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A B S T R A C T   

Pannexin1 (Panx1) is a hemichannel-forming protein that participates in the communication of cells with the 
extracellular space. To characterize the role of osteoclastic Panx1 on bone, Panx1fl/fl;TRAP-Cre (Panx1ΔOc) mice 
were generated, and compared to Panx1fl/fl littermates at 6 weeks of age. Total and femoral BMD was ~20% 
lower in females and males whereas spinal BMD was lower only in female Panx1ΔOc mice. μCT analyses showed 
that cortical bone of the femoral mid-diaphysis was not altered in Panx1ΔOc mice. In contrast, cancellous bone in 
the distal femur and lumbar vertebra was significantly decreased in both female and male Panx1ΔOc mice 
compared to Panx1fl/fl controls and was associated with higher osteoclast activity in female Panx1ΔOc mice, with 
no changes in the males. On the other hand, vertebral bone formation was decreased for both sexes, resulting 
from lower mineral apposition rate in the females and lower mineralizing surface in the males. Consistent with 
an osteoclastic effect in female Panx1ΔOc mice, osteoclast differentiation with RANKL/M-CSF and osteoclast bone 
resorbing activity in vitro were higher in female, but not male, Panx1ΔOc mice, compared to Panx1fl/fl littermates. 
Surprisingly, although Panx1 expression was normal in bone marrow stromal-derived osteoblasts from male and 
female Panx1ΔOc mice, mineral deposition by male (but not female) Panx1ΔOc osteoblasts was lower than con
trols, and it was reduced in male Panx1fl/fl osteoblasts when conditioned media prepared from male Panx1ΔOc 

osteoclast cultures was added to the cell culture media. Thus, deletion of Panx1 in TRAP-expressing cells in 
female mice leads to low bone mass primarily through a cell autonomous effect in osteoclast activity. In contrast, 
our evidence suggests that changes in the osteoclast secretome drive reduced osteoblast function in male Pan
x1ΔOc mice, resulting in low bone mass.   

1. Introduction 

Pannexins are glycoproteins that form channels in the plasma 
membrane allowing the exchange of small molecules between the cells 
and the extracellular space (Beyer and Berthoud, 2018). Pannexin 
channels exhibit aminoacid sequence analogy to invertebrate innexins 
and are structurally and topologically similar to connexins, but without 
sharing sequence homology. Yet, unlike connexins, pannexin channels 
do not connect with channels in other cells and therefore, do not mediate 
direct cell-to-cell communication. Rather, pannexins release signaling 

molecules extracellularly. Three different pannexins have been identi
fied, 1, 2, and 3, with pannexin 1 (Panx1) being the most abundant and 
most studied member of the family. Dysregulation of Panx1 function has 
been associated with several pathologies, including inflammation, can
cer, and cardiovascular disease. Further, Panx1 is expressed in all bone 
cells and in skeletal muscle (Plotkin et al., 2017), and deletion of Panx1 
from osteocytic cells results in increased bone mass in female mice 
assessed at 4 and 13 months of age (Aguilar-Perez et al., 2019). In 
addition, osteocytic Panx1 deletion leads to increased skeletal muscle 
mass in female mice but decreased skeletal muscle strength in male 
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mice. Thus, the effect of osteocytic Panx1 deletion in the musculoskel
etal system is sex dependent. However, whether Panx1 in other bone 
cells such as osteoclasts is similarly regulated in a sex-dependent manner 
remains unknown. 

Bone accrual during development depends on the function of bone 
forming osteoblasts and bone resorbing osteoclasts (Bellido et al., 2019). 
Previous studies showed that inhibition of Panx1 channels using mef
loquine or small molecule analogs have pro- or anti-osteoclast differ
entiation effects in vitro, depending on the inhibitor dose and the age of 
the mice (Pacheco-Costa et al., 2018). However, because of the lack of 
specificity of these pharmacological inhibitors, it was not possible to 
conclusively determine whether Panx1 has a role in osteoclast differ
entiation. Therefore, to establish the role of Panx1 in osteoclasts, we 
generated mice in which PANX1 expression was deleted from osteo
clastic cells by mating mice expressing the floxed Panx1 gene (Panx1fl/fl) 
(Aguilar-Perez et al., 2019) with TRAP-Cre mice, expressing the Cre 
recombinase under the control of the tartrate-resistance acid phospha
tase (TRAP) promoter (Chiu et al., 2004) named Panx1ΔOc. The skeletal 
phenotype of the Panx1ΔOc mice was analyzed at 6 weeks of age, to 
determine the bone phenotype prior to skeletal maturation, which 
typically occurs at 16 weeks of age in mice of the C57BL/6 background 
strain. 

We report herein that osteoclastic Panx1 deletion results in 
decreased bone mass in both male and female 6-week-old mice. How
ever, whereas female mice exhibit increased osteoclast activity in vivo 
and in vitro, and decreased bone formation in vivo, male mice show no 
change in osteoclasts, and a reduction of both bone formation in vivo and 
osteoblastic cell mineralization ex vivo. 

2. Materials and methods 

2.1. Animals 

Mice expressing the floxed Panx1 gene (Panx1fl/fl), previously re
ported (Aguilar-Perez et al., 2019), were mated with TRAP-Cre mice, 
expressing the Cre recombinase under the control of the TRAP promoter 
(Chiu et al., 2004), to generate mice lacking Panx1 in osteoclasts 
(Panx1ΔOc) and Panx1fl/fl littermate controls. Mice were genotyped for 
expression of the floxed Panx1 gene using Transnetyx genotyping ser
vices. PCR for TRAP-Cre transgene was performed using the following 
primer set: Cre1-Forward: GAGTGATGAGGTTCGCAAGA, Cre2-Reverse: 
CTACACCAGAGACGGAAATC. 

To confirm Panx1 deletion in osteoclasts, but not in cells of the 
osteoblastic lineage, we isolated total bone marrow cells and cultured 
them for 48 h. Adherent cells containing bone marrow stromal cells 
(BMSC) were separated from non-adherent bone marrow cells contain
ing osteoclast precursors. Osteoclast formation was induced as detailed 
below and DNA was collected 4 days after adding RANKL and M-CSF. 
DNA was extracted from both osteoclasts and stromal cells using the 
Purelink Genomic DNA Mini kit (Invitrogen, cat#K1820–02). The 
presence of floxed Panx1 gene, and the deleted form of the gene 
(generated as a consequence of TRAP-Cre recombinase activity) was 
determined using KAPA Taq ReadyMix (Kapa Biosystems Pty Ltd., 
cat#KK1024) and the following primers: LoxP1-F: TGAATG
CAATTGTTGTTGTTAAC; LoxP2-F: CTTATCATGTCTGGATCCGG; and 
LoxP3-R GACAGGAATATAGCAGGTATC. The thermal cycling parame
ters were 95 ◦C for 3 min, 38 cycles of (95 ◦C for 15 s, 53.6 ◦C for 15 s, 
72 ◦C for 15 s) and final extension at 72 ◦C for 2 min. A band at 1092 bp 
signified no deletion, and a band at 339 bp signified a deletion of the 
floxed Panx1 gene. 

Blood was collected from the facial vein of 6-week-old mice after 5 h 
of fasting. Serum was separated using BD microcontainer tubes, ali
quoted, and stored at − 80 ◦C. The levels of CTX-I were measured using 
the RatLaps™ EIA kit (IDS, Scottsdale, AZ, USA) according to manu
facturer's instructions. 

Mice were maintained on regular diet and water ad libitum. All 

animal procedures were approved by the IUSM IACUC, and animal care 
and studies were carried out in accordance with institutional guidelines. 

2.2. Bone mineral density 

Bone mineral density (BMD) measurements were performed 
following previously published procedures using a Dxa/Piximus in
strument (Aguilar-Perez et al., 2019; Davis et al., 2020) after phantom 
calibration, as per the manufacturer's instruction. Total (whole body, 
excluding the head and tail), femoral (whole femur) and spinal (lumbar 
vertebrae L1 to L6) BMD were measured. 

2.3. μCT analyses 

Femur and lumbar vertebrae (L5) were dissected, wrapped in a 
saline-containing gauze and kept at − 20 ◦C until scanned. Bones were 
scanned as previously published using a Skyscan 1176 system (65 kV 
source, 0.5 mm Al filter, 0.7-degree rotation, two-image averaging and 
isotropic voxel of 9 μm) (Aguilar-Perez et al., 2019). The terminology 
and units follow the standards for the field (Bouxsein et al., 2010). 

Representative data sets of cortical bone at the mid-diaphysis and 
distal cancellous bone in the femora, and cancellous bone of L5 verte
brae were selected for 3D rendering. To obtain standardized rendered 
figures, the data sets were uploaded to a high-performance imaging 
analysis software, DRAGONFLY (Version 2021.3.0.1069, Object 
Research Systems, Canada). All Volumes of Interest (VOIs) from the data 
sets were rendered following an automatic segmentation protocol within 
the software, based on the Otsu method for thresholding (Otsu, 1979). 
Then, 3D surface meshes were generated for each representative bone 
sample. 

2.4. Histomorphometry 

Animals were injected intraperitoneally with 30 mg/kg calcein and 
50 mg/kg alizarin 7 and 2 days before sacrifice, respectively, for dy
namic histomorphometric measurements (Davis et al., 2018). Lumbar 
vertebrae (L1− L3) were isolated and fixed in 10% neutral buffered 
formalin and embedded in methyl-methacrylate. Histomorphometric 
analysis was performed using the Osteomeasure high resolution digital 
video system software (Osteometrics Inc., Decatur, GA, USA). Osteoblast 
and osteoclast parameters were scored in von-Kossa/McNeal- and 
TRAP/Toluidine blue-stained vertebral bone sections, respectively. Dy
namic measurements were performed on unstained sections. Images 
were taken using an Olympus BX51 fluorescent microscope and 
Olympus cellSense Entry 1.2(Build 7533) imaging software. The ter
minology and units follow the ASBMR Histomorphometry Nomencla
ture Committee guidance (Dempster et al., 2013). All histological 
procedures were performed at the Histology and Histomorphometry 
Laboratory (ACBP, ICMH, Indiana CTSI) at Indiana University School of 
Medicine. 

2.5. Cell culture 

2.5.1. Osteoclast cultures 
Bone marrow cells were collected from 6-week-old femurs and tibiae 

by cutting the ends of the bones and flushing the cells out with 10% FBS/ 
1% penicillin/streptomycin (P/S)-containing α-MEM media. Bone 
marrow cells were cultured for 48 h, as previously published (Davis 
et al., 2017). Subsequently, non-adherent cells containing hematopoi
etic cells, including osteoclast precursors were separated from adherent 
cells, which include stromal cells that can differentiate into osteoblastic 
cells. 

Bone marrow non-adherent cells were cultured in the presence of 30 
ng/ml macrophage colony stimulating factor (M-CSF) for 3 days, to 
estimate the effect of Panx1 deletion on the number of viable precursor 
cell, as previously reported (Posritong et al., 2018; Wu et al., 2020). The 
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media was then replaced with 100 μl fresh medium containing 20 μl of 
CellTiter 96 AQueous One Solution (CellTiter 96® AQeous Non- 
Radioactive Cell Proliferation Assay (MTS) kit, Promega, Madison, 
WI). Cells were incubated at 37 ◦C for 3 h and cell viability was esti
mated by measuring the optical density (OD) at 490 nm (Mohamad 
et al., 2021). To minimize the contribution of estrogen, phenol-free 
αMEM media and charcoal-stripped FBS (Biowest) were used in a 
separate experiment. 

For osteoclast differentiation, bone marrow non-adherent cells were 
seeded at a density of 1.5 × 105/cm2 and differentiated in α-MEM 
containing 10% FBS, 1% P/S with 80 ng/ml receptor activator of NFκB 
ligand (RANKL) and 20 ng/ml M-CSF (Davis et al., 2019a). After 4 or 5 
days of osteoclast differentiation, cells were fixed with 10% neutral 
buffered formalin and stained for TRAP using an Acid Phosphatase, 
Leukocyte kit (Sigma Aldrich; cat.# 387A). Mature osteoclasts were 
identified as cells with 3 or more nuclei. Cells were counted using an 
inverted brightfield Leica DMI 4000 B microscope and osteoclast size 
was quantified using the ImagePro software (Media Cybernetics, Inc., 
Rockville, MS, USA). 

Conditioned media (CM) was collected from non-adherent cells 
seeded at density 4.5 × 105/cm2, 4 days after addition of RANKL and M- 
CSF as above. CM was stored at-80 ◦C until used. 

To measure osteoclastic activity Panx1fl/fl and Panx1ΔOc osteoclasts 
were generated from bone marrow non-adherent cells as detailed above 
and cultured for 5 days. Cells were then detached with trypsin-EDTA and 
gentle scraping, as previously published by us (Kang et al., 2019). The 
detached mature osteoclasts were washed with complete media, and an 
identical number of cells were reseeded onto cortical bone slices 
(approx. 200 osteoclasts per slice in 96 well plates) and cultured for 3 
additional days (Mohamad et al., 2017). Culture media were collected 
from the bone slices, and CTX-I levels were measured using a Cross
Laps® for Culture ELISA kit (IDS, Scottsdale, AZ, USA). Cells on the bone 
slices were also stained for TRAP as indicated above and enumerated, 
and the levels of CTX-I in the media were corrected by the number of 
mature TRAP-positive osteoclasts. For osteoclast pit staining on cortical 
bone slices, the osteoclasts were removed by mechanical agitation, and 
the bone slices were incubated with 20 μg/ml peroxidase-conjugated 
wheat germ agglutinin for 1 h. After washing with PBS, 3,3′-dia
minobenzidine (Sigma-Aldrich) was added, and the pits were imaged 
using an inverted brightfield Leica DMI 4000 B microscope. The pit area 
was measured using the Image Pro software (Media Cybernetics, Inc., 
Rockville, MS, USA). 

2.5.2. Osteoblastogenesis assays 
Bone marrow cells were cultured for 48 h as above. Non-adherent 

cells were removed, and adherent cells (bone marrow stromal cells) 
were trypsinized and re-seeded at density 4 × 105/cm2 for mineraliza
tion analysis, and at 4 × 106/cm2 for RNA isolation. Cells were cultured 
in the presence of 5 mM of β-glycerolphosphate and 25 μg/ml ascorbic 
acid (osteoblastogenic media) to induce osteoblast differentiation. To 
test for effect of osteoclast CM on osteoblast differentiation/activity, 
10% CM in osteoblastogenic media was added from day 1 to the 
adherent cells obtained from mice of the same sex, seeded at density 4 ×
105/cm2. Media was changed every 2–3 days and fresh CM and osteo
blastogenic media were added. 

After 14 days of culture, cells were fixed and the mineral deposited 
was stained using 40 mM alizarin red S (Sigma Aldrich; cat.#A5533) as 
previously published (Davis et al., 2019b). The deposited stain was 
extracted with 1% cetylpyridinium chloride for 15 min and absorbance 
was measured at 490 nm (Davis et al., 2019b). Proteins were extracted 
from the remaining cells using a lysis buffer containing 20 mM Tris-HCl, 
pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1% Triton X100, supplemented 
with 2 μg/ml aprotinin, 5 μg/l leupeptin, 10 mM NaF, 1 mM Na3VO4, 1 
mM phenyl methyl sulfonyl fluoride (PMSF) and Halt Protease Inhibitor 
Cocktail (Thermo Fisher Scientific Inc., Rockfor, IL, USA, cat.#78430) 
(Aguilar-Perez et al., 2019). Protein concentration was measured using a 

Pierce BCA Protein Assay Kit (Thermo Scientific, cat.#23225). Data is 
reported as optical density at 490 nm (OD)/protein concentration for 
each well (Li et al., 2020). 

2.6. RNA extraction and gene expression 

RNA was isolated using Trizol (Invitrogen) as previously published 
(Davis et al., 2017). Reverse transcription was performed using the high- 
capacity cDNA transcription kit (Applied Biosystems, Invitrogen, Foster 
City, CA, USA). Quantitative PCR (qPCR) was performed using the Fast 
Taqman Universal PCR Mastermix in a Step One Plus real time PCR 
instrument (Applied Biosystems). Gene expression levels were normal
ized using the housekeeping gene glyceraldehyde-3 phosphate dehy
drogenase (GAPDH). Primers and probes were available commercially 
(Applied Biosystems) or were designed using the Assay Design Center 
(Roche Applied Sciences). Relative expression was calculated using 
ΔΔCt comparative method (Livak and Schmittgen, 2001). 

2.7. Western blot analysis 

Protein lysates from osteoclasts generated four days after addition of 
RANKL and M-CSF were prepared in lysis buffer, as previously described 
(Aguilar-Perez et al., 2019). Cell lysate protein content was quantified 
using a Pierce BCA Protein Assay Kit (Thermo Scientific, cat.#23225) 
according to manufacturer's instructions. Protein lysates (22 μg/line) 
and Precision Plus Protein™ WesternC™ Standards molecular weight 
markers (Bio-Rad; cat.#161–0376) were separated on BioRad AnyKD 
(50 μl) gels and transferred to PVDF membrane using a Bio-Rad transfer 
system. The membranes were cut at the 75kD mark using the MWM 
ladder as reference. The membranes were incubated in blocking solution 
(0.5% skim milk-TBST solution) for 1 h on a rocker at room temperature, 
followed by addition of mouse monoclonal anti-β-actin (Sigma; cat. 
#A5316; 1:5000) or purified mouse monoclonal anti-β-catenin (BD 
Transduction Laboratories™; cat.#610153; 1:750) antibodies overnight 
on a rocker at 4 ◦C. Goat anti-mouse-horseradish peroxidase (HRP) 
secondary antibody (EMD Millipore Corp; cat.#71045–3) was used at a 
1:5000 dilution for β-actin and 1:3000 for β-catenin. The StrepTactin- 
HRP conjugate was added to the secondary antibody solutions for 
detection of the molecular weight markers (Precision Protein™; Bio- 
Rad; cat.#1610381; 1:15000). The membranes were probed with the 
secondary antibodies for 2.5 h at room temperature on a shaker. After 
washing three times in TBS-T and once in TBS buffer, a chem
iluminescence substrate (Pierce™ ECL Western Blotting Substrate; 
Thermo Scientific; cat.#32106) was added and kept for 5 min on a 
rocker at room temperature. The membranes were exposed for 1 and 2 
min to reveal the β-actin (55kD) and β-catenin (95kD) bands, respec
tively, using a ChemiDoc™ Imaging System (Bio-Rad; S/N: 
733BR2682). The intensity of the bands was quantified using ImageJ. 

2.8. Statistical analysis 

The data was analyzed using SigmaPlot (Systat Software, Inc., San 
Jose, CA, USA), Normal distribution was established using the Shapiro- 
Wilk Normality Test, and equal variance by the Brown-Forsythe test. 
Difference between groups was established using unpaired 2-tailed 
Student's t-test (for normally distributed values) or the Mann-Whitney 
Rank Sum test (for data that was not normally distributed). Values are 
reported as mean ± standard deviation. Differences with p < 0.05 were 
considered statistically significant. 

3. Results 

3.1. Deletion of osteoclastic Panx1 results in low bone mass in male and 
female mice 

Cre recombinase was effectively targeted to osteoclastic cells and not 
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to cells of the osteoblastic lineage, as demonstrated by the presence of 
the deleted form of the Panx1 gene in osteoclast cultures, but not in bone 
marrow stromal cell (BMSC) preparations (Fig. 1A). Both female and 
male mice lacking Panx1 from osteoclasts (Panx1ΔOc) exhibit signifi
cantly lower total and femoral BMD, whereas lumbar spinal BMD was 
only reduced in female mice at 1 month of age, compared to Panx1fl/fl 

littermates (Fig. 1B). We did not find differences in body weight or lean 
body mass for either sex, but fat mass was lower only in male Panx1- 
deficient mice compared to littermate control mice at this age 
(Fig. 1C). Subsequent studies were performed in 6-week-old mice. 

3.2. Lack of Panx1 in osteoclasts specifically reduces cancellous bone 
without altering cortical bone structure 

Micro-CT studies of male and female Panx1ΔOc and Panx1fl/fl controls 
were performed in 6-week-old mice. Deletion of Panx1 from osteoclastic 
cells leads to a decrease in trabecular number in the lumbar vertebrae 
and the distal femur for both sexes (Fig. 2). Trabecular separation was 
only increased in cancellous bone of the lumbar vertebra in female mice 
(Fig. 2A), and bone volume was lower, and trabecular separation was 
higher compared to control littermates in the distal femur of male mice 
(Fig. 2B). Tendencies towards decreased bone volume were also found in 

cancellous bone in the distal femur and the vertebra for male and female 
Panx1ΔOc mice, respectively (Fig. 2). In contrast, despite a decrease in 
BMD, deletion of Panx1 from osteoclastic cells did not affect cortical 
bone geometry or bone mass in the femoral mid-diaphysis for either 
female or male mice (Fig. 3). 

3.3. Panx1 deletion differentially affects osteoblasts and osteoclasts in 
female and male Panx1ΔOc mice 

Histomorphometric analysis of the cancellous bone of the lumbar 
vertebra showed increased osteoclast-related parameters in female 
mice, with approximately 2-fold higher osteoclast surface and number 
and eroded surface (Fig. 4A). On the other hand, no changes were 
observed in osteoclastic parameters in male mice. Consistent with this, 
deletion of osteoclastic Panx1 resulted in significantly higher circulating 
levels of CTX-I in female Panx1ΔOc mice (66.04 ± 17.21 ng/ml) 
compared to female Panx1fl/fl mice (43.94 ± 17.11 ng/ml), whereas 
circulating CTX-I was similar between Panx1ΔOc (125.74 ± 44.67 ng/ 
ml) and Panx1fl/fl (142.66 ± 39.19 ng/ml) male mice. 

The number of osteoblasts was significantly lower in both female and 
males, whereas osteoid volume was only lower in male Panx1-deficient 
mice, with a tendency towards lower values in osteoblast surface and 

Fig. 1. Low bone mass in mice lacking Panx1 in osteoclasts. A. Presence of the deleted Panx1 form was detected by PCR. Each lane corresponds to an individual 
female or male Panx1fl/fl animal expressing (+) or not (− ) the Cre recombinase under the control of the TRAP promoter. The first lane corresponds to a DNA ladder, 
and selected DNA sizes (base pairs, bp) are marked. Red arrow points at the expected size for the intact Panx1 gene (1092 bp), and the black arrow, the size of the 
gene after deletion (339 bp). BM-derived osteoclasts: non-adherent cells treated with RANKL/MCSF for 4 days; BM stromal osteoblastic cells: bone marrow-derived 
adherent cells; ♀: females; ♂: males. B. Total, spinal, and femoral BMD were measured by Dxa/Piximus in female and male Panx1ΔOC mice and Panx1fl/fl mice at 4 
weeks of age. C. Body weight measured at the time of Dxa measurement, and lean and fat body mass calculated from the Dxa scan of the same mice. N = 11–12/ 
group. Bars indicate means and lines standard deviations, and each dot corresponds to an individual sample. *: p < 0.05 vs. Panx1fl/fl mice for the same sex. 
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osteoid volume in the females (Fig. 4B). Bone formation rate as 
measured by dynamic histomorphometry was lower for both female and 
male Panx1ΔOc mice, compared to Panx1fl/fl littermates (Fig. 4C). The 
lower bone formation observed in Panx1ΔOc females was associated with 
reduced mineral apposition rate. In contrast, Panx1ΔOc males showed 
reduced mineralizing surface. Together, these data suggest that different 
mechanisms contribute to the reduced bone formation of Panx1ΔOc 

mice, depending on the sex of the animals. 

3.4. Lack of Panx1 in female Panx1ΔOc results in increased osteoclastic 
bone resorption 

We next examined whether Panx1ΔOc mice exhibit cell autonomous 
effects on osteoclastogenesis and bone resorption, and whether these 

effects were sex specific. As expected, the levels of Panx1 were similar in 
females and males at the time of seeding the bone marrow cells (day 0) 
but were reduced by 50% after 4 days in culture (Fig. 5A). In spite 
similar reduction in Panx1 levels, the expression of the M-CSF receptor, 
CSF1R, and the transcription factor c-Fos was significantly higher in 
osteoclasts from female mice at day 4, whereas CSF1R was not different 
and c-Fos showed a tendency towards increase in osteoclastic cells 
derived from Panx1ΔOc males (Fig. 5B). Further, only cells isolated from 
female Panx1ΔOc mice exhibit an increased ability to differentiate into 
osteoclasts, resulting in higher osteoclast number and area (Fig. 5C and 
D). In addition, osteoclasts derived from Panx1ΔOc females exhibited 
higher bone resorbing activity than cells isolated from control litter
mates, as evidenced by the increased release of CTX-I to the media (a 
measurement of resorptive activity), and by the larger area resorbed, 

Fig. 2. Reduced cancellous bone mass in mice lacking Panx1 in osteoclastic cells. μCT analyses were performed in the fifth lumbar vertebrae (A) and distal femur (B) 
from female and male Panx1ΔOC mice and Panx1fl/fl mice at 6 weeks of age. N = 6–8/group. Bars indicate means and lines standard deviations, and each dot 
corresponds to an individual sample. *: p < 0.05 vs. Panx1fl/fl mice for the same sex. Representative μCT images for both sites are shown, scale bar corresponds to 
0.25 mm. 
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resulting in bigger pits (Fig. 5E). 
Further, proliferation of undifferentiated bone marrow cells was 

higher in cells isolated from female mice and lower in cells isolated from 
male mice, compared to control littermates (Fig. 5F). To rule out a po
tential contribution of estrogenic effects of compounds present in the 
culture media, cells were cultured in phenol-free αMEM containing 10% 
charcoal-stripped FBS, resulting in similar changes as complete media. 
This suggests that the difference in cell proliferation does not result from 
different sensitivity to estrogenic compounds in cells derived from 
Panx1ΔOc versus Panx1fl/fl mice. 

Another potential difference in cells from Panx1-deficient mice and 
Panx1-expressing controls is the activation of the Wnt/βcatenin 
signaling. Indeed, previous studies have shown that Panx1 binds to 
βcatenin in melanoma cells and that βcatenin levels are decreased when 
Panx1 is knocked down (Sayedyahossein et al., 2021). Based on this 
evidence, and the fact that activation of the Wnt/βcatenin signaling 
pathway has been shown to modulate osteoclast differentiation 
(Kobayashi et al., 2015; Weivoda et al., 2016), we examined whether 
osteoclasts from Panx1ΔOc mice exhibit changes in βcatenin protein 
levels. β-catenin levels were similar in osteoclasts derived from Pan
x1ΔOc female mice but were approximately 40% higher in osteoclasts 
derived from Panx1ΔOc males, compared to cells from Panx1fl/fl controls 
(Fig. 6). Taken together, these results suggest that the differences in 
osteoclast differentiation and activity between Panx1-deficient and 
Panx1-expressing osteoclasts does not depend on differential activation 
of canonical Wnt signaling. 

We also found higher expression of osteoclast-related genes in 

lumbar vertebrae from female Panx1ΔOc mice compared to Panx1fl/fl of 
the same sex (Fig. 7). On the other hand, only TRAP, and to a lesser 
extent NFATc1 were higher in bone preparations from male Panx1- 
deficient mice. 

3.5. Decreased mineralization of bone marrow cells obtained from male, 
but not female, Panx1ΔOc mice 

To determine the cellular mechanism for the reduced bone mass in 
male mice, we examined whether deletion of osteoclastic Panx1 has an 
indirect effect on osteoblastic cells. We found similar levels of miner
alization in cells isolated from Panx1fl/fl and Panx1ΔOc female mice 
(Fig. 8A). On the other hand, stromal osteoblastic cells from male Pan
x1ΔOc mice exhibit lower capacity to mineralize, compared to cells from 
Panx1fl/fl mice. We then tested whether the observed effect on mineral 
deposition was due to products released by Panx1ΔOc osteoclastic cells. 
No differences in alizarin red staining were detected when osteoblast 
progenitors from female mice were exposed to CM from female Panx1fl/fl 

or Panx1ΔOc osteoclasts (Fig. 8B). In contrast, CM from male Panx1ΔOc 

osteoclasts inhibit osteoblast mineralization, independently of whether 
the osteoblast precursors were isolated from Panx1fl/fl or Panx1ΔOc male 
mice. Moreover, CM from Panx1fl/fl male osteoclasts reversed the lower 
mineralization potential of bone marrow stromal cells isolated from 
Panx1ΔOc mice of the same sex, suggesting that in the absence of Panx1, 
osteoclasts are not able to release molecule(s) able to stimulate osteo
blast differentiation. As expected, Panx1 levels were unchanged in 
stromal/osteoblastic cells from female or male Panx1ΔOc mice compared 

Fig. 3. Deletion of Panx1 from osteoclasts does not alter cortical bone in the femoral mid-diaphysis. μCT analyses showed no differences in any parameter measured 
in female or male femoral bones at 6 weeks of age. N = 6–7/group. Bars indicate means and lines standard deviations, and each dot corresponds to an individual 
sample. Representative μCT images are shown, scale bar corresponds to 0.25 mm. 
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to Panx1fl/fl littermates after 14 day-treatment with osteoblastogenic 
media (Fig. 8C). However, consistent with the decreased osteoblast 
mineralization, the expression of DMP1 and Phex, two genes associated 
with the regulation of phosphate metabolism (Plotkin and Bellido, 
2016), were lower in the osteoblastic cells derived from Panx1ΔOc males 
and remained unchanged in cells from female animals. On the other 
hand, the levels of E11, a gene expressed in early osteocytes, was higher 

in osteoblastic cells from Panx1ΔOc male mice. Further, male Panx1ΔOc 

exhibit higher levels of Sost, the gene that encodes for the bone for
mation inhibitor sclerostin, in vertebral bone whereas the level of the 
gene was not changed in bones from female mice (Fig. 8D). 

Fig. 4. Deletion of osteoclastic Panx1 results in higher osteoclastic parameters only in female mice. Static (A and B) and dynamic (C) histomorphometric parameters 
in cancellous bone of the second lumbar vertebrae of female and male mice at 6 weeks of age. N = 6–7/group. Bars indicate means and lines standard deviations, and 
each dot corresponds to an individual sample. *: p < 0.05 vs. Panx1fl/fl mice for the same sex. Representative images are shown under the graphs. Scale bar = 20 μm. 
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4. Discussion 

Work from our laboratory has demonstrated that deletion of Panx1 
channels from osteocytic cells results in sex-specific effects on bone and 
skeletal muscle (Aguilar-Perez et al., 2019). We now report that, dele
tion of Panx1 in TRAP-expressing cells results in decreased bone mass in 

males and females but, similar to the effects of osteocytic deletion of 
Panx1 (Aguilar-Perez et al., 2019), deletion of osteoclastic Panx1 has 
sex-dependent consequences. Thus, female Panx1ΔOC mice exhibit high 
osteoclast-related parameters in vivo, and osteoclast differentiation and 
activity are higher in cells isolated from Panx1-deficient mice compared 
to Panx1fl/fl littermate controls. On the other hand, although osteoclasts 

Fig. 5. High osteoclastogenic potential and increased activity of osteoclastic cells derived from female Panx1-deficient mice. A. Panx1 expression in cells isolated 
from 6-week-old mice at the time of seeding and after 4 day-treatment with M-CSF/RANKL. B Gene expression in bone marrow cells cultured for 4 days under 
osteoclastogenic conditions. C and D osteoclast number and area of ex vivo osteoclasts cultured for 4 days on plastic. Images are representative of osteoclast cultures. 
E. CTX-I levels in the media measured/well (total) or corrected by the number of osteoclasts, and relative pit area of ex vivo-generated osteoclasts cultured for 3 days 
on bone slices. F. Non-adherent bone marrow cells were cultured in the presence of regular media or with phenol red-free (PR-free) α-MEM supplemented with 
charcoal-stripped fetal bovine serum (CS-FBS) for 3 days. N = 8/group for A-E, 4/group for F. Bars indicate means and lines standard deviations, and each dot 
corresponds to an individual sample. *: p < 0.05 vs. Panx1fl/fl mice for the same sex. 
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are minimally affected in male Panx1ΔOC mice, osteoblast activity is 
decreased ex vivo and in vivo (Fig. 9). 

Our study showed an unexpected consequence of osteoclastic Panx1 
deletion. In female mice, deletion of the gene has a direct effect on os
teoclasts increasing their differentiation ex vivo and activity in vitro and 
in vivo. On the other hand, minimal effects were observed in Panx1ΔOC 

male osteoclast progenitors, without altered bone resorption. Instead, 
changes in the osteoclast secretome – even in the absence of bone 
resorption in cells cultured on plastic – causes reduction in osteoblast 

mineralization from cells exposed to the CM from Panx1ΔOC osteoclasts. 
A potential candidate to explain this observation is ATP, known to be 
released to the extracellular space via pannexin channels. Although still 
controversial, studies have shown that ATP may synergize with phos
phatases to induce osteoblastic cell mineralization (Agrawal and Jor
gensen, 2021). However, we cannot rule out the possibility that small 
peptides or cleavage products are released through Panx1 channels, or 
that channel independent functions of the pannexin are involved in the 
observed phenotype. Whether this is the case in our system, and the 

Fig. 6. β-catenin accumulates in osteoclasts derived from male, but not female, Panx1ΔOC mice. Protein lysates were obtained from osteoclastic cells generated by 
treatment with M-CSF/RANKL for 4 days. Proteins were separated by SDS-PAGE, transferred to PVDF membranes, and probed for β-catenin and β-actin as house
keeping gene. Images were quantified using Image J and the densitometric values for β-catenin were divided by β-actin for the same sample. N = 4/group. Bars 
indicate means and lines standard deviations, and each dot corresponds to an individual sample. *: p < 0.05 vs. Panx1fl/fl mice for the same sex. 

Fig. 7. Increased expression of osteoclast-related genes in vertebral bone from Panx1-deficient mice. The sixth lumbar vertebra was isolated from 6-week-old mice, 
and the level of the indicated genes was measured by qPCR and corrected by GAPDH as the housekeeping gene. N = 9–12/group. Bars indicate means and lines 
standard deviations, and each dot corresponds to an individual sample. *: p < 0.05 vs. Panx1fl/fl mice for the same sex. 
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reason why this only happens when osteoclasts are derived from male 
mice remains to be investigated. 

Another original finding of our studies is the effect on osteoblastic 
cells only seen in Panx1ΔOC male mice. The reduced mineralization 
combined with the increased E11/podoplanin and Sost levels, and the 
decreased osteoid in vertebrae raise the possibility that removal of 
Panx1 results in changes in the osteoclast secretome, leading to accel
erated osteocytogenesis. Thus, either the absence or presence of a factor 
released by osteoclasts, or secreted only in the absence of Panx1, leads to 
changes in mesenchymal stem cell progenitors that might accelerate the 
differentiation of osteoblastic precursors. We propose that Panx1 dele
tion thereby leads to a reduction in the time in which the cells induce 
bone mineralization – while at the same time decreasing the expression 
of genes associated with bone mineralization such as DMP1 and Phex 
(Bellido et al., 2019) – and increasing their terminal differentiation into 
osteocytes. The validity of this hypothesis and the mechanism by which 
this effect is only present in male mice, remain to be investigated. 

Pannexins oligomerize to form channels on the cell membrane 
(Penuela et al., 2012). Unlike connexin channels, which exhibit similar 

structures, pannexin channels do not form gap junctions and are known 
to mediate the communication of the cells with the extracellular milieu. 
More recently, work of the Peñuela laboratory demonstrated that Panx1 
binds to βcatenin in melanoma cells, a mechanism involved in the 
regulation of melanoma cell growth and metabolism (Sayedyahossein 
et al., 2021), which might be independent of the function of Panx1 as a 
channel forming protein. Interestingly, whereas the study in melanoma 
cells (which appear to be originated from female patients) showed 
reduced βcatenin levels in Panx1-deficient melanoma cells, we found 
that deletion of Panx1 results in increased βcatenin levels in osteoclasts, 
albeit only in cells derived from male mice. This evidence suggests that 
the molecular mechanism of Panx1 action is different in melanoma cells 
versus osteoclasts. 

In summary, we report for the first time a role of Panx1 in osteoclasts 
that depends on the sex of the mice. Further, we have unveiled a 
mechanism by which deletion of Panx1 in osteoclasts leads to indirect 
effects on osteoblasts in vitro and in vivo (Fig. 9). Although we have 
shown here that deletion of osteoclastic Panx1 results in changes in 
osteoclast differentiation and osteoblast mineralization, as well as gene 

Fig. 8. Reduced mineralization in Panx1-deficient male mice. A-B. Ex vivo mineralization assay of bone marrow stromal cells cultured in osteoblastogenic media 
alone (A), or with conditioned media from osteoclasts of either genotype and the same sex (B). C. Gene expression in stromal osteoblastic cells treated for 14 days 
with osteoblastogenic media. D. Sost expression in the sixth lumbar vertebra from Panx1ΔOC mice and Panx1fl/fl littermate controls. N = 3–12 /group (A-B), 4–8 (C), 
or 9–12 (D). Bars indicate means and lines standard deviations, and each dot corresponds to an individual sample. *: p < 0.05 vs. Panx1fl/fl mice for the same sex. 
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expression ex vivo and in vivo in young mice, the mechanisms for the sex- 
specific effects of the channel are not completely understood. Thus, 
future studies are needed to further understand the molecular basis of 
the observed phenotypes, and whether the consequences of Panx1 
deletion are maintained, exacerbated, or abolished with aging. 
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