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Abstract
Pannexin 3 (PANX3) is a member of the pannexin family of single membrane channel-forming glycoproteins. Originally 
thought to have a limited localization in cartilage, bone, and skin, PANX3 has now been detected in a variety of other tis-
sues including skeletal muscle, mammary glands, the male reproductive tract, the cochlea, blood vessels, small intestines, 
teeth, and the vomeronasal organ. In many cell types of the musculoskeletal system, such as osteoblasts, chondrocytes, and 
odontoblasts, PANX3 has been shown to regulate the balance of proliferation and differentiation. PANX3 can be induced 
during progenitor cell differentiation, functioning at the cell surface as a conduit for ATP and/or in the endoplasmic reticulum 
as a calcium leak channel. Evidence in osteoblasts and monocytes also highlight a role for PANX3 in purinergic signalling 
through its function as an ATP release channel. PANX3 is critical in the development and ageing of bone and cartilage, 
with its levels temporally regulated in other tissues such as skeletal muscle, skin, and the cochlea. In diseases such as osteo-
arthritis and intervertebral disc degeneration, PANX3 can have either protective or detrimental roles depending on if the 
disease is age-related or injury-induced. This review will discuss PANX3 function in tissue growth and regeneration, its 
role in cellular differentiation, and how it becomes dysregulated in disease conditions such as obesity, Duchenne’s muscular 
dystrophy, osteosarcoma, and non-melanoma skin cancer, where most of the findings on PANX3 function can be attributed 
to the characterization of Panx3 KO mouse models.

Keywords  Pannexin · PANX3 · Purinergic signalling · ATP

This article is part of the Topical Collection on The contribution 
of pannexin-1, connexins and CALHM ATP-release channels to 
purinergic signalling
Guest Editor: Charles Kennedy

 *	 Silvia Penuela 
	 spenuela@uwo.ca

1	 Department of Anatomy and Cell Biology, Schulich School 
of Medicine and Dentistry, University of Western Ontario, 
London, ON N6A 5C1, Canada

2	 Department of Oncology, Division of Experimental 
Oncology, Schulich School of Medicine and Dentistry, 
University of Western Ontario, London, ON N6A 5C1, 
Canada

Brooke O’Donnell  graduated with a BMSc (Hons) in Physiology from the University of Western Ontario 
where she transitioned into the PhD program at Western in the Department of Anatomy and Cell Biology 
under the supervision of Dr. Silvia Penuela. Her current research focuses on the function of the channel 
protein Pannexin 3 in skin health and aging as well as its dysregulation in keratinocytic skin cancers. She 
is passionate about the cellular mechanisms of keratinocyte transformation in nonmelanoma skin cancers 
and in improving treatment options for skin cancer patients with advanced disease.

Pannexins

Pannexin 1, 2, and 3 (PANX1, PANX2, PANX3) make up 
the family of integral membrane, channel-forming glycopro-
teins discovered due to their homology to the invertebrate 
gap junction proteins innexins [1]. This review will focus on 
the less extensively studied family member PANX3, cover-
ing its channel function and signalling, tissue distribution 
and roles in development and repair, knockout (KO) mouse 
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models, and dysregulation in disease. PANX3 channels func-
tion to facilitate the passage of signalling molecules such as 
ATP at the cell surface and Ca2+ intracellularly (Fig. 1), con-
tributing to cellular processes such as differentiation [2, 3]. 
Therefore, PANX3 needs to be considered as an additional 
channel that contributes to purinergic signalling [2, 4].

Pannexin 3 overview

The Panx3 gene is located on chromosome 9 in mice [5] and 
11 (11q24.2) in humans [6]. In both species, it consists of 4 
exons and 3 introns [5, 6] and encodes the PANX3 protein that 
has 93% conservation between mouse and human [1, 6–8]. As 
the smallest member of the family, PANX3 has 392 amino 
acids with a molecular weight of ~ 43 kDa and is N-linked 
glycosylated at asparagine residue 71 in the first extracellular 
loop [9]. Both intracellularly and at the cell surface, PANX3 
proteins oligomerize to form large-pore, single-membrane 
channels [2, 3], but PANX3 channel stoichiometry is currently 
unknown. The life cycle of PANX3, including protein traffick-
ing, glycosylation, and other post-translational modifications, 
has been reviewed previously [10–12].

PANX3 tissue distribution

PANX3 is predominantly found in the musculoskeletal 
system [2, 3, 5, 9, 13–19], but through subsequent studies 

its expression pattern has broadened to include the repro-
ductive [20, 21], circulatory [22], digestive [20], and sen-
sory nervous systems [23–25]. Table 1 outlines PANX3 
tissue distribution and cell type localization. Four global 
Panx3 KO mouse models currently exist and much of 
what is known about PANX3 function in development 
and pathologies is attributed to studies using these mice. 
The mouse models, described in Table 2, were developed 
chronologically by our group (Moon, Penuela et al.), Oh 
et al., Ishikawa et al., and Yorgan et al. and use various 
Panx3 ablation tactics [16, 17, 26, 27].

PANX3 immunoreactive species

A 70 kDa immunoreactive form of PANX3 has also been 
reported, originally thought to result from PANX3 dimeri-
zation, glycosylation, or alternative splicing [9, 32, 33]. 
Others have postulated that this species is a glycosylated, 
phosphorylated, and sialylated form of the 43 kDa PANX3 
species [15]. These beliefs arose because the 70 kDa spe-
cies is recognizable by multiple PANX3 antibodies gener-
ated against distinct PANX3 epitopes (PANX3 CT-379, 
IL-169, and EL1-84) and its signal can be ablated with 
peptide preadsorption [9, 33]. However, these polyclonal 
antibodies were generated before the creation of the first 
global Panx3 KO mouse model—the foremost assessment 
of antibody specificity. Western blots using the PANX3 
CT-379 antibody show that the 70 kDa species as well as 
a 50 kDa species are present in both wildtype (WT) and 
Panx3 KO hindlimb lysates, indicating the 50 kDa and 
70 kDa bands most likely result from unspecific antibody 
binding (Fig. 2). These results reflect previous Western 
blots using the same antibody on global Panx1/Panx3 KO 
(dKO) mouse hindlimb and skin, where both immunore-
active species are detectable in dKO and control tissue 
[36]. Additionally, other studies which use either labora-
tory generated or commercially available antibodies from 
Invitrogen or Santa Cruz do not report any 50 kDa or 
70 kDa immunoreactive species [3, 29, 37], highlighting 
the need to develop more specific monoclonal antibod-
ies for PANX3 detection. This review will only focus on 
the 43 kDa PANX3 species. However, it should be noted 
that the results from previous studies using the PANX3 
CT-379, IL-169, and EL1-84 antibodies have also been 
confirmed by other groups using different KO mouse mod-
els and other custom-made and commercially available 
antibodies, so the presence of additional immunoreactive 
species in some tissues does not fundamentally change the 
findings previously reported.

Fig. 1   Schematic of PANX3 localization and channel function. 
PANX3 can oligomerize to form single membrane channels (green 
channel) that have been shown to localize at both the cell surface 
and endoplasmic reticulum in many cell types. Important in cellular 
communication, PANX3 channels allow the passage of metabolites 
such as ATP (pink sphere) into the extracellular space and Ca2+ (blue 
sphere) into the cytoplasm. Created with BioRender.com
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Channel function and purinergic signalling

Membrane depolarization has been demonstrated to open 
PANX3 plasma membrane channels in chondrocytes, oste-
oblasts, and odontoblasts [2, 3, 30]. During chondrocyte 
differentiation, ATP released through cell surface PANX3 
channels reduces intracellular cyclic adenosine monophos-
phate (cAMP) levels and subsequent cAMP response 

element-binding protein (CREB) signalling; ultimately 
inhibiting parathyroid hormone-induced chondrocyte pro-
liferation and promoting differentiation [3]. At the plasma 
membrane of osteoblasts, PANX3 channel opening facili-
tates ATP release which acts on purinergic receptors (P2R) 
in an autocrine and paracrine manner [2], but the specific 
ionotropic or metabotropic receptor involved is yet to be 
determined. P2R activates phosphatidylinositol-3-kinase and 
protein kinase B (Akt), leading to endoplasmic reticulum 

Table 1   PANX3 tissue distribution and cellular localization

Tissue Location/cell types Localization

Blood Vessels [22] Alveoli Peri-nuclear
Juxtaglomerular apparatus Punctate staining throughout
Endothelium of cortical arterioles, first-order pulmo-

nary artery
Endothelium and smooth muscle cells of small coro-

nary arteries (luminal diameter < 100 µM), pulmo-
nary arteries of the distal lung

Male Reproductive Tract [21] Testis, efferent ducts, epididymis
Leydig cells (testis)
Ciliated cells (efferent ducts) Throughout
Non-ciliated cells (efferent ducts) Lateral plasma membrane and basal region
Principal cells (epididymis) Apical membrane

Lactating Mammary Gland [20]
Bone [2, 14, 26, 28] Osteoblasts and osteoprogenitor cells Intracellular, cell surface

Osteocytes
Cartilage [3, 16, 20] Pre-hypertrophic chondrocytes

Hypertrophic chondrocytes Intracellular, cell surface
Intervertebral Discs [18, 19] Annulus Fibrosus

Nucleus Pulposus
Teeth [13, 29–31] Human dental pulp cells

Human odontoblast-like cells Cytosolic, cell surface
Mouse P1 molars (dental mesenchyme) and incisors
Early and late pre-secretory stages of mouse preo-

dontoblasts
Cell surface

Ear [24, 25] Cochlear bone and modiolus of inner ear
Cochlea

Skin [4, 9, 32–34] All layers of the epidermis (keratinocytes) Intracellular
Juvenile thin and thick skin, but not newborn mouse 

dorsal skin; E13.5 dorsal skin
Sebaceous glands, blood vessels, eccrine glands Intracellular
Human dermal fibroblasts

Vomeronasal Organ (VNO) [23] Autonomous sensory nerve, basal and ciliated epithe-
lium of the non-sensory epithelium and cartilaginous 
section of the VNO in juvenile mice

Small Intestine [20] Epithelium
Skeletal Muscle [4, 15, 35] Adult skeletal muscle tissue, absent in human fetal 

tissue
Diffuse staining throughout muscle fibres, striations

Human skeletal muscle satellite cells
Embryonic to adult mouse skeletal muscle, more abun-

dant in fast-twitch than slow-twitch muscles
Punctate structures throughout myofibers and cell 

surface
Rat skeletal muscle
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(ER) PANX3 phosphorylation at Ser68 and channel open-
ing [2], but the specific kinase responsible is not known. 
The subsequent cytoplasmic Ca2+ increase drives calmo-
dulin (CaM) and Smad1/5 signalling, promoting osteogenic 
differentiation [2, 28]. PANX3 activation of Akt signalling 
also promotes p53 degradation, lifting the negative regula-
tion of osteogenic differentiation driven by p53 [2]. Fur-
thermore, osteoprogenitor cell growth is suppressed through 
PANX3-mediated ATP release, which reduces cAMP/CREB 
pathway activity (similar to chondrocytes), induces osterix 
expression and subsequently inhibits Wnt/β-catenin signal-
ling through decreased β-catenin levels and activity [14, 26]. 
Lastly in odontoblasts, ATP released from PANX3 surface 
channels reduces intracellular ATP which triggers adenosine 
monophosphate-activated protein kinase (AMPK) signalling 
to inhibit proliferation, while Ca2+ released from PANX3 ER 
channels stimulates CaM-Smad signalling to induce differ-
entiation concomitantly [30]. In each case, ATP release and 
differentiation could be blocked by an anti-PANX3 antibody 
specific to the first extracellular loop of the protein or the 

Table 2   Global Panx3 knockout (KO) mouse model generation and general properties

Mouse model Background Exon deleted Model generation Viability and fertility

Moon, Penuela
[16]

C57BL/6 N 2 Embryonic stem cells containing a Panx3 target-
ing vector (“Knockout-First” reporter tagged 
insertion promoter-driven cassette; Knock-
Out Mouse Project Repository) were used to 
create Panx3-floxed allele (Panx3fl/fl) mice. 
Panx3fl/fl mice were crossed with C57BL/6 J 
CMV-Cre-deleter mice (Cre under the control 
of the cytomegalovirus minimal promoter). 
Cre recombinase and any C57BL/6 J markers 
were out-bred after multiple crosses to ensure 
the mice were congenic to C57BL/6 N WT 
controls

Reduced litter sizes compared to WT. Het-
erozygous (Panx3±) crosses produced fewer 
KO pups than predicted by Mendelian ratios 
(8% instead of 25%). No difference in weight 
or size, body composition in aged mice, or 
increased mortality with ageing compared 
to WT

Oh [17] C57BL/6 N 2 The same Panx3 targeting vector used by Moon, 
Penuela et al. was used to create Panx3fl/fl 
mice. Panx3fl/fl mice were then crossed with 
EIIa-Cre transgenic mice, where Cre recom-
binase is under the control of the adenovirus 
EIIa promoter

Normal

Ishikawa [26] C57BL/6 1 Panx3 deletion resulted from the insertion of a 
PMK3 Panx3-targeting vector (Invitrogen) into 
W4 embryonic stem cells. The targeting vector 
consisted of a 10-kb EcoR1 genomic frag-
ment containing Panx3 exon 1 from bac clone 
RPCI22-47H21. Once heterozygotes (Panx3±) 
were developed, they were backcrossed for five 
generations to C57BL/6 mice before full KO 
mice were bred

None mentioned other than smaller body size

Yorgan [27] C57BL/6 J 2 Panx3fl/fl mice (Panx3tm1a(KOMP)Wtsi, created using 
the same targeting vector as Moon, Penuela 
et al.) were obtained from the Mouse Biology 
Program (University of California, Davis) and 
mated with CMV-Cre transgenic mice (B6·C-
Tg(CMV-cre)1Cgn/J) to achieve ubiquitous 
Panx3 deletion

Panx3 KO embryos followed Mendelian ratios 
just before birth at embryonic day 19.5, but 
30% of Panx3 KO pups died shortly after 
birth

Fig. 2   Both 50 kDa and 70 kDa immunoreactive species are seen in 
both WT and Panx3 KO mouse tissue when immunoblotting with the 
anti-PANX3 CT-379 polyclonal antibody. Western blots using WT 
and Panx3 KO postnatal day 5 hindlimb protein lysates were probed 
with a 1:1000 dilution of anti-PANX3 CT-379 antibody. The 43 kDa 
PANX3 species is only seen in WT tissue but multiple immunore-
active species at 50  kDa and 70  kDa are seen in hindlimbs of both 
genotypes. Dashes represent empty lanes. WT, wildtype. KO, knock-
out. HEK PANX3, human embryonic kidney cells (HEK-293  T), 
ectopically expressing a mouse PANX3 plasmid. N = 3 per genotype. 
GAPDH, glyceraldehyde 3 phosphate dehydrogenase was used as a 
protein loading control. Protein sizes in kDa
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PANX3 inhibitory peptide (‘I-peptide’) [2, 3, 30]. It should 
be noted that most of the cells and tissues that express 
PANX3 are also known to express PANX1, and therefore, 
any purinergic signalling involved in their function could 
be the effect of endogenous PANX1 present in those cells.

Small molecule and mechanical stimulation 
of PANX3 channels

In addition to membrane depolarization, PANX3 chan-
nels can also be activated by extracellular molecules and 
mechanical stimulation. For instance, challenging myotubes 
with palmitate stimulates PANX3 channel opening and ATP 
release where ATP acts as a monocyte chemoattractant 
in vitro. This process requires the toll-like receptor 4-mye-
loid differentiation factor-88/nuclear factor-κB (NF-κB) 
pathway in myotubes and the P2R family in monocytes [4], 
but the specific receptors involved in the monocyte response 
were not identified and the mechanism behind this process 
is still unknown. This is the only instance of endogenous 
expression systems demonstrating PANX3 channel activa-
tion by stimulant treatment.

In PANX3-overexpressing HaCaTs, transforming growth 
factor beta (TGF-β) and tumour necrosis factor alpha (TNF-
α) stimulation increased ATP release compared to vector 
controls. Additionally, when these cells were treated with 
exogenous ATP, they exhibited increased intracellular Ca2+ 
levels not seen in control HaCaTs. Thus, in keratinocytes, 
PANX3 may act at both the cell surface and ER as a con-
duit for ATP and Ca2+ respectively, upon TGF-β stimula-
tion [37]. Subsequent studies using this system determined 
that p-Akt and unphosphorylated nuclear factor of activated 
T-cells 1 (NFATc1; active form) were increased compared to 
controls. This effect, along with the corresponding increase 
in the keratinocyte differentiation markers Epiprofin (Epfn) 
and Notch1, could be blocked by PANX3 antibody inhibition 
which targets ATP release through surface PANX3 channels. 
Interestingly, disrupting PANX3 Ser68 phosphorylation only 
affected NFATc1 activation and prevented the increase in 
Epfn, but did not change p-Akt levels [38]. Since Ser68 
phosphorylated PANX3 was localized to the ER membrane 
in osteoblasts [28], the authors speculated that NFATc1 acti-
vation must be downstream of ER PANX3 channel function. 
Ultimately, ATP released from cell surface PANX3 channels 
activates Akt signalling, which triggers ER PANX3 chan-
nels, followed by NFATc1 activation, Epfn expression and 
keratinocyte differentiation—a very similar mechanism of 
action to PANX3 in osteoblast differentiation [2, 38].

Both PANX3-expressing rat epidermal keratinocytes 
(REKs) and human embryonic kidney 293 T cells showed 
PANX3 cell surface localization and were capable of sul-
forhodamine B dye uptake after mechanical stimulation, 
implicating PANX3 as a mechanosensitive channel [9, 32]. 

However, overexpression systems may not be representative 
of the endogenous signalling through this channel and may 
force the trafficking of PANX3 to the cell surface more than 
in endogenous conditions.

PANX3 metabolome

Apart from ATP, Ca2+, and experimental dyes [2, 3, 9, 32], 
very little is known about metabolites that can move through 
intracellular and cell surface PANX3 channels. Furthermore, 
despite evidence of plasma membrane channels and ATP 
release, there are currently no reports of electrophysiological 
measurements from endogenous or PANX3 overexpression 
systems. This may be due to the predominantly intracellular 
localization of PANX3 in cells other than chondrocytes and 
osteoblasts, and it is possible that the channel possesses a 
different current signature than PANX1 [39].

Cell proliferation and differentiation

Cartilage

Studies using chondrocyte cell lines have demonstrated that 
PANX3 functions in the transition between proliferative, 
pre-hypertrophic, and terminally differentiated hypertrophic 
chondrocytes [3]. PANX3 was found to be expressed in pre-
hypertrophic chondrocytes and induced during chondrocyte 
differentiation, localizing to the ER and plasma membrane 
[3, 20]. When ectopically expressed, PANX3 increased 
the expression of chondrocyte markers such as aggrecan, 
collagen type X α1 and II α1, and cartilage proteoglycans. 
However, these cells were also subjected to an insulin dif-
ferentiation protocol, indicating PANX3 induction alone is 
not sufficient to initialize chondrocyte differentiation. As 
mentioned, the role of PANX3 in chondrocyte differentia-
tion was attributed to its action as an ATP release channel 
[3]. Interestingly, Panx3 ablation in mice did not disrupt the 
onset of hypertrophic chondrocyte differentiation, but rather 
the normal progression of chondrogenesis which resulted 
in elongated proliferative and pre-hypertrophic zones, with 
thinner and disorganized hypertrophic and terminal chon-
drocyte domains [17, 26].

Conflicting results were seen in a study that utilized 
the chicken embryo model to analyse PANX3 in skeletal 
development. PANX3 overexpression did not affect chon-
drocyte arrangement in the avian growth plate and with a 
3.6-fold knockdown of PANX3 levels, the only differences 
seen were a 20% reduction in forelimb bone volumes and 
slightly smaller ossification centres. There were no differ-
ences in chondrocyte density, proliferation or hypertrophy 
markers, or cartilage histology, suggesting terminal chon-
drocyte differentiation is unaffected by PANX3 knockdown 
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[40]. However, it is difficult to compare in vitro findings 
from cell lines and KO mouse models to avian models using 
knockdown or ectopic expression techniques.

Bone

Like chondrocytes, PANX3 also acts in osteoblast differ-
entiation. Studies using C2C12 and primary calvarial cells 
demonstrated that PANX3 is induced during osteogenic 
differentiation where it acts as both an Akt-sensitive Ca2+ 
leak channel and ATP release channel [2, 14]. Similarly, in 
MC3T3-E1 pre-osteoblast cells subjected to an osteogenic 
differentiation programme, PANX3 levels were increased 
sevenfold compared to baseline [20]. However, since these 
cells were also subjected to a bone morphogenic protein 2 
(BMP2) or β-glycerol phosphate and ascorbate differentia-
tion protocol respectively [2, 20], PANX3 induction alone is 
not sufficient to initialize osteoblast differentiation.

PANX3 plays a similar role in the transition from osteo-
progenitor proliferation to differentiation using multiple sig-
nalling pathways. PANX3 promotes cell cycle arrest at the 
gap 0/gap 1 (G0/G1) phase by inhibiting cell cycle molecules 
involved in the G1 to synthesis phase transition such as cyc-
lin D1 and the retinoblastoma protein [14]. As mentioned, 
cell growth is further suppressed through PANX3-mediated 
ATP release and Wnt/β-catenin inhibition [14, 26], and 
PANX3 stimulation of the Akt pathway activates Smad1/5 
signalling and increases levels of the cell cycle inhibitor p21 
[14]. Interestingly, Ser68 phosphorylation of PANX3 does 
not affect osteoprogenitor proliferation, only differentia-
tion, but disrupting the putative phosphorylation site Ser303 
inhibits both proliferation and differentiation [28]. Together, 
these signalling cascades enable osteoprogenitors to exit the 
cell cycle and differentiate into osteoblasts [14].

PANX3 action in osteoblast differentiation is further 
supported by mesenchymal cell models of osteogenic dif-
ferentiation, but the pathways involved seem to be cell-type 
specific. PANX3 is induced in human dental pulp mesenchy-
mal-derived stromal cells subjected to osteogenic differentia-
tion, and PANX3 overexpression decreased proliferation and 
promoted differentiation, with the opposite effects seen with 
PANX3 knockdown [2, 41]. In this case, PANX3 promotes 
osteogenic differentiation via mitogen-activated protein 
kinase signalling. Wnt/β-catenin signalling was also shown 
to positively regulate PANX3 expression, but the feedback 
effects of PANX3 induction of the Wnt/β-catenin pathway 
does not support the role of PANX3 in osteogenic differen-
tiation, which requires Wnt inhibition. PANX3 induction is 
most likely a direct effect of Wnt signalling since binding 
sites for the Wnt pathway transcription factors T-cell fac-
tor/lymphoid enhancer-binding factor were found within the 
PANX3 promoter [41].

The differentiation of other resident bone cell types may 
also be influenced by PANX3 channel function. One study 
illustrated that Panx3 KO bones have reduced numbers of 
osteoclasts and osteoclast differentiation markers. However, 
based on studies that show that osteoblasts help to regu-
late osteoclast differentiation, and the fact that PANX3 was 
not detected in osteoclasts, it seems the reduced osteoclast 
differentiation is most likely due to the role of PANX3 in 
mediating osteoblast differentiation [26].

Teeth

When a dental mesenchymal cell line was differentiated into 
odontoblasts, PANX3 levels were induced along with p21. 
PANX3 overexpression inhibited cell proliferation, increased 
p21 levels, and triggered an early onset of odontoblast differ-
entiation after BMP2 treatment through its action as an ATP 
and Ca2+ release channel [30]. The opposite effects were 
seen with PANX3 knockdown [30] and this may be reflected 
in the Panx3 KO mouse model where mice have delayed 
tooth eruption and smaller teeth compared to WT mice [31].

Muscle and skin

Ectopic expression of PANX3 in human skeletal muscle 
myoblasts inhibited proliferation and induced myoblast dif-
ferentiation. These findings suggest that in skeletal muscle, 
PANX3 may function to maintain myoblasts in their termi-
nally differentiated, post-mitotic state [15].

In keratinocytes, overexpression of PANX3 in REKs sig-
nificantly reduced cell proliferation compared to controls. 
PANX3 exhibited both a cell surface and an intracellular 
localization in PANX3-expressing REK monolayer culture, 
but when these cells were differentiated into an organotypic 
epidermis their localization pattern changed, with PANX3 
now showing a predominantly cytoplasmic localization. 
Unlike ectopic PANX1 expression in REKs, which caused 
organotypic epidermis disorganization and disrupted keratino-
cyte differentiation, PANX3 overexpression maintained 
proper organotypic epidermis morphology [32]. This suggests 
the presence of PANX3 may be important throughout ageing 
as the epidermis continuously turns over. In contrast, PANX1 
levels are highly expressed in neonatal dorsal skin but become 
downregulated with age and must be decreased to maintain 
epidermal structure [42]. These differences may reflect the 
unique functions of PANX1 and PANX3 in skin tissue.

Using a different approach, Zhang et  al. found that 
PANX3 decreases keratinocyte proliferation and stimu-
lates differentiation. They discovered that Notch1 and Epfn 
were virtually undetectable in neonatal Panx3 KO dorsal 
skin compared to controls. To investigate this further, they 
used a HaCaT PANX3 overexpression system, finding that 
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increased PANX3 levels induced terminal differentiation. 
PANX3 overexpression also decreased cell growth and 
Ki67 levels, with cells arrested in the G0/G1 phase of the 
cell cycle. In this case, the mechanism of PANX3 action 
is similar to osteoblasts, where channel function stimulates 
the Akt/NFAT pathway, ultimately driving Epfn and Notch1 
expression to promote keratinocyte differentiation [38]. 
Future studies should investigate keratinocyte differentiation 
using primary keratinocytes isolated from WT and Panx3 
KO mice to determine the effects of endogenous PANX3 in 
keratinocytes.

Tissue development and ageing

Bone and cartilage

PANX3 has been most extensively studied in the context of 
cartilage and bone development and ageing. During embry-
onic development, PANX3 is present in both murine and 
zebrafish intramembranous and endochondral bone [17, 
20]. More specifically, high levels of PANX3 are localized 
to osteoblasts of maturing membranous bones, in interface 
regions of terminally differentiated chondrocytes and min-
eralized matrix (pre-hypertrophic and hypertrophic zones), 
and the chondrogenic layer of the perichondrium in cartilagi-
nous bones [2, 3, 16, 20, 40]. Ser68 phosphorylated PANX3 
is found in pre-hypertrophic and hypertrophic chondrocytes 
and cells of the perichondrium, periosteum, and bone areas, 
but is highest in the pre-hypertrophic zone. This indicates 
that phosphorylated PANX3 is induced at this transitional 
stage of bone development, where it is higher in early stages 
but decreases with bone maturation [28]. Furthermore, in a 
chicken embryo model, Panx3 mRNA was detected in car-
tilage condensations and the growth plate, specifically in the 
pre-hypertrophic zone and perichondrium. However, much 
higher levels were found in nascent trabecular bone, suggest-
ing PANX3 may function more in osteogenesis rather than 
cartilage formation in this model [40].

In developing bone and cartilage, PANX3 expres-
sion is induced in part by runt-related transcription fac-
tor 2 (RUNX2). In silico analysis of the PANX3 promoter 
revealed conserved binding sites for RUNX2 and other bone 
development-associated transcription factors such as BarH-
like homeobox 2, vitamin D receptor/retinoid-X receptor 
heterodimer, and msh homeobox 1/2. RUNX2 binds directly 
to the functional enhancer element in the PANX3 promoter, 
but other cofactors are likely involved. Interestingly, many of 
the aforementioned transcription factors are also upregulated 
in hypertrophic chondrocytes to promote mineralization 
during endochondral ossification [20]. Based on multiple 
studies, it is likely that in bone, BMP2 upregulates RUNX2 
expression which then induces PANX3 [2, 14].

Despite complementary evidence of PANX3 function 
in osteoblasts and osteoprogenitor cells in vitro, there are 
some inconsistencies regarding the role of PANX3 in bone 
in vivo. Investigations into the effects of PANX3 on bone 
development were conducted using knockdown or knockout 
animal models, often with conflicting findings (outlined in 
Table 3). Generally, some global KO mouse models show 
much more severe phenotypes with impacts lasting into 
adulthood, whereas others see more mild phenotypes in 
young mice that are lost with age. Despite these inconsist-
encies, all models point to a clear role for PANX3 in bone, 
and the phenotypic differences seen between each global 
Panx3 KO model may be attributed to diverse background 
mouse strains or Cre recombination events. Additionally, 
sex differences could account for some discrepancies since 
earlier studies were conducted using predominantly male 
mice, but the later study by Yorgan et al. used only female 
mice [16, 17, 26, 27].

Other tissues

PANX3 levels are developmentally and temporally regu-
lated in multiple tissues. Within skeletal muscle, PANX3 
is absent in human fetal tissue, but present in adult skeletal 
muscle [15]. In the skin, PANX3 is detectable in all epider-
mal layers of both thin and thick skin of 3-week-old mice 
and in the dorsal skin of embryonic day 13.5 mice, but not 
in newborn skin [32]. However, the regulation of PANX3 
levels in skeletal muscle and skin throughout ageing remains 
unknown. In the cochlea, PANX3 is present in postnatal day 
1 (P1) mice, its levels peak at P8 and then decrease at P16 
and P60-P90 [24]. In intervertebral discs (IVD), high Panx3 
transcript levels in 2-month-old mice become significantly 
decreased in mice 6–24 months of age [18]. Lastly, PANX3 
levels in joints are also differentially regulated throughout 
ageing. At 3 months of age, PANX3 is present throughout 
all osteochondral and soft tissue, but is mostly seen in the 
meniscus and soft tissues and minimally in the articular car-
tilage of the joint by 12 months. However, by 18–24 months, 
PANX3 was observed again in joint articular cartilage and 
age-induced cartilage erosions [44].

Tissue regeneration

Bone remodelling and regeneration

Despite earlier beliefs that PANX3 may function in bone 
remodelling [43] due to its expression in bone-forming 
osteoblasts and osteocytes, Yorgan et al. determined that 
PANX3 is nonessential for postnatal bone remodelling regu-
lation using both global and osteoblast-specific Panx3 KO 
mouse models [27].
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In bone regeneration, one study used human dental pulp 
mesenchymal-derived stromal cells (hDPSCs), shown to dif-
ferentiate into osteoblasts, to explore PANX3 in bone repair 
in vivo using a rat calvarial critical sized defect model. 
When control or ectopically expressing PANX3 hDPSCs 
on a β-tricalcium phosphate scaffold were inserted into the 
bone defects, PANX3 overexpression enhanced bone forma-
tion, with greater newly formed bone area and an increased 
number of osteocalcin positive cells [41]. Although only 
a small increase in bone formation was observed over an 
8-week timeframe, these early results show promise for 

PANX3 application in situations where bone repair or regen-
eration is critical such as in fracture injuries or diseases like 
osteoporosis.

Wound healing

The use of punch wound biopsies in a global Panx3 KO 
mouse model [26] demonstrated that, similar to global Panx1 
KO mice, global Panx3 KO mice exhibit delayed wound 
healing with compromised re-epithelialization, decreased 
inflammatory response, and reduced collagen remodelling 

Table 3   Bone phenotypes of Panx3 KO or knockdown mouse, zebrafish and avian models

Model Age Bone phenotypes

Global Panx3 KO Mouse Moon, Penuela [16, 43] Neonatal No growth plate abnormalities, deficits in bone mineral 
density or differences in the axial skeleton

Young Adult Shorter long bone diaphyses due to differences in allometric 
growth, but larger areas of muscle attachment and meta-
physes/epiphyses in femora and humeri

Femora and humeri are thicker and more robust, indicat-
ing they may have increased resistance to torsional and 
compressive forces

Aged Increased subchondral bone thickness in the medial com-
partment of knees and an altered subchondral collagen 
network with thicker collagen fibres

Shortened appendicular skeleton
Panx3fl/fl:Col2cre Mouse (Cartilage-specific) [16] No skeletal development or growth defects
Global Panx3 KO Mouse and panx3 knockdown zebrafish
Oh [17]

Newborn Bone abnormalities such as atypical curvatures, shortened 
long bone lengths, delayed ossification and lower levels 
of mineralization in early stages of bone development via 
intramembranous and endochondral ossification

Young Adult 5–10% shorter bone lengths
Global Panx3 KO Mouse Ishikawa [26] Newborn Reduced bone density, shorter appendicular and axial bones 

and smaller skull bones with mineralization defects in the 
cranial vaults

Ossification delays and altered mineralization were 
attributed to the role of PANX3 in the onset and normal 
progression of osteogenesis

Delayed development of secondary ossification centres, 
indicating a reduction in vascular invasion

Reduced osteocyte markers
Global Panx3 KO Mouse Yorgan [27] Newborn Reduced long bone length and severe, but nonlethal, skeletal 

deformities
Adolescent and Adult No differences in bone mineral density, trabecular bone 

mass, nor any structural skeletal abnormalities apart from 
a moderately reduced femur length, suggesting that despite 
delays in the onset of KO mouse mineralization, subse-
quent mineralization processes are unaffected

No differences in osteoblast, osteocyte or osteoclast numbers
Panx3fl/fl:Runx2cre Mouse (Osteoblast-Specific) [27] Adult No trabecular abnormalities and normal bone formation 

rates
Slightly decreased femoral cortical thickness

Avian Model [41] Embryonic No major skeletal phenotypic defects or differences in 
any bone differentiation markers to control animals with 
PANX3 overexpression or knockdown

Reduced long bone volumes and slightly smaller ossification 
centres with PANX3 knockdown
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abilities compared to controls [37]. In contrast, another study 
using primary human dermal fibroblasts to investigate the 
wound healing process in vitro showed that short interfering 
RNA (siRNA) knockdown of PANX3 increased the fibro-
blasts’ migratory index, which was maintained until wound 
closure [34]. However, scratch wound assays are only a 2D 
representation of wounding and is likely not representative 
of PANX3 action during wound healing in vivo.

With regard to skeletal muscle regeneration, in vivo test-
ing using mice subjected to cardiotoxin-induced muscle 
degeneration illustrated that PANX3 levels were reduced 
2 days post-injury, but expression steadily increased towards 
control levels as muscle regeneration occurred. This sug-
gests that PANX3 functions in the muscle regeneration pro-
cess, potentially as satellite cells differentiate to help repair 
the damaged skeletal muscle [35].

Inflammation

PANX3-driven ATP release from myotubes treated with the 
proinflammatory, saturated fatty acid palmitate, but not the 
unsaturated fatty acid palmitoleic acid, was found to be a 
chemoattractant for monocytes. Although other channel pro-
teins are expressed in muscle cells, only Panx3 transcripts 
were induced by palmitate treatment where the increased 
expression was prevented with NF-κB inhibition. Addition-
ally, only siRNA knockdown of PANX3 reduced palmitate-
induced ATP release and monocyte migration [4].

Contrastingly, PANX3 levels were found to be reduced 
in both human and rat pulpitis tissues compared to nor-
mal dental pulp, and treatment of human dental pulp cells 
with the proinflammatory TNF-α led to a dose-dependent 
decrease in PANX3. Concomitantly, NF-κB counteracts the 
TNF-α mediated reduction of PANX3, where this induc-
tion most likely occurs through a transcriptional mecha-
nism since three putative NK-κB binding sites were found 
in the PANX3 promoter. Short hairpin RNA knockdown of 
PANX3 increased interleukin 6 (IL-6) and IL-1β inflamma-
tory cytokines and the phosphorylation, nuclear localization, 
and activity of NF-κB in human dental pulp cells stimulated 
with TNF-α [29]. Therefore, PANX3 may play more of a 
protective, anti-inflammatory role in dental pulp, unlike in 
myotubes.

Pannexin3 in disease

Obesity

Using a large cohort of male and female mice with varying 
tumour-susceptibility and body mass index (BMI), Panx3 

was shown to be genetically linked to BMI and tumorigen-
esis. A strong correlation was also found between (mRNA) 
Panx3 and lipid metabolism genes involved in long-chain 
fatty acid transport and lipid storage via network analysis of 
both male and female murine tails. However, Panx3 mRNA 
levels only correlated with BMI in males, not females, 
which was the first account of PANX3 sex differences 
[45]. Interestingly, three nonsynonymous single nucleotide 
polymorphisms in Panx3 were present in the parental Mus 
spretus and Mus musculus strains, and although none were 
predicted to functionally impact the protein, they were close 
to or at the site of predicted phosphorylation [45]. Since 
Ser68 phosphorylation of PANX3 contributes to osteoblast 
differentiation [28], it is possible that PANX3 phosphoryla-
tion at other candidate sites could function in adipocyte dif-
ferentiation and/or fat storage and be partly responsible for 
the difference in the BMI phenotypes of each mouse strain. 
Further investigation into fat accumulation and inflamma-
tion associated with obesity are warranted to confirm these 
assertions.

Osteoarthritis

PANX3 has been implicated in both primary and secondary 
osteoarthritis (OA). Previously, a study looking at surgically 
induced OA in rats showed that (mRNA) Panx3 is mark-
edly increased in osteoarthritic cartilage compared to sham 
surgery controls [46]. Our group followed up on this using 
global and chondrocyte-specific Panx3 KO mouse models 
to study the role of PANX3 in post-traumatic secondary 
OA. We found that destabilization of the medial meniscus 
in 20-week-old WT mice resulted in both matrix metallopro-
tease 13 (MMP13) and PANX3 upregulation in areas of car-
tilage degeneration not seen in the healthy cartilage of sham 
surgery controls. PANX3 was also upregulated in human 
osteoarthritic cartilage in comparison to non-weightbearing 
control knee regions [16]. Both global and chondrocyte-spe-
cific Panx3 KO mice were resistant to surgically-induced OA 
compared to controls, showing mostly healthy joints with 
minimal proteoglycan loss and cartilage degeneration and 
indicating a potential catabolic role of PANX3 in articular 
cartilage [16, 43]. Interestingly, in our more recent study, 
Panx3 deletion was shown to have an opposite, more detri-
mental effect in primary OA during ageing. In this case, we 
discovered that aged (18–24 months old) Panx3 KO knees 
had full thickness articular cartilage erosion, with increased 
osteophyte size, prevalence of low-grade synovitis, and 
MMP13 staining along the cartilage lesions, whereas WT 
knees showed minimal cartilage degeneration, low-grade 
synovitis, and paracellular MMP13 [44]. Therefore, a lack of 
Panx3 accelerates OA progression in ageing, but has a chon-
droprotective effect in post-traumatic OA in young mice, 
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outlining the diverse molecular mechanisms contributing to 
the pathobiology of primary and secondary OA development 
[16, 44]. Unfortunately, all studies were completed using 
male mice, despite evidence that women are at a higher 
risk to develop OA and experience relatively more severe 
arthritis of the knee [47]. Future studies investigating both 
male and female mice are warranted to further investigate 
the context-dependent, mechanistic action of PANX3 in OA 
onset and progression, and assess the potential therapeutic 
benefit of PANX3 in this disease.

Intervertebral disc degeneration

Similar to the context-dependent action of PANX3 in OA 
[16, 44], PANX3 seems to vary in age-related and injury-
induced IVD degeneration. With normal ageing of mice, 
Panx3 ablation did not alter age-associated IVD degenera-
tion as evidenced by similar histopathological scoring and 
features of WT and Panx3 KO lumbar IVDs, as well as 
the lack of differences in chondrocyte hypertrophy and the 
extracellular matrix. The only notable difference between 
the lumbar IVDs of 19-month-old WT and Panx3 KO mice 
was the abundance and localization of type X collagen, 
where levels were decreased and localized to the outer annu-
lus fibrosus (AF) in the KO. Contrarily, in an injury-induced 
IVD degeneration model, PANX3 seems to play more of 
a detrimental role, evidenced by increased AF structural 
integrity, decreased hypertrophic cells, and average lamellar 
thickness of the AF in Panx3 KO mice [18]. However, the 
authors noted that in Panx3 KO mice, uninjured IVDs adja-
cent to the needle puncture site had evidence of accelerated 
nucleus pulposus degeneration, even though adjacent IVDs 
in WT mice were completely healthy. This suggests that the 
mechanosensitive PANX3 channels may be involved in the 
homeostatic mechanism to adapt to the altered biomechan-
ics of adjacent healthy joints.

Duchenne’s muscular dystrophy

Since a potential role for PANX3 was discovered in mus-
cle regeneration, PANX3 was investigated in the context of 
Duchenne’s muscular dystrophy where this process is dis-
rupted. In this study, both mild (dystrophin-deficient) and 
severe (dystrophin/utrophin double KO) Duchenne’s muscu-
lar dystrophy mouse models were used. PANX3 levels were 
significantly reduced in all dystrophic muscles investigated, 
apart from the soleus in dystrophin-deficient mice, showing 
that PANX3 levels are dysregulated in muscular dystrophy 
[35]. However, it remains to be determined whether PANX3 
dysregulation is a driver of muscle wasting or is just a result 
of the exacerbated degeneration-regeneration cycles and 
disease progression.

Non‑melanoma skin cancer

An early study analysing a small cohort of basal cell carci-
noma (BCC) and squamous cell carcinoma (SCC) patient-
derived tumours by immunofluorescence indicated that 
PANX3 was reduced in each tumour core compared to nor-
mal human epidermis. Additionally, PANX3 levels in the 
BCC periphery were similar to those found in the normal 
epidermis [33]. However, more investigation is required to 
confirm these early findings.

In the previously mentioned study, which uncovered 
Panx3 as the genetic link between BMI and tumorigenesis, a 
7,12-dimethylbenz(a)anthracene/12-Otetradecanoylphorbol-
13-acetate cutaneous carcinoma model was used to inves-
tigate PANX3 in cancer progression [45]. In this model, 
Panx3 mRNA levels were markedly reduced in papillomas 
and carcinomas compared to normal tail tissue [45], sim-
ilar to human BCC and SCC samples [33]. However, the 
study showed contradicting evidence where (mRNA) Panx3 
expression in pre-treated mouse tail skin was positively asso-
ciated with tumour risk, more specifically with both early- 
(papilloma) and late-stage (carcinoma) tumour development, 
which the authors attributed to the influence of PANX3 on 
tumour susceptibility rather than tumour maintenance [45]. 
In both analyses, untreated dorsal skin should have been used 
as the control tissue instead of tail skin, since dorsal and tail 
skin have inherent differences in gene expression networks 
which contribute to varying skin tumour susceptibility [48].

Osteosarcoma

In a published case report, a 68-year-old man had an acute 
enlargement of a nodule in his left axilla excised and ana-
lysed for diagnosis. The initial biopsy analysis identified the 
tumour as a high-grade osteosarcoma with 96% certainty, 
but later reclassified it as a rare case of primary cutaneous 
sweat gland carcinoma with osteosarcomatous transforma-
tion. Interestingly, Panx3 mRNA was shown to be very 
highly expressed in the tumour and, based on the molecular 
analysis algorithm used in the study, was strongly predictive 
of osteosarcoma when highly expressed [49]. Furthermore, 
multiple studies using cell lines and patient tumours illus-
trated that (mRNA) Panx3 is markedly increased in osteo-
sarcoma patient tumours and cell lines compared to control 
tissue and osteoblast cell lines [50, 51]. In the same tumour 
samples, microRNA 431-5p (miR 431-5p) was downregu-
lated in osteosarcoma tumours compared to adjacent tissue. 
Further analysis demonstrated the tumour-suppressive role 
of miR 431-5p which is partially enacted through the direct 
targeting and downregulation of (mRNA) Panx3 [51]. With 
the outcome of osteosarcoma metastasis patients remaining 
poor and better treatment options needed, PANX3 targeted 
therapies should be explored.
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Conclusions and future perspectives

Despite PANX1 being the primary focus of the pannexin 
field, recent interest in PANX3 in the development and 
pathologies of the musculoskeletal system and other tissues 
has propelled PANX3 research to gain traction, especially 
with its ability to compensate for the absence of PANX1 in 
the vomeronasal organ, skin, and vasculature [22, 23, 42]. 
Most PANX3 studies focus on its role in bone, teeth, and 
cartilage, but others such as skin, adipose, and vasculature 
are emerging as tissues of interest. However, it is evident 
from this review that there are still many unanswered ques-
tions regarding PANX3 function in tissue homeostasis and 
its dysregulation in disease.

The extent of the PANX3 interactome includes only 
PANX1, resulting in pannexin intermixing, but does PANX3 
interact with any other proteins? Is the interaction direct, or 
part of a complex? More specifically, with the findings of 
the involvement of PANX3 in purinergic signalling in oste-
oblasts [2] and monocytes [4], does PANX3 interact with 
any purinergic receptors similar to PANX1 in the inflam-
masome [52–56]? The current understanding of PANX3 
in reproduction is also very limited. Thus far, PANX3 has 
only been detected in lactating mammary glands and the 
male reproductive tract, but why are global Panx3 KO mice 
litters smaller than controls, with pups dying shortly after 
birth? This phenotype is also seen in dKO litters, suggesting 
a dominant effect of Panx3 ablation since no fertility issues 
are seen in global Panx1 KO mice [36, 57].

Given its role in chondrocyte [3] and osteoblast [2, 14] 
differentiation, further investigation into the therapeu-
tic potential of PANX3 in bone and cartilage associated 
pathologies such as osteosarcoma, osteoarthritis, osteopo-
rosis, and arthritis is warranted. There are also no reports 
of disease-causing germline PANX3 mutations in humans, 
which could give insights into the mechanism of action 
of PANX3 channel function and signalling. Moreover, 
future investigations into PANX3 in cell specialization 
will determine if its role in differentiation is broad or cell-
type specific. Lastly, most PANX3 findings have resulted 
from studying global Panx3 KO mouse models, which 
come with the caveat of compensation and contradic-
tory evidence depending on the model used. In the future, 
cell-type specific, conditional Panx3 KO mouse models 
should be used to identify PANX3 action more distinctly 
in healthy tissue and disease. In conclusion, despite a surge 
in efforts to understand the biology of PANX3 within the 
mammalian context and its role in communication, in part 
through purinergic signalling, much about PANX3 is still 
unknown, offering the possibility of many future studies 
within this field.
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