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ARTICLE INFO ABSTRACT

Keywords: Since cost-effective osteoanabolic treatment options remain to be established, it is relevant to identify specific
Osteoblast molecules physiologically regulating osteoblast differentiation and/or activity that are principally accessible as
Expression analysis drug targets. Specific or predominant gene expression in a given cell type often predicts a relevant function in the
Panx3

respective tissue. Thus, we aimed to identify genes encoding membrane-associated proteins with selective ex-
pression in differentiated osteoblasts. We therefore applied an unbiased approach, i.e. Affymetrix Gene Chip
hybridization, to compare global gene expression in primary murine osteoblasts at two stages of differentiation.
For the most strongly induced genes we analyzed their expression pattern in different tissues, which led us to
identify known and unknown osteoblast differentiation markers with predominant expression in bone. One of
these genes was Panx3, encoding a transmembrane hemichannel with ill-defined function in skeletal remodeling.
To decipher the role of Panx3 in osteoblasts we first generated Panx3-fl/fl mice carrying a Runx2-Cre transgene.
Using undecalcified histology followed by bone-specific histomorphometry we did not observe any significant
difference between 24 weeks old Cre-negative and Cre-positive littermates. We additionally generated and
analyzed mice with ubiquitous Panx3 deletion, where a delay of endochondral ossification did not translate into
a detectable skeletal phenotype after weaning, possibly explained by compensatory induction of PanxI. Of note,
newborn Panx3-deficient mice displayed significantly reduced serum glucose levels, which was not the case in
older animals. Our findings demonstrate that Panx3 expression in osteoblasts is not required for postnatal bone

Mouse model

remodeling, which essentially rules out its suitability as a target protein for osteoanabolic medication.

1. Introduction

The skeleton is a highly complex tissue being constantly remodeled,
not only during development and growth, but also throughout adult life
[1]. This physiologically relevant process, i.e. bone remodeling, is
mediated by two antagonistically acting cell types, bone-forming os-
teoblasts and bone-resorbing osteoclasts [2,3]. A relative increase of
bone resorption over bone formation is the cellular cause of osteo-
porosis, a detrimental disease defined by reduced bone mineral density
and increased skeletal fracture risk [4]. At present, the vast majority of
affected individuals are treated by anti-resorptive therapy, inhibiting
either osteoclast differentiation (Denosumab) or function (bispho-
sphonates) [5]. In contrast, cost-effective osteoanabolic drugs, i.e.
molecules stimulating bone formation, remain to be established, and
the currently most widely available treatment by daily injection of a
parathyroid hormone fragment (Teriparatide) is rarely applied due to
restrictive guidelines and cost concerns [6,7]. Therefore, since osteo-
porosis is not only the most common bone remodeling disorder, but also
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one to the most prevalent diseases in the aged population, it is highly
relevant to identify additional drug targets for osteoanabolic treatment.

The majority of known physiologically relevant molecules control-
ling bone remodeling were identified in the last two decades by mole-
cular genetics [8]. For instance, the combined analysis of patients with
rare inherited skeletal disorders and the respective mouse deficiency
models have led to the discovery of the pro-osteoclastogenic cytokine
Rankl and its decoy receptor Opg, two key molecules controlling bone
resorption [9]. Likewise, similar methodology enabled the identifica-
tion of the putative Wnt co-receptor Lrp5 and its osteocyte-derived
antagonist Sclerostin as major regulators of osteoblast activity [10].
These latter findings have also paved the way to establish a novel os-
teoanabolic treatment option for osteoporosis, i.e. monoclonal anti-
bodies neutralizing the function of Sclerostin [11]. Importantly how-
ever, as long as this type of treatment is not available in clinical
practice, there is an urgent need to identify additional molecules as
putative drug targets for osteoanabolic medication.

Our experimental strategy was to utilize an unbiased approach to
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screen for genes with predominant expression in differentiated osteo-
blasts, whose function in bone remodeling could then be assessed by
generating respective mouse deficiency models. Here we particularly
focused on genes encoding membrane-associated proteins, since these
should be best accessible for pharmacologic treatment. This approach
led to the identification of the Panx3 gene, whose osteoblast-specific
expression pattern was confirmed by qRT-PCR. Since Panx3-deficient
mice have been reported to display disturbed endochondral ossification
at an early postnatal stage, we generated mice with specific Panx3 in-
activation in osteoblasts (Panx3VtRux2-Crey  Using undecalcified his-
tology and bone-specific histomorphometry, however, we failed to de-
tect relevant differences towards Panx3™ littermate controls. We also
did not observe a skeletal phenotype in 4 and 24 weeks old Panx3-de-
ficient mice, albeit these displayed delayed ossification at birth. Taken
together, our data demonstrate that Panx3, despite being pre-
dominantly expressed in differentiated osteoblasts, is dispensable for
postnatal bone remodeling.

2. Materials and methods
2.1. Primary osteoblasts

Primary murine osteoblasts were isolated by sequential collagenase
digestion from the calvariae of 5 days old mice as described [12]. After
removal of the co-purified macrophage-like cells by CD11b-im-
munoaffinity [13,14] cells were plated and cultured in a-MEM until
they reached 80% confluency (day 0). We then added ascorbic acid
(50 ug/ml) and -glycerophosphate (10 mM) to the cultures to induce
osteogenic differentiation. RNA was isolated at various stages of dif-
ferentiation and subjected to Affymetrix Gene Chip hybrization (day 5
and day 12) or qRT-PCR expression analysis (day 0, 4, 7, 10, 15, 20 or
25 of differentiation).

2.2. Expression analysis

RNA from murine tissues (from 10 weeks old C57Bl/6 mice) or
cultured osteoblasts was isolated using the RNeasyMini kit (Qiagen,
Germany). DNase digestion was performed according to manufacturer's
instructions. Concentration and quality of RNA were measured using a
NanoDrop ND-1000 system (NanoDrop Technology, USA). For genome-
wide expression analysis, 5 1ig of RNA were used for first strand cDNA
synthesis. Synthesis of biotinylated cRNA was carried out using the IVT
Labeling Kit (Affymetrix). For Gene Chip hybridization, the fragmented
cRNA was incubated in hybridization solution at 45 °C for 16 h, before
the Gene Chips (Affymetrix MG 430 2.0) were washed using the
Affymetrix Fluidics Station 450. The raw data sets were deposited in
GEO under accession code GSE71565 [15]. For RT-PCR expression
analysis 500 ng of RNA was reversed transcribed using Verso cDNA Kit
(Thermo Fisher Scientific Inc., USA) according to manufacturer's in-
structions. Gene-specific primers (Table S1) were used to amplify cDNA
fragments of specific genes. For quantitative PCR analysis predesigned
TagMan assays (Applied Biosystems) and Tagman gene expression
mastermix (Applied Biosystems) were used for Panxl, Panx2,
Panx3,Gjal,Gja3, Gja4, Gja5, Gjcl, Bglap, Slc2al, Ibsp, Collal, Sost,
Calcr, Tnfsf11 or Acp5. Gapdh expression was used as an internal con-
trol. Relative quantification was performed according to the AACy
method, and results were expressed in linear form using the formula 2°
AACT for, Alternatively, quantification relative to Gapdh was applied for
individual samples. The applicable method is stated in the figure le-
gends.

2.3. Mouse models
Panx3"? (Panx3™12(KOMPIWsty i were obtained from the Mouse

Biology Program (MBP), University of California, Davis, USA. Their
genotyping was performed using primers 5-GAG ATG GCG CAA CGC
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AAT TAA TG-3’ and 5-GGA GGT GGA TTC TAT GCT CAC ACC C-3/
detecting a 343 bp Panx3" allele. Runx2-Cre transgenic mice and their
genotyping have been described previously [16]. They carry an in-
tegrated bacterial artificial chromosome covering the Runx2 locus with
inserted Cre-coding sequence, which does not interfere with en-
dogenous Runx2 expression. Despite Runx2 activity in growth plate
chondrocytes, our previous analyses have confirmed the efficacy of the
Runx2-Cre transgene for gene inactivation in the osteoblast lineage
[16-21]. To rule out any influence of genetic background we only
analyzed Cre-positive and Cre-negative Panx3"? littermates in the
present study. CMV-Cre transgenic mice (B6-C-Tg(CMV-cre)1Cgn/J)
were obtained from the live repository of the University Medical Center
Hamburg-Eppendorf research animal facility. To allow ubiquitous de-
letion of Panx3 these mice were mated with Panx3" mice. Genotyping
for the recombined Panx3 allele was performed using primers 5’- AAG
CCT GTA ACC TCT ATG GCA GTC C-3’ and 5’- GGA GGT GGA TTC TAT
GCT CAC ACC C-3’ detecting a 866 bp Panx3-KO allele. As a loading
control an unrelated genomic region was amplified using the primers
5’-AGA TCT CAG GCC CAT GGA GCA G-3’ and 5-ATG GCT AAG GAG
TCC TGA AC-3’. All mice were kept in a specific pathogen-free en-
vironment with a 12-hour light/dark cycle, 45-65% relative humidity
and 20-24 °C ambient temperature in open or individually ventilated
cages with wood shavings bedding and nesting material in groups not
surpassing 6 animals. The mice had access to tap water and standard
rodent chow (1328P, Altromin Spezialfutter GmbH & Co. KG, Germany)
ad libitum. All animal experiments were approved by the animal facility
of the University Medical Center Hamburg-Eppendorf and by the “Amt
fiir Gesundheit und Verbraucherschutz” (Org529).

2.4. Skeletal analysis

After sacrifice the dissected skeletons were fixed in 3.7% PBS-buf-
fered formaldehyde for 18 h at 4 °C, before they were stored in 80%
ethanol. For puCT analysis, one femur of each mouse was extracted and
excess soft tissue removed. pCT scanning and evaluation was performed
with a voxel resolution of 10 um as previously described using a uCT 40
desktop cone-beam microCT (Scanco Medical, Switzerland) [22] ac-
cording to standard guidelines [23]. Trabecular bone was analyzed in
the distal metaphysis in a volume situated 2500 pm to 500 pm proximal
of the distal growth plate. Cortical bone was analyzed in a 1000 pm
long volume situated in the middle of the diaphysis. The implemented
thresholds were 300 and 250 for trabecular and cortical bone respec-
tively. For bone histology, the lumbar vertebral bodies L3 to L6 and one
tibia of each mouse were dehydrated in ascending alcohol concentra-
tions and then embedded in methylmetacrylate as described previously
[21]. Sections of 5um thickness were cut in the sagittal plane on a
Microtec rotation microtome (Techno-Med GmbH, Germany) and
stained by toluidine blue and vonKossa/van Gieson staining procedures
as described [24]. Histomorphometry was performed according to the
ASBMR guidelines [25] using the OsteoMeasure histomorphometry
system (Osteometrics Inc., USA). For whole skeleton staining, newborn
mice were sacrificed and the soft tissues were mechanically removed as
far as possible. After fixation in 95% ethanol over night the skeletons
were stained for 48h in 0.015% alcian blue solution containing 20%
acetic acid and 75% ethanol. Subsequently, the skeletons were washed
for 3h in 95% ethanol before residual soft tissue was removed by in-
cubating them for 48 h in 2% KOH solution, before staining them over
night with 0.005% alizarin red in an aqueous 1% KOH solution. Tissue
transparency was achieved by incubation for at least 24 h in 20% gly-
cerol, 1% KOH. Finally, the skeletons were stored in 50% glycerol,
47.5% ethanol.

2.5. Serum analysis

Glucose levels were determined at sacrifice using the Accu-Chek
system (Roche Diabetes Care Deutschland GmbH, Germany).
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2.6. Statistical analysis

All data presented in the manuscript were obtained from the ana-
lysis of littermates and are presented as means *+ standard deviations.
Group sizes are indicated in the figure legends. Statistical analysis was
performed using unpaired, two-tailed Student's t-test with Bonferroni
correction for multiple testing. Allele frequencies were tested against
the expected distribution via Chi*test and survival curves were com-
pared via a log-rank (Mantel-Cox) test utilizing Prism software
(GraphPad Software Inc., USA). p-Values below 0.05 were considered
statistically significant.

3. Results

To identify genes with differential expression during primary os-
teoblast differentiation we isolated macrophage-depleted primary cal-
varial osteoblast cultures [13,14] and differentiated them in the pre-
sence of ascorbic acid and B-glycerophosphate for 5 and 12 days,
respectively. RNA was subjected to Affymetrix Gene Chip hybridization,
and genes were sorted according to their signal log ratio (SLR) between
day 5 and day 12 of differentiation. Among the 100 genes with the
highest level of induction we found several known markers of osteo-
blastogenesis and/or genes with relevance in bone biology (Table S2).
As the main intention of our study was to identify additional regulators
of bone remodeling, we next determined the tissue expression pattern
of the 100 genes with the highest SLR by RT-PCR. Here we focused on
nine different tissues, including femur and calvaria (Fig. 1). We ob-
served predominant bone expression of several genes with previously
reported bone-specific expression, such as Phex, Ifitm5, Bglap, and
others [26-28], in addition to several genes whose function in osteo-
blasts was not fully defined at the time of our analysis. Taking into
consideration the suitability as a potential drug target, we focused our
next screening step on genes encoding membrane-associated proteins.

Here we applied qRT-PCR on sixteen different tissues, including
spine, femur and calvaria. Whereas Slc16a3, Sgms2, Slc13al, Hhip, Fat3
and Gpr133 were not exclusively expressed in skeletal tissues (Fig. S1),
we observed predominant bone expression for the Panx3 gene. In fact,
similar to Bglap, encoding the well-established osteoblast marker
Osteocalcin, robust Panx3 expression was only detected in spine, femur
and calvaria (Fig. 2A). In contrast, we found that Panx1 was expressed
in various tissues, whereas Panx2 expression was most pronounced in
the hypothalamus. We additionally monitored the expression of Bglap
and Panx genes during the course of primary osteoblast differentiation
(Fig. 2B). Here we observed the highest expression levels (when nor-
malized to Gapdh) for Panx3, which was the only Panx gene displaying
differential expression during the course of osteoblastogenesis. Taken
together, these findings demonstrated that Panx3 is an osteoblast dif-
ferentiation marker with predominant expression in bone, thereby
raising the hypothesis that its physiological function is related to bone
remodeling.

To analyze this function we took advantage of commercially avail-
able ES cell clones that were utilized to generate mice with a floxed
Panx3 allele. Since it was reported, at the time of our analyses, that
Panx3-deficient mice display skeletal abnormalities at birth [29,30], we
decided to cross the Panx3" mice with Runx2-Cre mice in order to
obtain specific deletion in osteoblasts [16]. We observed that Panx3"
fiRunx2-Cre mijce were born at the expected Mendelian ratio and that they
did not display gross abnormalities. To assess the Cre-mediated re-
combination specificity in Panx3V/ERunx2-Cre mice we applied genomic
PCR on DNA from different tissues using primers amplifying the re-
combined Panx3 fragment. Here we observed the strongest signals on
skeletal tissues as well as in cultured primary osteoblasts at day 15 of
differentiation (Fig. 3A). We next analyzed the Panx3VtRu>x2-Cre mjce
for potential bone remodeling abnormalities at 24 weeks of age, com-
pared to Panx3"" littermates. Using uCT imaging of the femoral bones
we observed that parameters of trabecular bone mass were not
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significantly different between Panx3V/iRunx2-Cre mice and Panx3""
littermate controls, whereas cortical thickness was slightly reduced in
the Panx3//fiRunx2-Cre mice (Fig. 3B,C). Similarly, there was no detect-
able trabecular bone abnormality observed in Panx3"//Runx2-Cre pjce as
assessed by static histomorphometry on undecalcified spine sections
(Figs. 3D,E; S2). Cellular and dynamic histomorphometry performed on
the same sections demonstrated that Panx3"//Run2-Cre mice display
normal numbers of osteoclasts, osteocytes and osteoblasts, as well as a
normal bone formation rate compared to Panx3"* littermate controls
(Fig. 3F).

To circumvent the potential problem of residual Panx3 activity in
Panx3V/fiRunx2-Cre mice we also generated Panx3*/~ mice after ubi-
quitously deleting one allele by crossing the Panx3" mice with CMV-
Cre mice. We then mated CMV-Cre-negative Panx3*/~ mice and ana-
lyzed the offspring for the presence of Panx3-deficient animals
(Fig. 4A). We hereby observed that 30% of the Panx3~/~ mice died
shortly after birth, whereas all surviving animals reached the age of
24 weeks without displaying gross abnormalities (Fig. 4B). Moreover,
similar to Panx3"Rux2-Cre mice, there was no change in trabecular
bone mass, quantified in vertebral body sections at the age of 4 weeks,
in Panx3~ /- mice compared to wildtype littermate controls
(Figs. 4C,D, S3A). Likewise, at the age of 24 weeks the Panx3 ™/~ mice
showed no structural skeletal abnormalities as determined by uCT
analysis of the femur, yet there was a moderate reduction in femur
length (Fig. 4E,F). Most importantly however, undecalcified histology
of spine sections (Figs. 4G, S3B) followed by quantitative histomor-
phometry (Figs. 4H, S4) clearly demonstrated the absence of a bone
remodeling phenotype in 24 weeks the Panx3~/~ mice.

We next analyzed the newborn mice for disturbances of skeletal
development or potential causes of postnatal lethality. In fact, while the
number of Panx3~ /- embryos did not significantly deviate from the
expected Mendelian ratio at E19.5, the number of Panx3~ /™~ mice was
remarkably decreased three days after birth (Fig. 5A). Consistent with
previous reports we also observed decreased length and severe mor-
phological deformities of the long bones of one-day old Panx3~ /™ mice
(Fig. 5B), indicating a defect of endochondral ossification, which was
confirmed in undecalcified spine sections (Fig. 5C). On the other hand,
the observed abnormalities were not apparently lethal, thereby raising
the question, if they explain the high mortality rate of newborn
Panx3~/~ mice. Of note, early perinatal lethality, due to hypogly-
cemia, without major defects on the skeleton has previously been re-
ported for a mouse model with an osteoblast-specific deletion of Ptprv,
encoding a protein tyrosine phosphatase regulating osteoblast-con-
trolled glucose homeostasis [31]. This led us to determine random fed
serum glucose concentrations in 1day and 4 weeks old animals. We
thereby observed a significant decrease in newborn Panx3~ /™ mice,
yet serum glucose levels were not different between wildtype,
Panx3*’/~ and Panx3~/~ mice at 4 weeks of age (Fig. 5D).

We finally applied qRT-PCR to monitor gene expression in calvarial
bone from Panx3~/~ embryos at 19.5 dpc. Compared to wildtype
controls, there was an increased expression of Panx1 in Panx3-deficient
embryos, suggesting that the loss of Panx3 can be compensated by in-
duction of Panx1 (Fig. 5E). We also analyzed for a compensatory in-
duction of connexin-encoding genes with putative impact on the ske-
leton [32]. Here we did not observe an induction of gene expression in
Panx3-deficient embryos, yet Gja3 was expressed at significantly lower
levels. Importantly, the strongest induction of gene expression in
Panx3~/~ embryos was observed for Slc2al (Fig. 5F), encoding the
glucose transporter Glutl, whose critical function in osteoblasts was
previously demonstrated [33]. In contrast, markers of osteoblast (Bglap,
Ibsp, Collal, Sost, Tnfsf11) or osteoclast lineage cells (Calcr, Acp5) were
not differentially expressed. Taken together, our findings demonstrate
that Panx3 expression in osteoblasts is dispensable for bone remodeling
regulation, yet it might be relevant in the context of the endocrine
functions mediated by skeletal remodeling cell types [34].
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Fig. 1. Tissue expression pattern of genes induced during osteoblast differentiation. The expression pattern of the 100 most strongly induced genes, as determined by
Gene Chip hybridization comparing primary calvarial osteoblasts at day 5 and day 12 of differentiation, were analyzed for their expression in the indicated tissues.

Gapdh expression was monitored as positive loading control.

4. Discussion

Specific or predominant gene expression in a given cell type often
predicts a relevant function in the respective tissue. In the case of the
osteoblast lineage, there are several examples for genes with restricted
expression pattern, whose inactivation causes a skeletal disorder. These
include, among others, the osteoblast-specific transcription factor Sp7,
the transmembrane protein Ifitm5, the endopeptidase Phex, or the os-
tecyte-derived Wnt signaling antagonist Sclerostin [26,27,35,36]. From
a pharmacological perspective it is indeed relevant that Sclerostin is not
ubiquitously expressed, since potential side effects of antibody-medi-
ated Sclerostin neutralization should be limited. Although this notion
was principally supported in ongoing clinical trials [11,37,38], there is
increasing evidence not only for additional Sost expression sites, but
also for other roles of Sclerostin beyond inhibition of bone formation

[39,40]. Based on these arguments the aim of our study was to utilize
an unbiased approach to screen for additional genes with predominant
expression in differentiated osteoblasts, whose function in bone re-
modeling could then be assessed by generating respective mouse defi-
ciency models.

Using a fully unbiased approach, i.e. genome-wide expression ana-
lysis followed by expression analysis in different tissues, we identified
Panx3 as a gene encoding a transmembrane protein with predominant
expression in osteoblasts, whose function in bone remodeling was ill-
defined. In our opinion it is important to state that the chosen strategy
also picked up several genes with known key functions of osteoblasts of
mice and humans, such as Bglap, Phex or Ifitm5, thereby underscoring
the principal value of our approach. Panx3 is known to form hemi-
channels facilitating the passage of Ca®>* or ATP [41,42]. Its function in
osteoblasts was not defined at the beginning of our functional studies,
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Fig. 2. Extended expression pattern for Panx genes. (A) qRT-PCR expression analysis for Bglap, Panx1, Panx2 and Panx3 in the indicated tissues. Shown is the
expression relative to the respective Gapdh expression. n = 3 samples per tissue. (B) qRT-PCR expression analysis for the same genes in primary calvarial osteoblasts

at the indicated days of differentiation. Shown is the expression relative to day 0 of differentiation. n = 3 samples per timepoint.
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Panx3". (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

yet even after the description of a skeletal phenotype in newborn
Panx3-deficient mice, its role in postnatal bone remodeling remained to
be elucidated. More specifically, Panx3-deficient mice have been shown
to display impaired endochondral ossification at the newborn stage,
which was attributed to increased proliferation of osteoprogenitors and
chondrocytes of the growth plate [29,30]. Within this latter region it
was also found that terminal differentiation into hyperthrophic chon-
drocytes was impaired in the absence of Panx3 [30]. Overall, these
alterations of chondrocyte proliferation and differentiation have been
reported to result in a reduction of bone length that we were able to
confirm in the present manuscript. Furthermore, Panx3 deficiency has
been reported to exert a protective effect in a surgically induced mouse
model of osteoarthritis, suggesting a function of Panx3 in articular
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cartilage in addition to the growth plate [43]. Finally, the loss of the
Panx3 gene has been found to result in subtle but significant changes in
the overall morphology of femora and humeri from mature mice [44].

In this context it is also relevant to state that Panx3 transcription
was found to be promoted by the transcription factor Runx2, whose
endogenous expression is however not affected in the Runx2-Cre
transgenic mice [16,45]. The transcriptional regulation by Runx2 also
explains the induction of Panx3 expression during osteoblastogenesis,
yet there is an apparent inconsistency in the precise timing between our
study and previously published data. In fact, while others have reported
that Panx3 expression is only transiently increased in the course of
primary calvarial osteoblast differentiation [30], we did not observe a
decline of Panx3 expression at later stages. Since it is generally difficult
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Fig. 4. Skeletal phenotype of Panx3-deficient mice. (A) Representative gel images of a genotyping PCR identifying wildtype, Panx3*/~ and Panx3~/~ mice. (B)
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mice. Von Kossa/van Gieson stain. (D) Histomorphometric evaluation of trabecular parameters in the same sections. Data were analyzed by Student's t-test. n = 7
(Panx3*/*), 4 (Panx3~/7).*p < 0.05 vs. Panx3*’* (E) Representative uCT images of the femora from 24 weeks old, male Panx3*/*, Panx3*/~ and Panx3~/~
mice. The virtual cutplane appears red. (F) Structural parameters of skeletal microarchitecture of femora from the same mice determined by uCT evaluation. Data
were analyzed by Student's t-test with Bonferroni correction for multiple testing. n = 3 (Panx3*/*), 3 (Panx3*/7), 5 (Panx3~/7).*p < 0.05 vs. Panx3*’/* (G)
Representative undecalcified histological sections of vertebral bodies from 24 weeks old, male Panx3*/*, Panx3*/~ and Panx3~/~ mice. Von Kossa/van Gieson
stain. (H) Histomorphometric evaluation of trabecular parameters in the same sections. Statistical analysis and sample size was the same as in subpanel F. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

to provide a full explanation for specific differences between own and
published data we can only speculate that lower concentrations of 3-
glycerophosphate and/or removal of macrophages, both applying for
the present study, may be relevant in this context. In any case, although
there was strong evidence for a critical function of Panx3 in osteoblast
lineage cells, a histomorphometric analysis of bone remodeling has not
yet been reported for adult Panx3-deficient mice.

By generating mice lacking Panx3 either in the osteoblast lineage or
ubiquitously we could clearly demonstrate that Panx3 expression in
osteoblasts is dispensable for postnatal bone remodeling. One possible
explanation for the lack of a significant difference between Panx3"
fiRunx2-Cre and Panx3~/~ mice towards the respective littermate con-
trols is that Panx1 could compensate for the loss of Panx3 activity. Of
note, the opposite has previously been suggested by the analysis of
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(Panx3~’/ 7).*p < 0.05 vs. Panx3*/*. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Panx1-deficient mice, which displayed increased Panx3 expression in
the vasculature [46], in skin [47], and in the vomeronasal organ [48].
On the other hand, there was an evident impact of Panx3-deficiency on
endochondral ossification detectable immediately after birth, together
with a high mortality rate. Importantly, the phenotype of mice lacking
both, Panx1l and Panx3, has recently been reported [49]. Here it was
found, although there was no side-by-side comparison towards mice
lacking only Panx3, that the skeletal growth phenotype was not more
pronounced in double-deficient mice. Moreover, determination of the
weaned litter size indicated that the lethality rate of Panx3-deficient
mice is not further increased by additional Panx1 deletion.

Although we were unable to identify the cause of this postnatal
mortality, the observed hypoglycemia in newborn Panx3~/~ mice,
which was not found in Panx3~/~ survivors at 4 weeks of age, might
indicate an underlying problem in energy metabolism. Moreover, glu-
cose uptake by cells of the osteoblast lineage is an essential early step in
the differentiation process, and animals lacking Glutl in Sp7-expressing
cells display impaired skeletal development [33]. It was therefore re-
markable that the Glutl-encoding gene Slc2al was the only gene, be-
sides Panx1, which was expressed at higher levels in Panx3™/~ em-
bryos at E19.5. Therefore, loss of Panx3 potentially interferes with
osteoblast-regulated energy metabolism [34], which might trigger a
cellular feedback mechanism leading the increased expression of Slc2al
to assure the energy demands of bone-forming osteoblasts. In any case,
it is possible that a compensatory induction of Panx1 attenuates the
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severity of the Panx3~/~ phenotype, since all Panx3-deficient mice
that survived the first days after birth, did not develop a detectable
phenotype of bone remodeling and glucose homeostasis. In our opinion,
it would be extremely informative to study the respective parameters in
the newly developed mouse model with combined deficiency of Panx1
and Panx3.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.06.008.
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