasing load-induced
sclerostin expression. In sum, this study demonstrates the existence of a Panx1-dependent
mechanosensitive mechanism that not only modulates ATP signaling but also coordinates Wnt/p-
catenin signaling that is essential for proper skeletal response to mechanical loading.
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Introduction

Bone is well recognized as an intricate mechanosensitive organ. Mechanical loading is
essential for maintaining bone health, as clearly demonstrated by marked bone dysfunction
associated with unloading due to space flight or bed rest.l: 2 Adaptation to mechanical
loading throughout life is important for developing the proper skeleton and maintaining its
integrity. Osteocytes, the most abundant cells in bone, sense and integrate both mechanical
and chemical signals from their environment, and initiate and coordinate the responses of the
effector cells (osteoblasts and osteoclasts) that are required for local regulation of both bone
formation and resorption.3-> Although the role of osteocytes as key mechanosensors has
become well-accepted, the mechanisms and molecular mediators that account for their
cellular mechanobiology are not completely understood. A series of recent studies by our
group has demonstrated that there is a unique mechanosensory complex in osteocytes
consisting of pannexin 1 channel (Panx1), purinergic P2X7 receptor (P2X7R), aVp3
integrin, and T-type calcium channel CaV3.2-1.5-8

Panx1, one of the key components of this complex, is a member of the gap junction family
of proteins that forms large non-junctional channels that allow diffusion of ions and small
molecules (<1 kDa) between the cytosol and extracellular space. Besides being activated by
P2X7R and other purinergic P2 receptors, Panx1 channels are sensitive to voltage, high
extracellular K*, and mechanical stimulation.®-11 Panx1 is expressed in various cell types
and has been shown to participate in key cellular events, such as intercellular signaling,
mechanotransduction, and inflammatory responses.’: 12-17 Studies by us and others have
shown that Panx1 and P2X7R play essential roles in controlled cellular release of signaling
molecules such as ATP, Ca2*, PGE,, and IL-1p in response to mechanical or chemical
stimulation,’- 14 15, 18-22 and participate in many physiological and pathological processes.
23-30 Moreover, we have shown that Panx1 and P2X7R form a functional complex in
osteocytes that plays a key role in osteocyte mechanosignaling and in apoptotic signaling by
providing a major pathway for ATP release.’: 30

A recent study has shown that absence of Panx1 results in B-catenin downregulation in
melanoma cells.31 B-catenin is an important component of the canonical Wnt signaling
pathway that is well recognized for its critical role in bone homeostasis; the activation of this
pathway leads to increased bone mass and strength, while its inhibition results in decreased
bone integrity.32: 33 This signaling pathway is activated by binding of canonical Wnt ligands
to a dual receptor complex consisting of the Wnt co-receptors Lrp5 or Lrp6 (Lrp5/6) and one
of the Frizzled family of seven-transmembrane receptors.33 Formation of this receptor
complex results in inactivation of the multiprotein B-catenin complex through which the
main signaling mediator B-catenin is released from its constitutive proteosomal degradation,
leading to B-catenin accumulation in the cytoplasm.34 This leads to nuclear translocation of
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[B-catenin where further interaction with transcription factors transactivates the transcription
target genes responsible for bone homeostasis.33

Moreover, additional insight into the Wnt/B-catenin signaling from various studies have
clearly demonstrated its essential role not only in skeletal mechanotransduction and load-
induced anabolic response in bone,35-39 but also as a pathway whereby osteocytes transmit
mechanosignals.34 4044 Mounting evidence shows that osteocyte-derived Wnt antagonists
are negative regulators of bone mass.32 33 Sclerostin, a glycoprotein secreted by mature
osteocytes, inhibits Wnt/B-catenin signaling by binding to the Wnt co-receptors Lrp5, Lrp6,
or both.#5-47 Some of the most compelling evidence supporting the role of sclerostin in bone
mechanobiology comes from studies demonstrating that mechanical loading suppresses
osteocyte sclerostin secretion and thus favors Wnt/p-catenin signaling-dependent bone
anabolic response.44: 48

The role of Panx1 channels in osteocyte mechanosignaling and its functional interplay with
P2X7R has been determined 7 vitro.” However, while the role of P2X7R in skeletal
mechanoresponsiveness® has been demonstrated, the importance of Panx1 in these
responses and the potential interaction of Panx1 signaling with the Wnt/B-catenin signaling
have not been investigated. In this study we thus used global Panx1-null and wildtype mice,
an /n vivo mechanical loading paradigm (treadmill loading), dynamic bone
histomorphometric analysis, real time quantitative PCR, and western blotting analyses to
determine the extent to which the absence of Panx1 impacts skeletal responses to
mechanical loading.

Materials and Methods

Animals

Age-matched male 10-12-week-old Panx1-null (PanxZ~-) mice and wildtype male C57BL/
6NCrl mice were used in this study. The PanxZ~/~ mice on the C57BL/6NCrl background
were generated in our animal facility by breeding heterozygous Panx1tm1a(KOMP)Wtsi
purchased from the Knockout Mouse Project (KOMP; www.KOMP.org).22 49 We have
shown that PanxZ mRNA expression in PanxI™~ mice is reduced by 70% compared to
wildtype (Panx1*) mice,*® but these mice are functional PanxZ knockouts.26 Wildtype
C57BL/6NCrl mice were purchased from Charles River Laboratories and bred and
maintained in our animal facility. All mice were allowed free access to standard mouse chow
and water during the entire experimental period. Animals were treated in strict accordance
with the National Institutes of Health (NIH) animal care guidelines and experimental
procedures were approved by the Einstein Animal Care and Use Committee (IACUC
approval number: 20150602). We chose to use young adult mice in this study to allow
investigating the role of Panx1 during a critical time window for skeletal growth that once
altered may result in substantial lifelong effects on skeletal health.>0

Mechanical loading paradigm

PanxI~ and control wildtype (WT) mice were exposed to a treadmill loading paradigm as
follows: mechanical loading group and cage control group (4—6 mice per group). The
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mechanical loading group was subjected to treadmill running for 2 or 4 weeks (5 days/wk,
total of 300 meters/day, speed up to 10 meter/min at a 5° incline using Columbus
Instruments, Model 1055M, Columbus, OH).%1: 52 All mice were allowed normal cage
activity between loading sessions. Intraperitoneal injections of calcein (30 mg/kg body
weight, Sigma-Aldrich, St. Louis, MO) were administered 3 and 10 days after the first
loading day for the 2-week loading group and their cage control group. The cage control and
loaded animals were euthanized immediately after the last running bout.

Tissue collection

Both hindlimbs and forelimbs were harvested after animals were euthanized. Right femurs
were fixed in 10% neutral buffered formalin (Fisher Scientific, PA) and processed for
histomorphometry studies as detailed below. The diaphyses of femora, tibiae, humeri, radii
and ulnae were cleaned of soft tissues and the marrow was flushed out with 1x PBS (except
radii and ulnae) to yield osteocyte-enriched samples, as previously described.”: 30: 53, 54
Samples were homogenized (Sartorius Mikro-Dismembranator, Germany) and protein or
RNA was extracted. Left hindlimbs were used to examine protein expression by western
blotting. Forelimbs were used to examine mMRNA expression by gPCR.

Western blotting

Tissue samples were sonicated in lysis buffer (5 mM EDTA, 1 mM sodium orthovanadate, 1
mM NaHCOg3, 2 mM PMSF [Sigma-Aldrich], and 1x protease inhibitor [Roche, Mannheim,
Germany]), electrophoresed on 10% SDS-PAGE gels for separation, and then transferred to
nitrocellulose membranes (Whatman GmbH, Dassel, Germany). The membranes were
probed with primary polyclonal antibodies to P2X7R (1:1000; APR-004, Alomone Labs,
Israel), Panx1 (N [Term], 1:100; Cat 487900, Invitrogen Corporation, CA), and B-actin
(1:35000; A1978, Sigma-Aldrich), followed by incubation with the respective horseradish
peroxidase (HP)-conjugated anti-rabbit 1gG or anti-mouse IgG (1:10000; Santa Cruz
Biotechnology, TX) antibody. The protein bands were detected with the In Vivo FX PRO
imaging system (Carestream, NY) using the Immobilon western detection kit (Millipore,
MA), as previously described.” Densitometric analyses were performed using ImageJ (NIH)
software. Measured intensities for all samples were first normalized with the respective -
actin loading control, and then with either the age-matched non-loaded WT or the age-
matched non-loaded PanxZ~'~ bone tissue samples.

Real-time quantitative PCR (qPCR)

gPCR was used to compare mRNA expression levels of f-catenin (CtnnbI) and sclerostin
(the Sostgene product) in non-loaded and loaded WT and ParnxZ~/~ bones. Total RNA was
extracted using TRIzol reagent (Invitrogen) and qPCR was performed using SYBR GREEN
Master Mix (Applied Biosystems, CA) in an Applied Biosystems 7300 Real-Time PCR
System (Forester City, CA), according to the manufacturer’s instructions and as previously
described.>® Briefly, 0.5 ug of total RNA was reverse transcribed into cDNA using
SuperScript VILO (Invitrogen). RT reactions were diluted in RNase-free water in a 1:50
ratio and 3 pl of this dilution was used in amplification reactions carried out for 40 cycles
with annealing temperature of 60°C in a 25ul of final volume. Finally, a dissociation profile
of the PCR product(s) was obtained by a temperature gradient running from 60°C to 95°C.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Seref-Ferlengez et al.

Page 5

Forward and reverse primer sequences were: Ctnnb1: forward
TTAAACTCCTGCACCCACCAT/ reverse AAGGGCAAGGTTTCGAATCA (Primer
Express, Applied Biosystems); Sost: forward GGAATGATGCCACAGAGGTCAT / reverse
CCCGGTTCATGGTCTGGTT;% 18S. forward CACGGCCGGTACAGTGAAAC / reverse
AGAGGAGCGAGCGACCAAA.5" We performed two technical replicates for each
experiment, with a total of four biological replicates for each set of samples. Relative gene
expression levels of the mRNA analyzed were calculated using the delta-delta CT method,
where values obtained for the gene of interest are first normalized to those of the reference
gene (18S rRNA gene) and subsequently to those of their respective age-matched controls
(non-loaded WT or non-loaded Panx1™-).

Histomorphometric Analysis

The femurs were stained en-bloc with Villanueva staining, dehydrated by a graded ethanol
series, and embedded undecalcified in poly-methyl methacrylate (PMMA), as previously
described.>® Cross-sections from the mid-diaphysis were cut using a diamond wafering saw
(Leica SP1600 microtome, Leica Biosystems, IL). Sections were polished to 90 pm and two
sections per femur were examined using OsteoMeasure (OsteoMetrics, GA) in a Zeiss
microscope (Carl Zeiss, CA) with 10x objective. Total perimeter (B.Pm), single label
perimeter (sL.Pm), double label perimeter (dL.Pm), double label area (dL.Ar), and
interlabeled width (Ir.L.Wi [um]) were measured from periosteal (Ps) and endocortical (Ec)
surfaces. Cortical bone area (Ct.B.Ar, [nm?]), total area (Tt.Ar, [nm?]), marrow area
(Ma.Ar, [mm?]), cortical thickness (Ct.Th, [um]), polar moment of inertia (J, [mm?*]) and
area moment inertia (ly and Iy, [mm?]) were also measured. The following parameters were
calculated as previously described: mineralizing surface (MS/BS [%]: [(sL.Pm+dL.Pm)/
2B.Pm]x100%); mineral apposition rate (MAR [um/day]: Ir.L.Wi/7); bone formation rate
(BFR/BS [um3/um?2/day]: MARXMS/BS).>9: 60 Measurements were made by a single
observer (ZS-F) who was blinded to specimen identification.

Statistical analysis

Results

Data were analyzed from four to seven independent sets of experiments using ImageJ (NIH)
and Prism 7 software (GraphPad, CA). Statistical differences between different loaded and
non-loaded samples were determined by one-way ANOVA followed by Tukey’s multiple
comparison test, or by an unpaired £test followed by Mann-Whitney comparison test. P <
0.05 was considered statistically significant.

Effect of mechanical loading on Panx1 and P2X7R expression in bone

In our previous /n vitroand /n situ studies, we demonstrated that Panx1 and P2X7R form a
functional complex and play an important role in osteocyte mechanosignaling, which is
essential for proper bone homeostasis.> 7+ 61 In this study, we now demonstrate that in vivo
mechanical loading modulates Panx1 and P2X7R expression in osteocyte-enriched wildtype
bone tissue, which not only changes in response but also adapts to different loading
durations. In the initial 2-week loading phase, we observed significant upregulation of Panx1
and P2X7R expression in the wildtype loaded bone compared to non-loaded control, as
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shown in Figure 1 (white bars). By the end of the 4-week loading bout, both Panx1 and
P2X7R levels in loaded wildtype bone tissue are comparable to that of the non-loaded
control, likely indicating that bone has fully adapted to the loading paradigm (Fig. 1, gray
bars). However, this adaptive response was absent in the PanxZ™~ bone tissue. As shown in
Figure 2, P2X7R expression is unchanged in response to mechanical loading in PanxZ~/~
bone, especially at the 2-week loading time point, when compared either to non-loaded age-
matched wildtype (Fig. 2A, green bar with hollow circles) or to non-loaded age-matched
PanxI~ (Fig. 2B, green bar with solid triangles).

Load-induced bone formation in Panx1~~ mice

We found that young adult PanxZ~'~ mice seem skeletally normal compared to age-matched
wildtype mice. No apparent differences in body weight, Ma.Ar, Ct.Th, polar moment of
inertia, or area moment of inertia were noted between non-loaded PanxZ~'~ and non-loaded
wildtype mice at 12 weeks of age (Table 1). Some of the femoral midshaft parameters,
however, were significantly larger in PanxZ~/~ mice when compared to age-matched
wildtype mice (Tt.Ar [~10%] and Ct.B.Ar [~19%]). We found that wildtype mice responded
to mechanical loading with a significant increase in Tt.Ar (13%), Ct.B.Ar (16%), Ma.Ar
(13%), J(31%), Ix (25%) and Iy (30%), indicating an anabolic response (radial expansion)
after 4 weeks of loading (see Table 1, shaded in light gray). In contrast, load-induced
anabolic response was largely absent in PanxZ~/~ mice (Table 1). In addition to the lack of
load-induced anabolic response, the PanxZ~'~ mice displayed significant reduction in Tt.Ar
(=7%) and Ct.B.Ar (-14%) (Table 1, shaded in medium gray).

At the 2-week loading time point, when higher expression of Panx1 and P2X7R expression
was observed in wildtype mice, dynamic histomorphometric analysis was performed to
compare the bone formation activities in wildtype and Panx1~/~ mice. As shown in Figure 3
and Table 2, mechanical loading significantly increased periosteal mineralizing surface and
bone formation rate of wildtype femurs relative to that of non-loaded controls (Ps.MS/BS =
29.9% vs. 17.5%; Ps.BFR/BS = 0.47 um3/um?2/day vs. 0.25 pm3/um2/day), whereas it
induced a marked reduction in the periosteal mineralizing surface and bone formation rate in
loaded Panx1~~ femurs compared to non-loaded Panx1~/~ controls (Ps.MS/BS = 23.7% vs
15.5%; Ps.BFR/BS = 0.20 um3/um?/day vs. 0.34 um3/um?2/day). Mineral apposition rates on
both periosteal and endocortical surfaces were similar in wildtype and PanxZ~~ mice
regardless of mechanical loading. In addition, no statistical differences were observed in
endocortical mineralizing surface between loaded and non-loaded bones in both wildtype
and Panx17'~ mice.

Load-induced Wnt/-catenin signaling in Panx1~~ mice

The Wnt/B-catenin signaling is essential for skeletal mechanotransduction and load-induced
anabolic responses in bone.35-38 The effect of loading on MRNA expression levels of B-
catenin (Cnntb1) and sclerostin (Sost) in osteocyte-enriched bone was compared between
wildtype and PanxZ~'~ bones. We found that at the end of 4-week loading bout, when
wildtype mice have fully adapted to the loading (see Fig.1) and the load-induced bone
formation is apparent (Tables 1 and 2 and Fig. 3), mRNA expression of load-induced f-
catenin and sclerostin levels were similar to those of non-loaded wildtype (Fig. 4A and B,
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blue bars with hollow circles). However, load-induced relative B-catenin mRNA expression
in Panx1~'~ bones was significantly lower compared either to that of non-loaded wildtype
(Fig. 4A, pale red bars with hollow squares) or non-loaded PanxZ~'~ (Fig. 4A, pale red bar
with hollow triangles). In contrast, load-induced sclerostin mRNA expression in Panx1~/~
bones was subtly yet significantly higher than that of their age-matched non-loaded wildtype
bones (Fig. 4B, pale red bars with hollow squares) and non-loaded PanxZ'~ bones (Fig. 4B,
pale red bar with hollow triangles).

Discussion

Previous studies have clearly demonstrated the many faceted roles played by Panx1 as a
mechanosensitive channel, a conduit for ATP release, and as a key mediator in mechanisms
of intercellular signaling and in inflammatory responses.12:13.15. 17 However, the role of
these channels in the regulation of bone mechanosignaling is still emerging. Although the
participation of Panx1 in osteocyte mechanosignaling has been strongly supported by in
vitro studies,’ it has yet to be verified in depth in an /7 vivo context. In this study we used a
global knockout mouse model to demonstrate for the first time that Panx1 channels play an
essential role in load-induced skeletal responses.

In previous /n vitro studies with an osteocyte cell line we showed that Panx1 forms a unique
mechanosignaling complex with P2X7R and that it acts as a conduit for flow-induced ATP
release.” We have now demonstrated that /7 vivo mechanical loading regulates both Panx1
and P2X7R expression in osteocyte-enriched wildtype bones in a loading time—dependent
manner, with higher expression levels at 2 weeks after loading (Fig. 1, white bars) and
returning to control levels after 4 weeks of loading, when the adaptive response to loading
has likely been attained (Fig. 1, gray bars). This load-induced modulation of P2X7R
response was lost in the absence of Panx1 (Fig. 2). These findings strongly demonstrate the
existence of a functional interplay and load-induced regulation of the P2X7R-Panx1
signaling complex that is critical for proper osteocyte mechanosignaling. In addition, our
current data indicates that absence of Panx1 would not only disrupt the P2X7R-Panx1
signaling complex, but also impair load-induced regulation of P2X7R expression. From a
functional standpoint, disruption of the P2X7R-Panx1 complex would blunt load-induced
ATP release and the feed-forward mechanism of ATP-induced ATP release that amplifies
load-induced intercellular signaling within the osteocytic network, as we have previously
proposed,52 and thereby impact overall bone responses to loading.

This hypothesis is supported by our findings that load-induced bone anabolic response,
specifically periosteal bone formation, is completely abolished in Panx2~/~ mice. The
osteogenic response (bone formation rate [BFR], mineralizing surface [MS/BS]) on the
periosteal surface was the most affected by the lack of Panx1 (Tables 1 and 2 and Fig. 3).
Our observation that mineral apposition rate (MAR), which represents the activity of a group
of osteoblasts,®0 is not affected by the loss of Panx1 suggest that load-induced osteoblast
activity in Panx1~/~ mice is relatively the same as that in wildtype mice. However, BFR,
which is influenced by the rate of bone remodeling activation (i.e. depends on the humber of
osteoblast groups and on their coordinated activity),0 is greatly affected by the lack of
Panx1, which strongly indicates that load-induced bone remodeling activation is blunted. In

Ann N'Y Acad Sci. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Seref-Ferlengez et al.

Page 8

other words, in the absence of Panx1, the load-induced activity of osteoblast clusters is
reduced likely due to inability of osteocytes to communicate and coordinate loading signals
with osteoblasts and, thereby, to properly regulate the anabolic response. Although no
apparent differences in skeletal phenotype (femora diaphyseal structure) has been reported
between adult PanxZ~/~ and wildtype mice,30 in our current studies we observed a slight but
notably larger femoral midshaft (only in Tt.Ar and Ct.B.Ar) in young adult PanxZ~/~ when
compared to their age-matched wildtype counterparts (Table 1). Similar findings were
recently reported in preliminary studies presented at a conference, in which young adult
mice with a targeted, osteocyte-specific PanxI deletion were shown to display significantly
higher bone mass and femoral cortical thickness than wildtype mice.%3 Moreover, the
authors observed reduced osteoclastic parameters in these mice, which led them to propose
that lack of osteoclastogenic signals from Panx1-deficient osteocytes would contribute to the
observed higher cortical bone parameters in young mice.53 It has to be mentioned, however,
that no activation of either intracortical resorption or endocortical tunneling resorption was
observed under fatigue loading conditions in mice with a global PanxZ deletion (Panx1~/-)
when compared to their wildtype counterparts.30 These findings further highlight the
complexity of the role of Panx1 in bone homeostasis.

The participation of P2X7R in load-induced anabolic responses is well recognized.18 Bone
mechanoresponsiveness was reported to be reduced to ~73% in the absence of P2X7R.18
Nonetheless, we observed that absence of Panx1 completely abolished the load-induced
bone response, which strongly suggests that the role of Panx1 in bone mechanosignaling and
transduction may be even more critical than that of P2X7R. It has to be noted that mice on
the C57BL/6 background harbor a single amino-acid mutation (P451L) on the P2X7R
cytoplasmic tail that renders the receptor still capable of performing as a cation channel but
largely attenuates pore formation.54 In a previous study we addressed the overall impact that
this mutation has on the functional interplay between P2X7R and Panx1.%5 Our
electrophysiological, biochemical, pharmacological, and fluorescence imaging data revealed
that the P451L mutation significantly attenuates Panx1 currents, ATP release, and the range
of intercellular calcium signaling between astrocytes. One would expect that a similar
attenuation of the P2X7R-Panx1 mediated signaling would be observed in C57BL/6 bones
when compared to bones of mice with the non-mutated P2X7R. In this regard, by having to
use C57BL/6 in the present studies and to compare findings from Panx2~/~ mice against
those of wildtype mice with already reduced P2X7R-Panx1 function, we are likely
underestimating the full impact of PanxI deletion on load-induced bone response.
Collectively, our observation that load-induced anabolic responses are accompanied by
adaptive regulation of P2X7R-Panx1 expression in wildtype bones, which are lost in
Panx1~!~ bones, emphasizes the essential role for this mechanosignaling complex in proper
bone homeostasis.

It has been shown that deletion of ParnxZ downregulates B-catenin expression in melanoma
cells.31 B-catenin is an important player in the Wnt signaling pathway that is essential for
skeletal mechanotransduction and load-induced anabolic response in bone.35-37 Osteocytes
use the Wnt/p-catenin signaling pathway as one of the means to transmit mechanosignals
within the bone cell-network,34 3%-43 and secrete sclerostin, a negative regulator of Wnt/g-
catenin signaling that inhibits bone formation.32 33. 46 However, a possible link between
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Panx1 and Wnt/B-catenin signaling in the bone, particularly in response to mechanical
loading, has yet to be demonstrated. We observed that p-catenin expression in non-loaded
Panx1~/~ osteocyte-enriched bones is slightly but not significantly lower than that in non-
loaded wildtype bones (Fig. 4), which indicates that under basal conditions the absence of
Panx1 does not affect Wnt/p-catenin signaling. However, our findings that mechanical
loading significantly downregulates B-catenin and upregulates sclerostin in Panx1~/~ bones
when compared to wildtype bones (Fig. 4) indicates the existence of crosstalk between
Panx1 and Wnt/B-catenin signaling that is critical to achieve proper load-induced bone
adaptation. Under normal conditions, mechanical loading reduces Sosttranscription and
sclerostin protein expression,** and activates B-catenin signaling in osteocytes,3% 39 43
which favor bone formation. Our findings suggest that absence of Panx1 disrupts this normal
load-induced regulation of Wnt/p-catenin signaling in osteocytes by increasing sclerostin,
which in turn would antagonize Wnt signaling by interacting with Lrp5/6 and thereby inhibit
Whnt binding and signaling through its receptor complex. In this scenario, in the absence of
Whit signaling, the B-catenin levels will be markedly reduced because of its constitutive
proteosomal degradation33: 34, and would thereby favor inhibition of bone formation.

In summary, this study demonstrates for the first time the critical role of Panx1 in load-
induced skeletal responses. Most importantly, it discloses the existence of a Panx1-
dependent mechanosensitive mechanism that regulates the expression of the P2X7R-Panx1
signaling complex as well as expression of both B-catenin and sclerostin in bone. Through
this mechanism, Panx1 would play a central role in modulating not only ATP signaling but
also in coordinating the load-induced Wnt/p-catenin signaling that is essential for proper
skeletal response to mechanical loading.
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Figure 1.

The P2X7R-Panx1 mechanosignaling complex response to mechanical loading in wildtype
mice is time dependent. Expression of Panx1 and P2X7R in loaded wildtype compared to
age-matched non-loaded wildtype after 2 or 4 weeks of loading (treadmill running).
Representative western blots for Panx1 and P2X7R from 2 weeks and 4 weeks loaded
(positive symbol) and non-loaded controls (negative symbol) are shown below the graph.
Protein levels were first normalized with the respective p-actin loading protein control, and
then with the age-matched non-loaded wildtype levels. **P<0.01, ***P<0.001, non-loaded
wildtype (dotted line) vs. age-matched loaded wildtype, nonparametric £test followed by
Mann-Whitney comparison test. Loading duration group: 7= 5 (2 weeks), 7= 6 (4 weeks).
Data presented as means + SD.
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Figure 2.
P2X7R expression in response to mechanical loading in PanxZ~/~ mice. (A) Expression of

P2X7R in non-loaded and loaded PanxZ~'~ compared to age-matched non-loaded wildtype
(dotted line) after 2 or 4 weeks of loading (treadmill running). (B) Expression of P2X7R in
loaded Panx1~~ compared to age-matched non-loaded Panx2~/~ (dotted line) after 2 or 4
weeks of loading. (C) Representative western blots for P2X7R from 2 weeks and 4 weeks
loaded PanxI~~ mice (positive symbol) and non-loaded age match controls (negative
symbol). Protein levels were first normalized with the respective B-actin loading control, and
then with the age-matched non-loaded wildtype levels. Comparisons were performed using
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one-way ANOVA followed by Tukey’s multiple comparison test. For the comparison
between Panx1~/~ non-loaded vs. age-matched loaded, an unpaired #test was used followed
by Mann-Whitney comparison test. Loading duration group: 7="5 (2 weeks), =6 (4
weeks). Data presented as means + SD.
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Figure 3.
Load-induced changes in the periosteal and endocortical surfaces of femoral midshaft after 2

weeks of loading in wildtype and PanxZ~/~ mice. Top panels: Representative cross-section
images showing double calcein labels for age-matched non-loaded and loaded wildtype (A)
and Panx17/~ (B) bones. Scale bar = 200 pm. Middle panels: Representative images of
double calcein labeling on lateral endocortical (Ec.) surfaces (indicated with arrows in the
top panels) of non-loaded and loaded wildtype and PanxZ~'~ bones. Scale bar = 20 um.
Bottom panels: Representative images of double calcein labeling on medial periosteal (Ps.)
surfaces (indicated with arrowheads in the top panels) of non-loaded and loaded wildtype
and Panx17/~ bones. Scale bar = 20 pm.
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Figure 4.

mMRNA expression of B-catenin and sclerostin after 4 weeks loading in wildtype and
PanxI™"~ mice. g-PCR analysis of (A) p-catenin (CtnnbI) and (B) sclerostin (Sost) mRNA
expression in loaded wildtype, loaded PanxZ~, and non-loaded PanxI™'~ relative to age-
matched non-loaded wildtype, and loaded PanxZ'~ relative to age-matched non-loaded
Panx1™~. The delta-delta CT method was used for data analysis, where the value obtained
for each gene of interest is first normalized to the reference gene (18S rRNA gene) and then
to either age-matched non-loaded wildtype or age-matched non-loaded Panxz~~. All data
are presented as mean + SD, n=5; **P < 0.01, ***P < 0.001. P values were obtained using
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either one-way ANOVA followed by Tukey’s multiple comparison test or unpaired #test
followed by Mann-Whitney test.
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Table 1

Histological studies showing load-induced changes in femoral midshaft of 4-week loaded vs. non-loaded
wildtype and PanxZ~/~ bones.

Wildtype Panx1~/~

Parameters non-loaded loaded non-loaded loaded

(n=6) (n=6) (n=7) (n=6)

Body weight (g) | 28.8+15 | 26.8+2.08 263+144 | 2514202
Tt.Ar (mm?) 1.71+0.09
Ct.B.Ar (mm?) | 0.76 £0.05
Ct.B.Ar/ Tt Ar | 0.45+0.02 0.45+0.04 0.48 +0.02 0.44 +0.02

MaAr (mm?) | 0.94%0.05 099+004 | 096005

Ct.Th (um) 1941+5 | 202316 2062 +8 199.0 + 16

J (mm?) 0.35+0.03 0414002 | 0.39+0.07

I (mm?) 0.12+0.01 014+001 | 0.13+0.03

Iy(mm?) 0.24 +0.02 027+0.02 | 026004
"

P<0.05,

Ak
P<0.01, comparisons with respect to non-loaded wildtype using one-way ANOVA followed by Tukey’s multiple comparison test.

7 . —— . . .
P<0.05, comparison between loaded vs. non-loaded ParnxI 4 using unpaired £test followed by Mann-Whitney test.

n=number of animals/group. Total area (Tt.Ar), cortical bone area (Ct.B.Ar), marrow area (Ma.Ar), cortical thickness (Ct.Th), polar moment of
inertia (J) and area moment of inertia (Ix and ly) are presented as the means + SD.
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Table 2

Dynamic histomorphometric studies showing load-induced changes in femoral midshaft of 2-week loaded vs.
non-loaded wildtype and PanxZ~/~ bones.

Wildtype Panx17/~

Parameters non-loaded loaded non-loaded loaded

(n=5) (n=5) (n=4) (n=4)
Ps.MS/BS (%) 17.5+39 23749
Ps.MAR (um/day) 14+0.2 16+0.2 15+0.1 1.3+0.2
Ps.BFR/BS (um3/um?/day) 0.25+0.1 0.34+0.07
Ec.MS/BS (%) 34787 329+6.2 34649 40.1+2.2
Ec.MAR (um/day) 16+04 16+05 1.1+0.3 1.4+0.1
Ec.BFR/BS (um¥/um2/day) | 058+03 | 053+03 | 0.38+0.13 | 0.56+0.06

Ak
P<0.01, comparisons with respect to age-matched non-loaded wildtype;

7 /- . .
P<0.05, loaded vs. age-matched non-loaded ParnxI ! ; one-way ANOVA followed by Tukey’s multiple comparison test.

Periosteal mineralizing surface (Ps.Ms/Bs), periosteal mineral apposition rate (Ps.MAR), periosteal bone formation rate (Ps.BFR/BS), endocortical
mineralizing surface (Ec.Ms/Bs), endocortical mineral apposition rate (Ec.MAR), and endocortical bone formation rate (Ec.BFR/BS) are presented
as means + SD.
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