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Abstract 

 

Title: Connexins as Active Regulators of Signal Transduction in Bone 

Megan Carmell Moorer, Doctor of Philosophy 2018 

Dissertation Directed by: Joseph P. Stains, PhD., Associate Professor, Department of 

Orthopedics 

 

 Intercellular communication by gap junctions plays an important role in achieving 

peak bone mass and determining bone quality. Deletion of the gap junction protein 

connexin43 (Cx43) in mice impairs bone quality (osteopenia), and results in a cortical 

structure resembling aging and disuse. Although it is clear that Cx43 plays a role in 

osteoblast function and bone mineralization, the molecular mechanism underlying the 

specific roles of Cx43 are not well defined. Contrastingly, osteoblasts also express 

connexin45 (Cx45) and its role in osteoblasts has not been extensively studied and 

nothing is known about its role in skeletal tissue in vivo. Cx43 and Cx45 form gap 

junctions with different molecular permeability, or pore sizes (<1kD <0.3kD) and seem 

to have opposing functions in bone biology. While gap junctions are generally thought of 

as passive conduits for small molecules to be shared between cells, growing evidence 

indicates that connexins actively contribute to downstream signaling. Modulation of 

Cx43 expression impacts PKCδ, ERK1/2 and β-catenin signaling pathways in vitro, 

which influence osteoblast gene expression and function. The regulation of signal 

transduction downstream of intercellular communication may involve assembly of a 

specific subset of effectors to the gap junction. The work presented 



in this thesis examines the influence of the C-terminus (CT) of connexins on osteoblast 

signaling and function through physical interactions with effectors like β-catenin, 

ERK(1/2), CREB, and PKCδ, both in vivo and in vitro. The central hypothesis of this 

work is that in addition to having distinct molecular permeability, each connexin can 

assemble a unique “interactome” of locally recruited signaling machinery that can affect 

downstream signaling from the gap junction and ultimately, bone cell function. We 

characterized the skeletal phenotype of a Cx43 truncation mouse model. The absence of 

the Cx43 CT in mice resulted in an osteopenic skeletal phenotype analogous to osteoblast 

conditional deletion of the entire Cx43 gene including cortical thinning and increased 

cross-sectional area, defective signaling, reduced gene expression, and altered collagen 

processing. These data imply that Cx43-containing gap junctions not only exchange 

signals, but also recruit signaling machinery to the Cx43 CT domain to optimally affect 

cell signaling, cell function, and bone acquisition. We also determined the requirement 

for both pore permeability (pore function) and signal effector protein recruitment (tail 

function) to Cx43 and Cx45 in osteoblast signaling and function using chimeric 

constructs composed of portions of Cx43 and Cx45. By luciferase reporter assays, 

western blot analysis, and qPCR, we found that, in general, both the Cx43 pore and Cx43 

tail are required for optimal osteoblast signaling and gene expression, as Cx45 

overexpression was ineffective or inhibitory in all aspects, while Cx43 overexpression 

stimulated signaling and gene expression. The chimeras largely mimicked Cx45 or had 

an intermediate effect. We also further defined the interactomes of Cx43 and Cx45 to 

determine their requirement for affecting osteoblast function. Through co-

immunoprecipitation, our data shows binding of ERK(1/2), CAMKII, and β-catenin to 



Cx43 but not to Cx45, which is consistent with the idea of differential interactomes. In 

total, these data imply that each connexin can differentially regulate downstream 

signaling and gene expression from the gap junction by local recruitment of different 

signaling effector molecules to each connexin’s CT in order to affect bone cell function 

and bone modeling and remodeling.  
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Chapter 1: Connexin43 and the Intercellular Signaling Network Regulating Skeletal 

Remodeling. 1 

 

1. Basic Bone Biology 

 

The skeletal system is an evolutionary adaptation becoming the distinguishable 

difference between vertebrates and invertebrates. The skeleton of an organism is 

composed of a mineralized biological composite material, consisting of mostly cartilage 

and bone. Most would think of bones as just playing a protective and structural role, but 

bones have many other physiological roles. They serve as leverage for movement, a niche 

for hematopoiesis, along with regulating glucose and circulating phosphate and calcium 

levels. Like most organs, bone is a biologically active tissue that is constantly formed and 

remodeled to help maintain structural integrity. Furthermore, mechanical strain, 

hormones and growth factors dynamically regulate bone turnover. Through this process 

of tissue remodeling, the human skeleton is effectively “replaced” every ten years on 

average.  

Bone can take many shapes, in order to accommodate specific anatomic functions. 

There are several types of bone: long, flat, short, irregular, and sesamoid. Long bones 

such as the femur, tibia, and humerus are located in the arms and legs and are cylindrical, 

with a hollow shaft and mineralized outer shell. The shaft is called the diaphysis and the 

ends of long bones are termed the epiphyses of the bone. Short bones, such as the wrist 

and ankle bones, have a cube-shape. Flat bones such as the skull bones are thinner but 

have many surfaces of muscle attachments. Sesamoid bones are unique in that only form 

                                                 
1 Moorer MC, Stains JP. Connexin43 and the intercellular signaling network regulating 

skeletal remodeling. Current osteoporosis reports. 2017;15(1):24-31. 

doi:10.1007/s11914-017-0345-4. 
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in locations where there are fair amounts of tension and stress, such as the patella. 

Irregular bones are bone that cannot be classified as long, short or flat bones. Examples 

of irregular bones are the hyoid bone, the pelvis, and vertebrae surrounding the spinal 

cord. They serve a protective function, and their shape represents the need for skeletal 

tissue to morph into appropriate shapes to protect and maintain internal structural 

integrity within the organism.  

Developmentally, bone is formed through two mechanisms: endochondral 

ossification and intramembranous ossification. In endochondral ossification, bone is 

formed by osteochondral progenitors differentiating into chondrocytes, forming the 

template (or anlage) for future bone formation. These chondorcytes also eventually 

contribute to the growth plates of long bones, permitting longitudinal growth. 

Endochondral ossification occurs in long bones and most other bones within the human 

body. During embryogenesis, a bone collar is formed around the cartilaginous model. A 

primary ossification center becomes apparent at the shaft or middle of long bones as 

blood vessels move into the developing tissue. At birth, a secondary ossification center is 

formed at the two ends, or epiphyses of long bones. Appositional growth occurs, allowing 

diameter increases of the cortical shell in bone, as well as growth in length of long bones 

from the growth plate. Endochondral ossification also occurs after a skeletal fracture. 

Intramembranous ossification is more direct, where the osteochondral progenitors 

aggregate and directly differentiate into osteoblasts, without a cartilaginous intermediate, 

to form skeletal tissue. Mesenchymal stem cells form a cluster and change 

morphologically, becoming osteoprogenitor cells. Intramembranous ossification occurs in 

the bones of the skull and jaw as well as the clavicle. 
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Long bones are the primary focus of this project. Most long bones are composed of 

two types: cortical and trabecular bone. Cortical bone is the outer shell of long bones. It is 

dense, compact and, and more involved in the protective and structural functions. 

Trabecular bone is found in the marrow cavity, is more porous than cortical bone, and is 

involved in the metabolic function and hematopoietic support. Bone tissue is composed 

of two main components: organic content and mineral content. The organic content of 

bone consists of extracellular matrix, named osteoid in this context, and cellular content. 

Osteoid is mostly made up of Type I Collagen, which is a triple helix of 2 alpha-1 chains 

and 1 alpha-2 chain. The mineral content, composed of hydroxyapatite crystals and other 

crystalline salts, forms on the osteoid matrix, like rebar and concrete, giving bone great 

compressive, tensile and torsional strength.  

Bone is composed of mainly four cell types: osteoblasts, osteocytes, osteoclasts, and 

bone lining cells. Osteoblasts form new bone by depositing collagen rich osteoid that will 

eventually nucleate the hydroxyapatite crystals. When osteoblasts become embedded in 

the calcified matrix, they become osteocytes and are the most abundant cell type in bone 

tissue. Osteocytes play an integral role in regulating bone turnover, allowing signaling to 

osteoblasts and osteoclasts for either bone formation or resorption. Bone lining cells are 

considered quiescent cells and may serve as a source of osteoblast progenitor cells.  

Osteoclasts are macrophage like cells with multiple nuclei that dissolve and break down 

bone by secreting acids and proteolytic enzymes to dissolve and degrade the calcified 

matrix and organic osteoid, respectively [1]. A balance of bone formation and resorption 

contributes to bone quality. Therefore, a defect in this balance may lead to disease, such 

as osteoporosis.  
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2. Bone is a tissue requiring exquisite intercellular coordination 

Bone is a dynamically regulated tissue involving cross-talk between cells to 

coordinate tissue formation, remodeling, and repair. As such, the cells of bone form an 

extensive interconnected network. Bone embedded osteocytes link up with each other and 

with surface osteoblasts and osteoprogenitors via long dendritic processes that pass 

through the bone canalicular system. These osteocytes orchestrate the tightly controlled 

process of bone remodeling by directing the differentiation and activity of surface 

osteoblasts and osteoclasts to synthesize, resorb, and repair skeletal tissue (2–4). In the 

absence of tight coordination of this network of cells, bone quality can be diminished, 

leading to skeletal fragility.  Osteocytes are permanent cells in bone, surviving for 

decades encased in bone, while osteoblasts and osteoclasts are transient, only becoming 

active on demand from cues such as growth factors, and hormones and mechanical load.     

So, an important question in the field is how do these osteocytes, which are encased in 

bone and distally removed from the bone surface, influence the surface osteoblasts and 

osteoclasts? One proposed mechanism is that osteocytes influence bone turnover through 

direct intercellular communication with cells on the surface of bone through gap 

junctions.  

 

3. Osteogenesis 

Osteogenesis has five major steps starting with mesenchymal stem cells and ending 

with a mature osteocyte (Figure 1.1). Once a mesenchymal stem cell expresses the 

transcription factor, Runx2, it becomes a pre-osteoblast/osteochondral progenitor. 
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Runx2 is a master regulator of osteogenesis. Deletion of Runx2 in mice leads to mice 

born with no bones and an absence of osteoblasts (5). Mutations of a single allele of 

Runx2 cause a disease called CCD, or cleidocranial dysplasia in humans, and is 

characterized by an under mineralized skeleton among other skeletal defects.  Markers 

for pre-osteoblast/osteochondral progenitors are low levels of alkaline phosphatase and  

Type I Collagen, and fibronectin expression. The cell will become differentiated into a 

matrix depositing osteoblast once the transcription factor, osterix, is expressed and the 

cell becomes more cuboidal. Osterix deficiency also results in mice born without a 

mineralized skeleton and no osteoblasts, and mutations in osterix lead to a form on 

osteogenesis imperfecta, or brittle bone disease, in humans (6). Markers for matrix 

depositing osteoblasts are osterix expression and high levels of Type I collagen and 

alkaline phosphatase. The next stage is a mineralizing osteoblast which express 

markers like bone sialoprotein (BSP), osteocalcin (OCN), alkaline phosphatase (ALP) 

and osterix (OSX). These cells are associated with the production of an ossified 

extracellular matrix. The last stage is a mature osteocyte, which is encased in bone with 

long dendritic processes that extend through bone by canalicular networks. These 

dendritic processes interconnect osteocytes with each other and with osteoblasts and 

osteoclasts on the surface of bone, forming an interconnected cell network. Lineage 

markers for osteocytes include osteocalcin (OCN), dentin matrix protein 1(DMP1), 

RANKL, FGF23, and sclerostin (SOST). Disruption of osteogenesis leads to 

malformation and diseases such as osteoporosis, rickets, osteogenesis imperfecta, and 

oculodentodigital dysplasia [1,7]. 
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4. Gap junctions: conduits on the information superhighway 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Osteoblastogenesis: the process of osteoblast differentiation. 
Osteoblasts are derived from mesenchymal stem cells.  
Runx2 is a transcription factor that commits a cell to become a bone cell. Osterix is 
a transcription factor that allows further differentiation of the cell, causing 
osteoblasts to make and deposit extracellular matrix. Without these two transcription 
factors, mineralized bone will not form. As cell progress through the lineage, the 
cells express certain proteins, such as Type 1 collagen, Alkaline Phosphatase and 
osteocalcin, which are used as markers for each stage. A terminally differentiated 
osteoblast becomes an osteocyte.  
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One method bone cells coordinate their actions is by intercellular communication 

through gap junctions. Gap junctions form aqueous channels that allow the direct 

exchange of small ions, molecules, and second messengers between cells. This allows 

for efficient intercellular communication and functional coordination through an 

interconnected cellular network. A useful analogy is to think of the gap junction-

coupled cellular network as a telecommunications network, with gap junctions being 

the point of data exchange between components that allow efficient communication, 

comparable perhaps to the modem/router (Figure 1.2A). 

To extend this analogy in bone, the osteocytic cell processes are comparable to the 

cables and wires connecting the different cells of the bone communication network 

(Figure 1.2A). At the intersection of two osteocyte cell processes or where osteocytes 

and osteoblast lineage cells touch, gap junctions form and facilitate direct cell-to-cell 

communication (Figure 1.2B). The osteocyte itself would be comparable to the server, 

sending out information to the workstations (e.g., osteoblasts and their progenitors) on 

the bone surface. As such, the gap junction plays important roles in permitting, regulating 

and responding to the shared data in the form of small molecules, ions, and second 

messengers.  

It is becoming increasingly accepted that gap junctions regulate the data they permit to be 

communicated and acted on in numerous ways, including the monomeric composition of 

the gap junction channel, the relative abundance of the connexins, and the local 

recruitment of signaling machinery to the gap junction plaque. Gap junctions form from 

the assembly of connexin monomers (Figure 1.3). Each connexin has four trans-
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membrane domains, 2 extracellular loops, and intracellular N and C terminal domains. 

Connexin protein hexamers in the plasma membrane form a hemi-channel, also called a 

connexon. When a hemichannel in one cell aligns with a hemichannel in a neighboring 

cell, a gap junction pore is formed, creating an aqueous channel between the cytoplasm of 

the coupled cells. These gap junctions aggregate into larger gap junction plaques, 

composed of hundreds to thousands of gap junction channels (8,9).  

Humans have 21 genes encoding connexin proteins, and the specific connexin 

composition of a gap junction influences the size and charge selective permeability as 

well as the open/closed state probability of the channel (9,10). Further, most tissues, 

including bone, express multiple connexins and these can interact to form both hexameric 

(e.g., mixed channels of connexin43 and connexin45) and heterotypic gap junctions (e.g., 

a connexin43 containing hemichannel docked to a connexin45 hemichannel (11). Thus, 

there is great plasticity in the molecules that can be exchanged by gap junctions. Another 

way that gap junctions can regulate intercellular communication is by regulating the 

relative abundance of connexins in a plaque, effectively tuning the bandwidth of the 

communication network with increasing gap junctions enhancing the efficiency of 

communication (12). 

Furthermore, emerging data support a model in which gap junctions not only serve as 

passive conduits for the intercellular exchange of small molecules, but gap junction also 

assemble large complexes of signaling machinery. These signaling complexes not only 

regulate the open/closed state probability of the channel (affecting bandwidth), but may 

also serve as a docking scaffold for recruiting effectors of downstream signaling (13–15). 
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As with any effective communication, there must be a process to receive the 

communicated information. This pre-assembled complex of signaling machinery at the  

 

 

 

 

 

Figure 1.2. A. Left, image of IT network cables. Right, back-scatter scanning 

electron micrograph of an acid-etched resin embedded murine femoral cortical 

bone sample showing a resin-filled osteocyte lacunae and the many resin filled 

osteocyte canaliculi (Image provided by Lynda Bonewald, IUPUI). We propose 

the basic analogy of the osteocyte-osteoblast network to a telecommunication/IT 

network. B. Model of the interconnected cellular network within bone by gap 

junctions, containing osteoprogenitors, osteoblasts, and osteocytes. C. Top, 

osteoblastogenesis model and the influence of connexin43 on various aspects of 

the differentiation/survival program of these cells. Below, timeline of expression 

of promoters used in osteoblast-lineage conditional knockout models. 
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Figure 1.3. Structure of connexins and gap junctions. NT: N-terminus. 

EL1: extracellular loop 1. EL2: extracellular loop 2. CL: cytoplasmic loop. 

CT: C-terminus. PM: plasma membrane.  Boxes on CT indicate binding 

sites for proteins. 
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connexin43 plaque may serve this purpose. In addition, the assembly of specific signaling 

effectors to the gap junction permits even more specificity and control in regulating the 

data exchanged through this intercellular network. 

 

5. Gap Junctions in bone: the skeletal information network  

Connexin43 is the most abundant (and most studied) connexin present in the 

osteoblast lineage and allows passages of molecules and second messengers less than 

~1.2 kDa, with a preference for negatively charged molecules (16–19). 

There is growing evidence that connexin43 may be able to pass larger molecules, 

including siRNA or miRNAs with shapes permissive of traversing the gap junction 

channel (20,21). Other connexins are also expressed in osteoblast lineage cells, including 

connexin45, connexin46 and connexin37 (22–25), but a critical role for these other 

connexins in the osteoblast lineage has not been established. The gap junctions that form 

from connexin monomers occur not only between osteoblasts and osteoprogenitors on the 

bone surface, but also at the long dendritic cell processes of osteocytes that extends 

through the canalicular network. The result is a functional syncytium of cells throughout 

bone. It is through this network of cells that information is passed between cells in a gap 

junction-dependent manner to affect bone formation and resorption to ultimately impact 

bone quality. While much of what is known about connexin biology in the skeleton has 

been studied in cells of the osteoblast lineage, osteoclasts also express several gap 

junction proteins, including connexin37 and connexin43 (25–27). A skeletal phenotype has 

been reported in osteoclast-lineage knockouts connexin37 in vivo (25).  Interestingly, 
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despite overlap in connexin expression, there is little evidence that the osteoblasts and 

osteoclasts directly communicate via gap junctions. Since the connexin in these bone 

resorbing osteoclasts do not appear to be directly plugged in to the intercellular 

communication syncytium of osteoblasts, osteocytes and their progenitors, we will not 

focus on them here. 

 

6. Taking the bone cellular network offline: models of connexin-mutation or 

deficiency 

The fundamental observations that connexins, and connexin43 in particular, play an 

important role in bone function has come from several loss of function studies performed 

in animal models.  These findings have been confirmed by the observation of a role for 

connexin43 in human diseases with musculoskeletal involvement, including 

oculodentodigital dysplasia and craniometaphyseal dysplasia (28,29). When the bone 

intercellular communication network is “taken offline” by connexin43 gene deletion in 

healthy mice, the consequences for the skeleton are reproducibly poor, leading to 

defective osteoblast differentiation. Point mutations in Gja1, the gene encoding human 

Connexin 43, cause ODDD, or oculodentodigital dysplasia. This is an autosomal 

dominant disorder affecting the skeletal structure and architecture in patients, resulting in 

long, tubular bones; syndactly of the hands and feet; and craniofacial abnormalities (28). 

Syndactly is the soft tissue fusion between phalanges. At the molecular level, the mutant 

gap junctions formed make it to the plasma membrane, but are thought to act in a 

dominant negative manner because the intercellular channel formed is faulty (30). While 
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detailed skeletal characterizations haven’t really been studied in detail in these patients, 

mouse models of ODDD have been developed. 

Three models of ODDD exist to characterize Connexin 43’s role in the skeletal 

development and maintenance. The first model is called Gja1jrt, which has a mutation that 

isn’t actually present in human disease. This mutation (G60S) was found through a N-

ethyl-N-nitrosurea screen and pheno-copies ODDD in humans, resulting in syndactly, 

and craniofacial abnormalities. The Gja1jrt mice also have low bone mineral density, 

decreased trabecular bone volume, and reduced mechanical strength; indicative of 

osteopenia, or low bone mass. Micro CT images of these mutant mice display cortical 

thinning and increased marrow diameter in the femoral diaphysis (31). A second mouse 

model of ODDD that has been studied is the Gja1 G138R mutant mouse, which has a 

ubiquitously expressed conditional replacement of one GJA1 allele with a G138R allele, 

a known mutation in humans with ODDD. These mice also have craniofacial anomalies 

and decreased trabecular bone volume (32). In order to determine if the Cx43 mutation in 

the osteoblasts leads to their skeletal phenotype of ODDD, the third model conditional 

replacement of the G138R allele was performed using Dermo1/Twist2-Cre, which began 

expression at E9.5 in osteoprogenitor populations. These mice also have a severe skeletal 

phenotype including reduced whole BMD, cortical thinning and increased marrow cavity 

area, resulting in a broad, tubular shaped bone (33). Similar observations of cortical 

thinning and increased marrow area are also present in aging and disuse, suggesting Cx43 

as a regulator of normal bone patho-physiology.  

Connexin43 global knock out mice exhibit delayed mineralization and brittle bones in 

the axial and appendicular skeleton, craniofacial abnormalities and a cell autonomous 
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osteoblast dysfunction, including a failure to progress through differentiation (34). These 

mice die at birth due to a cardiac defect (35). This role for connexin43 in bone is 

evolutionarily conserved in zebrafish, in which gain and loss of function of connexin43 

regulate fin ray segment length (36–39).  

In order to assess post-natal connexin43 gene deletion, conditional deletion knockout 

mouse models have been generated using four different promoters to drive Cre 

recombinase at progressively later stages of osteoblast differentiation (Figure 1.2C). The 

Dermo1/Twist2-Cre mouse line was used to conditionally delete connexin43 in cells of 

the early chondro-osteoblast lineage (cKOTW2)(33). cKOTW2 mice have smaller and hypo-

mineralized skulls at birth, reduced chest cavity from shortened ribs, and a 12% reduction 

in whole body BMD (bone mineral density). cKOTW2 mice have a striking cortical, but no 

trabecular phenotype, including a more than 40% increase in cross sectional area of the 

long bones at the mid-diaphysis. This is a result of increased periosteal osteoblast 

activity, leading to periosteal expansion; cortical thinning, and increased marrow cavity 

area due to a concomitant increase in endocortical osteoclast activation. This 

demonstrated that deletion of connexin43 early in the osteoblast lineage not only affects 

the activity of osteoblasts, which had a cell autonomous differentiation defect, enhanced 

proliferation and produced a disorganized collagenous matrix, but can also affect 

osteoclast formation and function. Similar, slightly milder results were observed using 

the 2.3 kb Col1a1-Cre mice to genetically delete connexin43 at a later stage in the 

osteoblast-lineage (cKOCol1; Figure 1.2C). cKOCol1 mice have a 5% reduction whole 

body BMD, cortical thinning, and a 20% increase in the cross sectional area at the 

diaphysis (40,41). These animals had a similar cell autonomous osteoblast differentiation 
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defect and enhanced support of osteoclastogenesis (40). Indeed, much of the cortical 

phenotype could be restored by administering anti-resorptive bisphosphonates to these 

animals, indicating that the role of connexin43 in bone is not only to coordinate 

osteoblast differentiation and function, but also that communicating networks of bone 

cells are needed to suppress osteoclast activation (42). Conditional knock outs using the 

human osteocalcin-Cre mice (cKOhOC) allowed connexin43 knock out to be restricted to 

mineralizing (late-stage) osteoblasts and osteocytes (Figure 1.2C). Consistent with the 

progressively less pronounced skeletal phenotype when connexin43 deletion occurred 

later in the osteoblast differentiation stage, these cKOhOC mice had only slightly 

diminished BMD (albeit only ~4%) and only a ~25% increase in cross sectional area at 

the diaphysis, but without cortical thinning in cKOhOC mice compared to wild type mice 

(43,44). The fourth conditional knock out model was generated using the 8 kb DMP1-Cre 

mice (cKODMP1), which is expressed almost exclusively in mature osteoblasts/osteocytes 

(Figure 1.2C) (43,44).The cKODMP1 mice have no cortical thinning or decrease in whole 

body BMD along with no trabecular phenotype. cKODMP1 mice do exhibit a 20% increase 

in diaphysis cross-sectional area resulting from increased osteoclast number. This model 

also exhibits a disorganized collagenous extracellular matrix with inferior material 

properties (44,45). Enhanced osteocyte apoptosis was observed in this model, underscoring 

an additional role for connexin43 in osteocyte cell survival (44). Notably, mouse models 

of oculodentodigital dysplasia, a disease caused by loss of function mutations in 

connexin43, have largely recapitulated the findings of connexin43 conditional deletion 

models, including osteopenia, an expanded cortical cross sectional area with a widened 

marrow cavity, and bone with impaired material properties (30–33).  
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A common theme in these models of connexin43 deficiency in the osteoblastic 

lineage is reduced bone mass, cortical widening, and reduced cortical thickness. Another 

consistent finding is an increase in bone resorption, caused by alterations in the 

production of osteoclastogenic factors by osteoblasts and osteocytes. These findings 

confirm connexin43 as an important regulator of osteoblastogenesis and the production of 

osteoclastogenic factors by osteoblasts and osteocytes, especially in cortical bone. It is 

also notable that aspects of the phenotype are more pronounced the earlier in 

differentiation that connexin43 is deleted. The demonstration of the altered proliferative 

capacity of osteo-progenitors in the cKOTW2 model is unique among the osteoblast-

lineage conditional knockout models and implies that connexin43 plays a role in 

restraining proliferation in early osteoprogenitor populations (Figure 1.2C) (33). A cell 

autonomous defect in osteoblast differentiation was exclusive to the models of 

connexin43 deletion early in the lineage (i.e., cKOCol1 and cKOTW2) (Figure 1.2C)(33,40). 

In the cKODMP1 model, connexin43 expression is obligated for osteocyte cell survival, as 

osteocyte apoptosis was substantially increased in connexin43 deleted cells (Figure 

1.2C) (44). A similar observation of connexin43-dependent support of osteocyte survival 

was made in cKOhOC mice (46). In addition, loss of connexin43 in this model promoted 

osteocytic osteolysis in this model (47). Interestingly, aspects of the skeletal phenotypes in 

these mice are similar to osteocyte ablation studies (e.g., fragile bones with increased 

cortical porosity, decreased cortical BMD, and osteoblast dysfunction) (48–51). A 

computer simulation of the intercellular communication between osteocytes and bone 

cells on the bone surface predicted that even a modest 5-9% level of osteocyte apoptosis 

would have a 25-37% reduction in the signaling received at the cell surface (52). This 
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suggests that at least some signals communicated through this cellular network travel 

through osteocytes to target the effector cells (i.e., osteoblasts, osteoclasts and their 

progenitors). Not only that, the osteoblast-stage specific progressive skeletal phenotype 

supports a role for connexin43 throughout the lineage, including osteo-progenitors, 

osteoblasts, and osteocytes, underscoring bone as a coordinated remodeling unit. 

The effects of defective intercellular communication caused by loss of connexin43 in 

bone become more complex in aging, loading and disuse (reviewed (53–55). Thus, it is 

clear that data exchanged through this intercellular communication network is dynamic. 

The signals passed in a healthy animal likely fundamentally differ from those in an aged 

animal, under mechanical load stimuli, or in disuse. Understanding the code of 

communicating anabolic and catabolic data signals will allow us to hack the systems to 

modulate bone responses.  

 

7. Connexin43’s mechanisms of action: identifying data packets and downstream 

effectors 

The need for this elaborate communication network in bone is most evident in the 

coordinated bone formation process, in which hundreds of osteoblasts in a local area 

become activated to deposit and mineralize the extracellular matrix. One of the key roles 

of connexin43 in this process is likely the ability to detect, amplify and coordinately 

respond to subtle signals relative to background noise. This concept has been beautifully 

demonstrated in mammary epithelial cells, where gap junctional communication among 

cells was shown to enable detection of shallow concentration gradients of epidermal 

growth factor that could not be sensed by a single cell by improving the efficiency of the 
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signaling relay among cells (56). In this context, the exchanged data was in the form of 

Ca2+ signaling. Indeed, bone cell networks of osteocytes and osteoblasts have been shown 

to exchange Ca2+-dependent signals in response to hormonal, growth factor and 

mechanical cues (57–60). But, Ca2+ is not the only data that this network exchanges. 

Connexin43 has been shown to be involved directly or indirectly in the regulation of 

signaling cascades involving low molecular weight second messengers, like cAMP, 

inositol polyphosphates and ATP release (61–64). Interestingly, ATP release and the 

release of prostaglandin E2 have been shown to occur through unpaired hemichannels of 

connexin43(63,65,66). In a transgenic model of mutant connexin43 overexpression in 

osteocytes, a dominant negative connexin43 construct (connexin43 ∆130-136) that 

blocked both gap junctions and hemichannels recapitulated the increase in cortical cross-

sectional area, endocortical resorption and osteocyte apoptosis that is observed in models 

of connexin43 deficiency(67). These phenotypes were not observed when a dominant 

negative construct (connexin43 R76W) that only blocked gap junctional communication, 

not hemichannels was expressed in osteocytes. These data strongly indicate that 

connexin43 hemichannel activity is a driving force behind osteocytic signaling in this 

context. This interpretation is not without controversy as closely related pannexin 

channels have also been implicated in ATP release from these cells (68).  

The downstream effectors of connexin43 in bone include various signaling pathways, 

including ERK, PKCδ, β-catenin and protein kinase A (12,61,69–72) (Figure 1.2C). The 

connexin43-dependent effect on ERK and PKCδ regulate the transcriptional activity of 

Runx2, a master regulator of osteoblast differentiation, with increased connexin43 levels 

promoting Runx2 activity driving the expression of several osteoblast genes and vice 
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versa (Figure 1.2C) (12,62,69,70). Similarly, the connexin43-dependent effect on ERK 

impact the recruitment and activity of the transcriptional activator Sp1, the required 

osteoblast transcription factor, osterix/Sp7, and osteocyte survival (Figure 1.2C) (71,73–

76). Loss of osteocyte connexin43 has been shown to increase β-catenin, which has been 

speculated to prime endocortical bone formation in response to mechanical load (72). 

Communication of cAMP through connexin43 gap junctions activates protein kinase A-

dependent cascades to increase expression of the pro-osteoclastogenic signal, RANKL, 

and suppress sclerostin, an inhibitor of osteogenesis through the Wnt/ β-catenin pathway 

(Figure 1.2C) (61). Consistent with this finding, loss of connexin43 in vivo has been 

shown to attenuate the bone anabolic actions of parathyroid hormone, which acts in part 

via the cAMP/ protein kinase pathway (40). The role of connexin43 in this effect appears 

to be more in the osteoblasts than osteocytes, as this effect is observed in connexin43 

deficiency in osteoblasts and osteocytes (cKOCol1), but not in cKODMP1 mice lacking 

connexin43 only in the mature osteoblast/osteocyte compartment (40,45). 

Undoubtedly, these second messengers and signaling pathways are not 

comprehensive, nor is it likely they are all operant under all conditions. Different stimuli 

are likely to elicit very different second messengers and signaling cascades. Indeed, such 

diversity in signals likely explains the differential roles for connexin43 in load, aging, 

disuse, hormonal signal, fracture healing, and even differences in function on the 

periosteal versus endocortical surfaces of bone. Regardless, in healthy adult animals, the 

role of connexin43 in the osteoblast lineage seems to be to inhibit osteoclastogenesis, 

suppress osteoblast proliferation, support early osteogenic differentiation, and promote 

osteocyte survival (Figure 1.2C). In the absence of connexin43, there is an expansion of 
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the progenitor pool and a bottleneck as these cells fail to differentiate effectively, this 

combined with the deposition of a disorganized collagenous extracellular matrix leads to 

poor bone quality.  

8. Connexin43 and its assembled interactome 

One means by which cell-cell communication through Cx43 gap junctions can translate 

second messengers into function is by locally recruiting a specific signaling effector 

proteins, or a Cx43-specific “interactome”. An interactome consists of all proteins 

interactions with a molecule, in this case Cx43. The C-terminal domain of Cx43 (Cx43 

CT) binds numerous proteins and signaling molecules, but the consequences of these 

interactions are unclear (14). These interactions have been shown to regulate the 

open/closed state of the pore and/or data are building that suggests these interactions 

regulate downstream signaling from the gap junction. The research presented in this 

dissertation focuses on the latter concept of regulation of downstream signaling through 

the local recruitment of signaling effectors to the connexin C terminus. Here is a 

schematic of multiple interactions of signaling molecules with the Cx43 CT, for example 

(Figure 1.4). We hypothesize that it is not only the charge and size selective permeability 

of a gap junction pore that determines the channel’s biologic activity, but also the unique 

profile of signal molecules that are recruited to the gap junction channel, and this may be 

specific for each connexin. The relevance of the interactome of C termini within the 

connexin family is allowing for efficient signaling downstream of the gap junction 

through the local recruitment of effector molecules to the gap junction.  
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9. Connexin43 as a docking platform: a firewall for regulating which 

communicated data is acted on  

While gap junctions are generally thought of as passive conduits for small molecules 

to be shared between cells, growing evidence indicates that connexins actively contribute 

to downstream signaling. Numerous protein complexes, including kinases associated with 

signal transduction cascades, assemble on the connexin43 C-terminus (13–15). This led to 

the intriguing notion that, in order for efficient signaling to occur following the exchange 

of small molecules through the gap junction pore, the signal machinery must be spatially 

recruited to the gap junction plaque to be available to initiate a response.  This also 

implies an additional level of control where data can be communicated, but not 

responded to if the appropriate signaling machinery is not present at the gap junction 

plaque. In support of this model, several of the signaling molecules involved in 

osteoblasts and osteocyte signaling have been shown to bind to the connexin43 C-

terminus. In MC3T3 osteoblasts, PKCδ transiently binds to the connexin43 C-terminus 

and upon stimulation translocates to the nucleus where it can regulate Runx2 

transcriptional activity (62). In OB-6 cells, interactions between connexin43 C-terminus 

and β-arrestin allow survival from apoptosis from PTH, by sequestering β-arrestin and 

allowing cAMP-dependent cascades to be activated (77). Lastly, in MLO-Y4 osteocyte 

like cells, the connexin43 C-terminus interacts with α5β1 integrin, which controls 

opening and closing of the hemi channels by causing a conformational change in the 

extracellular domain of the integrin in response to mechanical load, leading to activation 

of AKT signaling (78).  
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Further validating this model of the local recruitment of signaling machinery to the 

connexin43 C-terminus for efficient signal transduction, the connexin43 C-terminus is 

required (necessary but not sufficient) for the efficient activation of the ERK and PKCδ  

 

 

 

 

 

 

 

 

Figure 1.4. Cx43 interactome. Schematic of multiple interactions of 
signaling molecules with the Cx43 CT, for example. . NT: N-terminus. 
EL1: extracellular loop 1. EL2: extracellular loop 2. CL: cytoplasmic 
loop. CT: C-terminus. PM: plasma membrane.  Boxes on CT indicate 
binding sites for proteins. Binding sites are not necessarily spatially 
accurate.  
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signaling cascades, activation of Runx2 transcriptional activity, and the expression of 

osteoblast genes (12). An in vivo model of connexin43 C-terminal truncation (connexin43 

K258Stop) had reduced trabecular bone, but surprisingly no changes in cortical cross-

sectional area or marrow area in female mice (79). Careful inspection did reveal a cortical 

phenotype in these mice that included decreased crystallinity and fracture toughness (80). 

 

10. Hacking the network: modulating communicated molecules to impact bone 

quality 

Bone forms an elaborate communication network with osteoblast, osteocytes and 

osteoprogenitors sharing data. The communication of this data throughout the network 

plays a key role in how bone modeling and remodeling occurs. It has become clear that 

taking the cellular network offline by loss of connexin43 function has negative 

consequences for the skeleton, at least in healthy mice. But the mechanisms leading to 

these effects are less clear. We have only begun to scratch the surface of the actual data 

being communicated through these cells. Cracking the code of the data passing through 

this network will have obvious implications into bone therapeutic targets. For example, if 

we can hack the communication network to communicate data informing the skeleton 

that it is under load, even during disuse, we can have a profound impact on skeletal 

fragility and the maintenance of bone mass. The emerging data that this communicated 

data is diverse, with multiple targets, acting differently in distinct skeletal compartments, 

and in response to a broad array of extracellular cues only enhances the need to 

understand this fundamental process in bone homeostasis. 
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Chapter 2 : Defective signaling, osteoblastogenesis, and bone remodeling in a mouse 

model of connexin 43 C-terminal truncation1 

 

 

1. Abstract 

In skeletal tissue, loss or mutation of the gap junction protein connexin 43 (Cx43, 

also known as GJA1) in cells of the osteoblast lineage leads to a profound cortical bone 

phenotype and defective tissue remodeling. There is mounting evidence in bone cells that 

the C-terminus (CT) of Cx43 is a docking platform for signaling effectors and is required 

for efficient downstream signaling. Here, we examined this function, using a mouse 

model of Cx43 CT-truncation (Gja1 K258Stop). Relative to Gja1+/− controls, 

male Gja1−/K258Stop mice have a cortical bone phenotype that is remarkably similar to 

those reported for deletion of the entire Cx43 gene in osteoblasts. Furthermore, we show 

that the Cx43 CT binds several signaling proteins that are required for optimal osteoblast 

function, including PKCδ, ERK1 and ERK2 (ERK1/2, also known as MAPK3 and 

MAPK1, respectively) and β-catenin. Deletion of the Cx43 CT domain affects these 

signaling cascades, impacting osteoblast proliferation, differentiation, and collagen 

processing and organization. These data imply that, at least in bone, Cx43 gap junctions 

not only exchange signals, but also recruit the appropriate effector molecules to the Cx43 

CT in order to efficiently activate signaling cascades that affect cell function and bone 

acquisition. 

 

 

2. Introduction 

 

                                                 
1 Moorer MC, Hebert C, Tomlinson RE, Iyer SR, Chason M, Stains JP. Defective 

signaling, osteoblastogenesis and bone remodeling in a mouse model of connexin 43 C-

terminal truncation. Journal of Cell Science. 2017;130(3):531-540. 

doi:10.1242/jcs.197285. 
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The gap junction protein, connexin43 (Cx43), is broadly expressed in many tissues of 

the body, including the skeleton. Other connexins expressed in bone are Cx45 and Cx37. 

Previous studies have revealed that gap junction communication is important to 

physiologic function, and changes in gap junctions underpin many diseases (81,82). 

Accumulating data indicate an important role for intercellular communication by Cx43-

containing gap junctions among the extensive interconnected network of bone cells (i.e., 

osteoblast, osteocytes and osteoprogenitor cells). (33–35,40,43,44,83,84). However, details of 

the molecular mechanisms by which Cx43 affects osteoblast function and bone 

remodeling are unclear. 

While the biophysical properties of the permeability of each of these connexins 

often functionally overlap, the C-terminal (CT) domain of these connexins is the least 

conserved region within the protein family, as discussed previously in the introduction 

(15). The C-terminal domain of connexins is the target of many signaling pathways that 

regulate the gap junction channel open/closed states (15,85). Further, numerous signaling 

proteins exist in a complex with the Cx43 CT (13–15). In osteoblasts, a growing body of 

evidence suggests that protein-protein interactions with the Cx43 CT domain are 

important for the spatio-temporal recruitment of signaling proteins to gap junctions for 

efficient downstream signaling (12,77,78,86). Hebert et. al. showed that the Cx43 CT domain 

was necessary but not sufficient to activate downstream signaling, in vitro.  We 

speculated that signaling proteins, such as ERK, PKCδ and β-catenin, are locally 

recruited to the gap junction plaque via their interaction with the Cx43 CT domain. As 

ions and second messengers are communicated through the gap junction pore, the locally 

assembled signaling machinery can be efficiently activated to affect bone cell function. 
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Using a mouse model of Cx43 CT-truncation (Gja1 K258Stop), we tested the 

hypothesis that the Cx43 CT is a docking platform for signaling proteins and is required 

for efficient downstream signaling in bone. In this mouse model, the endogenous Gja1 

allele was replaced with a truncation mutant, lacking much of the CT domain (amino 

acids 258-382 removed) downstream of the microtubule interaction domain (87). The 

resultant truncated Cx43 traffics to the plasma membrane and forms functional gap 

junctions with single channel properties similar to intact Cx43 gap junctions (88). 

However, the Cx43 K258Stop gap junction plaques tend to be larger in size and fewer in 

number (88). In contrast to Gja1-/- mice (35,83), there is no lethal obstruction of the cardiac 

ventricular outflow tract in homozygous Gja1K258Stop/K258stop mice, though these mice die 

as a result of a postnatal epidermal barrier defect (87). In contrast, Gja1-/K258stop mice, 

which have just a single copy of the truncated Cx43 allele, are viable and healthy with no 

overt phenotype (88). Here, we show that 6-week-old Gja1-/K258stop male mice have an 

obvious skeletal phenotype that includes increased femoral diaphyseal marrow cavity 

area, enhanced periosteal apposition and endosteal resorption, increased cortical porosity, 

and cortical thinning relative to Gja1+/- controls. Truncation of Cx43 reduced the mRNA 

levels of genes involved in osteoblast proliferation, differentiation and collagen 

processing. Further, truncation of the Cx43 CT resulted in reduced levels of pPKCδ, 

pERK, and active β-catenin, signaling effectors that bind the Cx43 CT and play roles in 

osteoblast function. These data suggest that the Cx43 CT serves as a docking platform for 

signaling proteins and is required for efficient signal pathway activation to affect cell 

proliferation, differentiation and function.  
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3. Results 

2.3.1 Cx43 CT interacts with signaling proteins 

In osteoblasts, Cx43 is in a complex with several proteins, including PKCδ, β-

arrestin, ZO-1, and α5β1 integrins (14,77,78,86). Further, alteration of Cx43 abundance 

regulates the activation of ERK and PKCδ signaling cascades (62,69,70). In vitro, 

overexpression of a full length, intact Cx43, but not a Cx43 S244Stop CT-truncation 

mutant, increases signal transduction through the PKCδ and ERK pathways and elevates 

mRNA levels of osteoblast associated genes, even though both constructs support similar 

levels of intercellular communication (12).  

In order to establish that the Cx43 CT interacts with signaling proteins that are 

known to be affected by Cx43 abundance and are relevant to bone biology, we performed 

co-immunoprecipitations in UMR106 osteoblast-like cells (Figure 2.1). 

Immunoprecipitation of ERK1/2, PKCδ and β-catenin resulted in the co-precipitation of 

Cx43 (Figure 2.1A). Conversely, overexpression of just a FLAG-tagged Cx43 CT 

domain (aa 236-382) reduced the binding of the full length Cx43 to these signaling 

proteins. When the reverse co-immunoprecipitation was performed, these signaling 

effectors were found in complex with the overexpressed FLAG-Cx43 CT construct 

(Figure 2.1B). These data show that PKCδ, ERK and β-catenin are in a complex with 

Cx43 and suggest that the overexpressed Cx43 CT competes for binding of the signaling 

proteins with the endogenous, intact Cx43.  

 

2.3.2 Male Gja1-/ K258Stop mice have no overt morphological phenotype 
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Given the accumulated in vitro data showing that the Cx43 CT binds numerous 

signaling proteins to affect signaling and cell function, we analyzed the consequence of 

Cx43 CT truncation in vivo. Specifically, we examined the skeletal phenotype of 6 week  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Overexpression of the Cx43 CT domain competes for 

binding of signaling proteins with the intact Cx43 protein. Co-

immunoprecipitations (co-IP) were performed to assess protein-protein 

interactions between indicated signaling proteins and the Cx43 C 

terminus. UMR106 cells were transfected with a construct encoding the 

CT domain of Cx43 (FLAG-tagged) or with an empty vector control. (A) 

Input and bead fractions are shown for IPs performed with anti-ERK, 

anti-PKCδ, and anti β-catenin antibodies and blotted with anti-Cx43 

antibodies. (B) IPs were performed for the Cx43 C terminus (by anti-

FLAG), and then blotted for the indicated signaling proteins.  
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old, male Gja1-/K258stop mice, expressing a single allele of the Cx43 gene that lacks the 

majority of the Cx43 CT domain, relative to Gja1+/- mice expressing a single allele of the 

intact Cx43 gene (Figure 2.2). X-rays show no gross skeletal differences between male 

Gja1-/ K258Stop mice and Gja1+/- littermate controls (Figure 2.2A). Further, there were no 

differences in body length or body weight between genotypes (Figure 2.2B).Using an 

antibody recognizing a C-terminal epitope of Cx43, we confirmed absence of the Cx43 

CT in the Gja1-/K258stop mice. Quantitative real time PCR performed on cDNA from tibial 

extracts confirmed a loss of Gja1 mRNA in the Gja1-/K258stop mice as compared to the 

heterozygous controls (Figure 2.2C). In contrast, the mRNA expression of Gjc1 (Cx45), 

the second most abundant connexin expressed in bone, was unchanged. A prior report 

had shown a compensatory upregulation of Cx45 in Gja1-/- animals (34). 

 

2.3.3 Altered cortical bone in male Gja1-/ K258Stop mice 

Despite gross morphological similarity, microcomputed tomography (microCT) 

revealed a cortical bone phenotype in the femurs of male Gja1-/K258stop mice (Figure 2.3). 

At the femoral mid-diaphysis, there was a pronounced expansion of the cross-sectional 

area, with an increase in the periosteal (15%) and endosteal (26%) bone perimeter in 

Gja1-/K258stop mice relative to age and gender matched littermate Gja1+/- controls. In 

addition, Gja1-/K258stop mice demonstrated cortical thinning and a 3.7-fold increase in 

cortical porosity. The changes in cortical bone geometry resulted in a 48% increase in 

mean polar moment of inertia. In contrast, there was no trabecular bone phenotype 

detected in 6-week-old male Gja1-/K258stop mice relative to controls, despite an overall 

increase in cross-sectional volume in the distal femur (Table 1).  
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 Table 1. 6-week old male trabecular bone parameters at the distal femur 

by microCT. (Gja1
-/Stop

 n=8, Gja1
+/-

 n=11). 
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 Figure 2.2. No apparent morphological defects are observed in 

mice with truncation of the Cx43 CT. (A) Digital x-rays, (B) body 

length and weight measurements in 6-week-old, male Gja1
+/-

 (n=11) 

and Gja1
-/K258stop

 (n=8) mice. (B) Schematic of full length (WT Cx43) 

and truncated Cx43 (Cx43K258Stop) proteins, showing deletion of 

most of the C terminus. (C) Western blot performed in tibial extracts 

(marrow flushed) and immunoblotted for Cx43 (C terminal epitope). 

qPCR from RNA isolated from tibia (marrow flushed) of the indicated 

genotype was performed for Gja1/Cx43 (3’ primers to the C-terminal 

encoding region) and Gjc1/Cx45 mRNA expression. (n=7 for Gja1
+/-

  

and n=5 for Gja1
-/K258stop

). Graphs depict mean±SD. * = p<0.05, n.s. = 

not significant.  
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Figure 2.3. Truncation of Cx43 results in a cortical phenotype 

with increased cross-sectional area, increased cortical porosity, 

cortical thinning and marrow cavity expansion in 6-week-old, 

male Gja1
-/K258stop

 mice. (A) Top, cross section through the femoral 

mid-diaphysis from a representative microCT slice from Gja1
+/-

 and 

Gja1
-/K258stop

 mice. Bottom, 3D reconstruction of intact femurs. (B) 

Quantification of the cortical phenotype at the femoral mid-

diaphysis by microCT (n=11 for Gja1
+/-

 and n=8 for Gja1
-/K258stop

). 

Graphs depict mean±SD. * = p<0.05.  
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2.3.4 Altered bone formation rates in male Gja1-/ K258Stop mice 

Dynamic histomorphometric analysis of the femoral mid-diaphyseal cortical bone 

showed a nearly 2-fold increase in periosteal bone formation rate (bone formation rate = 

mineralizing surface * mineral apposition rate) without a concomitant change in mineral 

apposition rate (p=0.24) in mice expressing the truncated Cx43, suggesting an increase in 

mineralizing surface, i.e. the number of osteoblasts doing work (mineralizing surface), 

but not increased work of an individual osteoblast (mineral apposition rate)  (Figure 

2.4A). 

Conversely, on the endosteal surface the bone formation rate was diminished but did 

not reach statistical significance (p=0. 10) in the Gja1-/K258stop mice compared to control 

mice (Figure 2.4B). Analysis of serum type I collagen N-propeptide (P1NP), a marker of 

bone formation, was performed using a commercial ELISA. P1NP levels were increased 

in the Gja1-/K258stop samples (Figure 2.4C). Static histomorphometry, an analysis of the 

cellular contribution to a skeletal phenotype, showed no difference in osteoblast number 

(characterized by plump, mature osteoblasts on the bone surface) per bone surface 

between groups, although it was slightly elevated in the Gja1-/K258stop samples (Figure 

2.4D). As osteocyte apoptosis has been implicated as one of the mechanisms of the 

effects of Cx43 on bone (44,67), empty and occupied osteocyte lacunae were counted in 

cortical bone for mice of each genotype.  The percentage of occupied osteocyte lacunae 

was unaffected by Cx43 CT truncation, suggesting that osteocyte apoptosis did not 

contribute to the elaboration of the phenotype in this model (Figure 2.4E).  
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Figure 2.4. Exuberant periosteal bone apposition contributes to 

the cortical expansion of the mid-diaphysis in 6-week-old male 

Gja1
-/K258stop

 mice. Calcein/Alizarin dual labeling and quantitation 

of the mineral apposition rate (MAR) and bone formation rate 

(BFR) is shown for each genotype at the (A) periosteal (Ps) and (B) 

endosteal (Es) surface of the femoral diaphysis. (n=3 animals per 

genotype, 3 sections per animal). (C) Quantification of serum levels 

of P1NP (n=4/genotype). (D) Static histomorphometry of osteoblast 

number per bone surface (n=5/genotype). (E) Quantification of 

occupied osteocyte lacunae observed in cortical bone from the 

indicated genotype (n= 3 animals and >1000 lacunae/genotype). A 

representative hematoxylin stained image of cortical bone is shown. 

White arrowheads point to occupied lacunae. Graphs depict 

mean±SD. * = p<0.05, n.s. = not significant.  
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2.3.5 Enhanced bone resorption in male Gja1-/ K258Stop mice 

Osteoblast-lineage specific Cx43 deletion has been shown to indirectly affect osteoclast-

mediated bone resorption via the RANKL/OPG pathway, an effect that contributes to the 

expansion of the marrow cavity in those models (33,42,44,46,67,84). Accordingly, we looked 

at RANKL/OPG mRNA levels in RNA extracts from tibial extracts by quantitative real 

time RT-PCR (Figure 2.5A). In Gja1-/K258stop mice, the relative expression of the gene 

encoding OPG was 68% of the levels in controls. Relative expression of the gene 

encoding RANKL was statistically unchanged between genotypes. As predicted by the 

increased RANKL/OPG ratio, the number of TRAP-positive osteoclasts per bone surface 

was increased 2.8-fold in the mice expressing the truncated Cx43 (Figure 2.5B). 

Similarly, the serum markers of bone turnover using a commercial ELISA for bone 

resorption (type I collagen C-telopeptide, CTX) was markedly increased in Gja1-/K258stop 

mice (Figure 2.5C). 

 

2.3.6 Signal transduction pathway activation is reduced in the Gja1-/ K258Stop mice 

To glean insights into the molecular mechanisms by which the Cx43 CT domain 

influences bone acquisition and remodeling, we examined the activation of the signaling 

proteins (i.e., PKCδ, ERK, and β-catenin) that physically associated with the Cx43 CT 

and have been shown to be impacted by Cx43 levels in vitro.  As predicted, pPKCδ, 

pERK, and active β-catenin were reduced in protein extracts from Gja1-/K258stop tibiae 

(Figure 2.6A). Consistent with decreased β-catenin activity, Axin2 mRNA expression 

was decreased in the tibiae of Gja1-/K258stop mice as compared to Gja1+/- controls (Figure 

2.6B). The mRNA expression of the Wnt/ β-catenin antagonist sclerostin (Sost) was  
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Figure 2.5. Cx43 truncation affects regulators of 

osteoclastogenesis, leading to increased osteoclast number and 

increased bone resorption. (A) qPCR from RNA isolated from 

tibia (marrow flushed) of the indicated genotype was performed for 

RANKL and OPG mRNA expression (n=7 for Gja1
+/-

 and n=5 for 

Gja1
-/K258stop

). (B) Static histomorphometry of osteoclast number per 

bone surface (N=5/genotype). (C) Quantification of serum levels of 

CTX (n=3 for Gja1
+/-

 and n=4 for Gja1
-/K258stop

). Graphs depict 

mean±SD. * = p<0.05, n.s. = not significant.  
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Figure 2.6. Cx43 truncation impairs signal cascade activation 

and osteoblast differentiation. (A.) Western blots were probed for 

indicated signaling proteins in tibial (marrow flushed) extracts of the 

indicated genotypes. qPCR from RNA isolated from tibia (marrow 

flushed) of the indicated genotype was performed for (B) Wnt/β-

catenin related genes, (C) transcriptional regulators of 

osteoblastogenesis, and (D) osteoblast differentiation markers (n=7 

for Gja1
+/-

 and n=5 for Gja1
-/K258stop

). Graphs depict mean±SD. * = 

p<0.05, n.s. = not significant.  
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unexpectedly decreased in these samples as well (Figure 2.6B). Next, we examined the 

expression of key transcriptional regulators of the osteoblast-lineage, Twist1, Runx2 and 

Osterix/Sp7. The relative mRNA expression of Twist1 and Osterix/Sp7 were reduced, 

while Runx2 levels were unaffected by truncation of the Cx43 CT domain (Figure 2.6C). 

Western blotting confirmed a downregulation of Osterix, but not Runx2, in primary 

BMSCs isolated from Gja1-/K258stop mice (Figure 2.6C). We were unable to detect Twist1 

protein in these extracts (data not shown). Similarly, markers of osteoblast differentiation 

were uniformly reduced in the tibiae of Gja1-/K258stop mice (Figure 2.6D). In total, these 

data confirm that Cx43 and the Cx43 CT domain play a role throughout the osteoblast 

lineage, including the early stages of osteoblastogenesis.  

 

2.3.7 Collagen processing and matrix maturation is disrupted in Gja1-/ K258Stop mice 

Cx43 gene deletion in cells of the osteoblast lineage has been shown to affect the 

expression of lysyl oxidase (gene name, Lox), an enzyme involved in collagen fiber 

cross-linking, and collagen organization (33,43). Similarly, Lox mRNA is reduced in tibial 

extracts from Gja1-/ K258Stop mice (Figure 2.7A). In addition, the gene expression of the 

collagen-specific chaperone Serpinh1/Hsp47 is also reduced in these mice (Figure 2.7A). 

Western blotting of primary BMSCs isolated from Gja1-/K258stop and Gja1+/- mice 

confirmed the downregulation of Lox (proform and mature isoforms) and SerpinH1 

proteins by truncation of the Cx43 CT domain (Figure 2.7A). Using picrosirius red 

staining in conjunction with polarized light microscopy to look at collagen fiber thickness 

and orientation, the collagen at the cortical bone in the femoral diaphysis of Gja1-/K258stop 

had thinner fibers and less organized orientation in comparison to the same anatomical  
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Figure 2.7. Cx43 truncation reduces mRNA expression 

of collagen processing factors and results in a 

disorganized, less mature collagen network in cortical 

bone. (A) qPCR from RNA isolated from tibia (marrow 

flushed) of the indicated genotype was performed for 

expression of collagen processing factors. Graphs depict 

mean±SD. * = p<0.05. (n=7 for Gja1
+/-

 and n=5 for Gja1
-

/K258stop

). (B) Picrosirius red staining was performed and 

quantitated at the mid diaphyseal cortical bone, using a hue-

range/color distribution method. A representative image of 

mid-diaphyseal cortical bone is shown. Quantification of 

fiber orientation and length is shown as a percentage of 

composition of birefringent hue (red, orange, yellow, 

green).  
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region in the Gja1+/- mice (Figure 2.7B). This was confirmed by quantification of the 

birefringence hue distribution, with red indicating thicker more cross-linked fibers and 

green indicating thinner, less cross-linked fibers (89,90). Orange and yellow colors indicate 

intermediate levels of thickness and orientation. 

 

2.3.8 A cell autonomous defect in proliferation and signaling in osteoblasts from Gja1-/ 

K258Stop mice 

In order to establish if a cell autonomous defect in the osteoblast-lineage underlies the 

skeletal phenotype, bone marrow stromal cells (BMSCs) were isolated from mice of each 

genotype. Consistent with the increased osteoblast activity by P1NP and bone formation 

rate findings, cultured BMSCs from Gja1-/K258stop mice exhibited an accelerated rate of 

proliferation relative to controls (Figure 2.8A). 

Indeed, cyclin D1 expression was increased in tibial extracts from the Gja1-/K258stop 

mice (Figure 2.8B). As was observed in vivo, the levels of pPKCδ, pERK, and active β-

catenin were reduced in Gja1-/K258stop BMSCs in culture (Figure 2.8C). Finally, we 

determined mineralization capacity of primary cells from both genotypes. Increased 

alizarin red staining from Gja1-/K258stop BMSCs is apparent after 14 days under 

mineralizing conditions (Figure 2.8D).  
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Figure 2.8. Truncation of Cx43 leads to cell autonomous defects in 

osteoblast proliferation, signaling and mineralization.  (A) Cell 

proliferation on BMSCs after 48 hours in culture (n=6 wells per 

genotype). (B) Western blot on extracts from BMSCs cultured for 7 

days in mineralization media and immunoblotted for indicated 

signaling proteins. (C) Alizarin Red S staining in replicate wells (n>4 

wells per genotype) in BMSCs cultured for 14 days in mineralization 

media. Graphs depict mean±SD. * = p<0.05.  
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Figure 2.9. Proposed model of Cx43 CT’s effects on 

osteoblasts. Cx43 is required for optimal signaling in 

osteoblasts, where the full length Cx43 can not only pass 

second messengers, but also recruit signaling effectors (i.e. 

ERK, PKC]). Conversely, the truncated form of Cx43 can 

only pass second messengers, but not recruit the signaling 

effectors needed to produce optimal signaling and 

osteoblast function.  
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4. Discussion 

Our working model of Cx43 CT’s effects on osteoblasts is that Cx43 is required for 

optimal signaling in osteoblasts, where the full length Cx43 can not only pass second 

messengers, but also recruit signaling effectors (i.e. ERK, PKCδ) (Figure 2.9). 

Conversely, the truncated form of Cx43 can only pass second messengers, but not recruit 

the signaling effectors needed to produce optimal signaling and osteoblast function.  

This study demonstrates that the Cx43 CT binds signaling proteins and is required for 

efficient signaling and osteoblast differentiation in vitro and in vivo. We show, for the 

first time, that truncation of just the C-terminus of Cx43 in 6-week old male mice results 

in a skeletal phenotype, primarily in cortical bone, that closely copies the phenotype of 

osteoblast lineage-specific deletion of full length Cx43 (33,40,43,44,84). This strongly 

suggests that, at least in skeletal tissue, the Cx43 CT domain is functionally as important 

as the entire intact Cx43 protein. Among the shared features between the Gja1-/K258stop 

mice and most of the osteoblast-lineage specific Cx43 conditional knockout mice are the 

increased marrow cavity area, due to enhanced periosteal bone apposition and endosteal 

bone resorption; alterations in RANKL/OPG ratio; increased osteoclast number; and 

changes in Lox gene expression that affect collagen processing. The reduction in 

Serpinh1 mRNA levels observed in Gja1-/K258stop mice have not been reported previously 

in Cx43 knockout models. 

Decreased expression of this important collagen chaperone, which is implicated in 

osteogenesis imperfecta (91–93), may also contribute to the defective extracellular matrix 

and inferior material properties reported in other models of Cx43 deficiency (33,34,43) 
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These data confirm a role for Cx43 and the Cx43 CT in the organization and maturation 

of the collagenous extracellular matrix of bone (33,43,80).  

Additionally, we observed decreased expression of osteoblast differentiation markers 

in vivo and increased proliferation and mineralization capacity in in vitro cultures from 

Gja1-/K258stop mice. While the increases in mineralization and concomitant decreases in 

expression of differentiation markers seem paradoxical, these findings are consistent with 

previous reports (33). We speculate this may be due to a reciprocal role for Cx43 (and the 

Cx43 CT) in regulating early osteo-progenitor commitment and osteoblast differentiation. 

The control of progenitor cell commitment by Cx43 is supported by increases in BMSC 

proliferation rates, increases in Cyclin D1, and a loss of Twist1 in Gja1-/K258stop cells. 

Twist1 maintains the osteo-progenitor pool in part by inhibiting the activity of Runx2, a 

key transcriptional regulator of early osteoblast differentiation (94). Thus, a reduction in 

Twist1 mRNA may expand the committed osteoblast progenitor population. However, we 

and others have shown here and elsewhere (12,33,73), that Cx43 and the Cx43 CT domain 

influence the expression of Osterix/Sp7, a transcription factor required for osteoblast 

differentiation downstream of Runx2. We think this reciprocal regulation could lead to a 

bottleneck of osteoprogenitors that are unable to efficiently pass through terminal 

osteoblast differentiation. Such an expansion of the osteoprogenitor pool could account 

for the exuberant increase in periosteal bone formation observed here and in Cx43 

conditional knockout models. Of course, there are limitations to extrapolating in vitro 

proliferation data to the in vivo context. Careful dissection of the osteo-progenitor pool by 

lineage tracking or other means in vivo will be required to confirm the details of this 

apparent bottleneck of early osteogenic differentiation. 
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A key aspect of these findings is that, while loss of the Cx43 CT nearly perfectly 

phenocopies the loss of the intact Cx43 in bone cells, these mice do not exhibit the 

developmental cardiovascular defect observed in the Cx43 global null (35). This implies 

that whatever signaling function the Cx43 CT plays, it is not universally obligated in all 

tissues or throughout development. Unlike the perinatal lethality observed in global Cx43 

gene deletion (Gja1-/-), Gja1-/K258stop mice show no significant overt phenotype, but 

present with increased myocardial infarct size and susceptibility to arrhythmias following 

experimentally induced coronary occlusion (95). Notably, we cannot exclude the 

possibility that the Gja1 K258Stop allele may function as a neomorph. Gja1K258stop/K258stop 

mice exhibit an unexpected epidermal barrier defect, that is present only in the 

homozygous mutants but not in Gja1-/K258stop or Gja1+/K258stop mice (87). However, the 

striking phenotypic overlap with osteoblast-lineage Cx43 conditional knockouts and the 

Gja1-/K258stop mice makes it unlikely that this is a unique neomorphic function of the Cx43 

K258Stop protein. Similar to our findings in bone, Gja1-/K258stop phenocopies key aspects 

of Cx43 conditional knockout in neuronal tissue (95), indicating that the function of the 

Cx43 CT is important in a subset of tissues and is not exclusive to bone. 

Multiple mechanisms have been proposed for how Cx43 deletion affects skeletal 

tissue, including signaling defects and disruption of osteocyte viability (7,53,96,97) Here, we 

report the impact of Cx43 CT truncation on signaling via ERK, PKCδ and β-catenin. 

Tissue extracts from cortical bone of male Gja1-/K258stop mice showed that Cx43 

truncation resulted in reduced levels of pPKCδ, pERK, and active β-catenin, signaling 

effectors that bind to the Cx43 CT and play a role in osteoblast differentiation and 

function (98–100). While in vitro data suggested such a link (12,72,75,77,78,86), this is the first 
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report of altered signaling in these pathways downstream of Cx43 CT truncation in vivo. 

These results are consistent with the requirement of the Cx43 CT as a docking platform 

for efficient signaling within interconnected bone cells. Cx43 containing gap junctions 

are present throughout bone, forming a functional syncytium of interconnected 

osteoblasts, osteocytes and progenitor cells. This network of cells is believed to rapidly 

and efficiently propagate signals among the coupled cells. Accordingly, it is intuitive that 

truncation of the Cx43 CT, which binds and locally recruits signaling proteins, would 

lead to reduced signaling. Further, the signals being passed among these cells are 

controlling the fate of signaling cascades known to be involved in both proliferation and 

maintenance of progenitors as well as differentiation through the osteoblast lineage, 

depending on the context of the cells and the signals passed.  

Another mechanism contributing to the cortical phenotype of Cx43 deficiency is 

osteocyte apoptosis (96). Up to 30% unoccupied osteocyte lacunae have been observed in 

cortical bone of Cx43 conditional knockout mice (44,47,67). Despite the nearly identical 

cortical bone phenotype observed in the Gja1-/K258stop and Cx43 conditional knockout 

models, we did not detect any difference in empty lacunae between groups, suggesting 

that osteocytic apoptosis does not precede the phenotype, at least in male Gja1-/K258stop 

mice. Of course, this does not preclude a key role for osteocytes (viable or apoptotic) in 

the intercellular communication of bone remodeling signals. Indeed, osteocytes, 

osteoblasts and likely osteoprogenitors all form a functional syncytium of shared signals 

via intercellular communication through Cx43 (53). 

Recently, a similar Cx43 truncation model was reported, in which the same Gja1 

K258Stop allele was combined with osteocyte-specific deletion (Dmp1-Cre) of a floxed 
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Gja1 allele and performed in 4.5 month old female mice (45). These female 

Gja1flox/K258Stop; Dmp1-Cre mice had a strong trabecular phenotype (decreased bone 

volume fraction, trabecular thickness, number and separation), but no statistically 

significant cortical phenotype; male mice were not examined in that study (45). On the 

surface, these data appear to directly contrast our findings, as 6-week-old male Gja1-

/K258stop mice had no change in trabecular parameters and had striking changes in the 

cortical envelope in our study. However, based on this recent publication (45), we 

conducted a screen of 6 week old female Gja1+/- (n=3) and Gja1-/K258stop (n=4) mice. 

Similar to their findings, we found comparable trends in 6-week-old female Gja1-/K258stop 

mice in the trabecular and cortical compartments, where trabecular bone volume fraction, 

trabecular number and trabecular thickness approached significance (Table 2). These 

findings suggest the intriguing possibility that, beyond the disparate roles of Cx43 in the 

cortical and trabecular bone compartments, the effects of Cx43 on bone are sexually 

dimorphic. In female mice, estrogens are known to inhibit periosteal apposition and 

stimulate endocortical bone apposition; these effects may counteract the action of Cx43 

to stimulate periosteal apposition and endocortical resorption (101). However, to 

systematically address the sexually dimorphic skeletal phenotype in these mice, studies 

should be conducted comparing estrogen replete and estrogen deficient mice. Importantly 

gender specific differences in bone are a result of numerous systemic factors, thus 

estrogen signaling alone is unlikely to fully account for this discrepancy (102,103). 
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Table 2. Top, 6-week old female trabecular bone parameters at the distal femur by 

microCT (Gja1
-/Stop

 n=4, Gja1
+/-

 n=3). Bottom, 6-week old female cortical bone 

parameters at the femoral diaphysis by microCT.  
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In total, these data suggest that the Cx43 CT is required for optimal osteoblast 

signaling and gene expression, and that absence of the Cx43 CT in male mice results in a 

skeletal phenotype analogous to deletion of the entire Cx43 gene in osteoblasts. These 

data also imply that Cx43-containing gap junctions not only exchange signals, but also 

must recruit the appropriate effector molecules to the Cx43 CT in order to optimally 

affect cell function and bone acquisition. 

 

5. Methods 

Materials 

All chemicals and reagents were purchased from Sigma (St Louis, MO) unless indicated 

otherwise. The antibodies use in this study were: Sigma, anti-Cx43 (C6219); Cell 

Signaling Technology, total ERK (9102L), phospho-ERK (9101L), total PKC delta 

(2058S), phospho-PKCδ Thr505 (9374S), active β-catenin (8814S), CyclinD1 (2978S), 

Runx2 (8486S), anti-Rabbit HRP (7074S), anti-mouse HRP (7076S); BD Biosciences, 

total β-catenin (6310153); Agilent, FLAG (200470-2); Millipore, Osterix/Sp7 (AB3743), 

GAPDH (MAB374); Enzo Life Sciences, HSP47/SerpinH1 (ADI-SPA-470); Invitrogen, 

Lox (PA1-16953); Santa Cruz, Sp1 (sc-59). The flagged Tagged Cx43 CT construct, 

pCMV3XFLAGm43CT (aa 236-382), was a gift from Cecilia Lo (Addgene plasmid # 

17664).  

 

Cell Culture 

UMR106 cells were obtained from the ATCC and were cultured as described (Gupta et 

al., 2016). Primary BMSCs were prepared from the long bones of mice of the indicated 
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genotype as described (Buo et al., 2016).  Briefly, bone marrow was flushed with sterile 

saline from long bones and pelleted at 500 x g for 10 minutes. The pellet was 

resuspended in αMEM containing 10% fetal bovine serum, penicillin (50 IU/ml), 

streptomycin (50 μg/ml) and gentamycin (50 μg/ml) and filtered through a 70 μm cell 

strainer. Cells were plated and grown to confluence. Cells were kept at 37°C in a 

humidified atmosphere of 95% air and 5% CO2. Media was replaced every 2-3 days. For 

Alizarin Red S staining, confluent cultures of BMSCs were maintained for 14 days in 

mineralizing media, which contains ascorbic acid-2-phosphate (50 ng/mL) and glycerol-

2-phosphate (10 μM). For western blotting, confluent cultures of BMSCs were 

maintained for 7 days in mineralizing media, which contains ascorbic acid-2-phosphate 

(50 ng/mL) and glycerol-2-phosphate (10 μM).Subsequently, the cells were rinsed three 

times in HBSS and fixed in 10% neutral buffered formalin prior to staining mineralized 

nodules with 1mg/ml Alizarin Red S (pH 4.2) solution, as described (Mbalaviele et al., 

2005). For cell proliferation assays, freshly isolated BMSCs isolated from mice of each 

genotype were seeded at 5,000 cells/well in a 48 well plate and cultured in complete 

media for 48 hours. Cell number was quantitated using a CCK-8 colorimetric assay (Enzo 

Life Sciences, Farmingdale, NY, USA) according to the manufacturer's specifications in 

comparison to parallel wells of known cell numbers. 

 

Transient transfections, co-immunoprecipitations and western blotting 

UMR106 cells were transiently transfected using the Jetprime transfection reagent 

(Polyplus, New York, NY), as described (Gupta et al., 2016). Endotoxin free plasmid 

DNA was prepped using a Qiagen HI-Speed Maxi prep system, according to the 
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manufacturer's specifications. Cells were lysed 48 hours post transfection with 1X cell 

lysis buffer (20 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1X HALT 

phosphatase/protease inhibitor cocktail). Whole cell lysates (500 μg total proteins) were 

pre-cleared with protein A/G agarose beads at 4°C for 30 minutes. The cleared 

supernatants were incubated overnight at 4°C with 2 μg of the indicated antibodies (anti-

ERK, anti-PKCδ, anti-β-catenin, anti-FLAG, anti-Cx43), followed by a 30-minute 

incubation at 4°C with protein A/G-agarose beads. After five washes in ice cold-PBS-T, 

the proteins were eluted from the beads by heating the samples for 5 minutes at 95°C in 

Laemmli 3x SDS buffer (62.5 mM Tris-HCl, 2%w/v SDS, 10% glycerol, 50 mM DTT, 

0.01% w/v bromophenol blue). A fraction of the eluted proteins (bead fraction) and input 

fraction were analyzed by western blotting (as described below) with the indicated 

antibodies. Briefly, equal amounts of proteins were electrophoresed on 10% SDS-PAGE 

gels, blotted to PVDF membranes and probed with the indicated antibodies. Membranes 

were stripped and re-probed with GAPDH antibodies to ensure equal loading of proteins 

among lanes. All blots were repeated at least three times with independent cell 

cultures/tibial extracts. Representative data are shown for each.  

 

Mouse colony  

All animal studies were performed with approval by the Animal Care and Use Committee 

at the University of Maryland School of Medicine. Gja1-/K258stop mice on a C57BL/6 

background were provided by Mario Delmar (NYU). Gja1+/-  mice on a mixed 

(C57BL/6-C129/J) background were provided by Roberto Civitelli (Washington 

University in St Louis). Breeding colonies were maintained at the University of Maryland 
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School of Medicine. Littermates were used for all experiments. Mice were given ad 

libitum access to standard chow and water and were maintained on a 12 h light/dark 

cycle. For genotyping, DNA was extracted from tail snips prior to weaning, using 

Accustart genotyping mix (Quanta Bio, Gaithersburg, MD). PCR genotyping for the 

Gja1+ and Gja1- alleles was carried out using allele specific PCR primers (Primer 1: 

CAC GTG AGC CAA GTA CAG GA; Primer 2:  AGG TGG TGT CCA GAG CCT TA; 

Primer 3: AAT CCA TCT TGT TCA ATG GCC GAT C), as provided by the Jackson 

labs (stock number 002201). PCR genotyping for the Gja1+ and Gja1K258Stop alleles was 

carried out using allele specific PCR primers (Primer 1: GCA TCC TCT TCA AGT CTG 

TCT TCG; Primer 2:  CAA AAC ACC CCC CAA CAA GGA ACC TAG), as described 

(Maass et al., 2004). 

 

X-Ray Imaging 

Lateral and AP radiographs (35 kV, 10 sec) were taken of the mice, post euthanasia using 

a Faxitron digital x-ray system, as described (104).  

 

Protein extracts  

For long bone extracts, tibiae were dissected from both genotypes and cleaned of soft 

tissue. Subsequently, the epiphyses were removed, the marrow cavity flushed with sterile 

saline, prior to lysis in a modified RIPA buffer (50 mM Tris (pH 8.0), 150 mM NaCl, 

1.0% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS, 10 mM Na4P2O7, 10 mM 2-

glycerolphosphate, 10 mM NaF, 10 mM EDTA, 1 mM EGTA, 1X HALT 

phosphatase/protease inhibitor cocktail. Samples homogenization was performed using 5 
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mm diameter stainless steel beads and a Qiagen tissue lyser LT at 50 MHz for up to 10 

minutes or until the sample was completely homogenized. Samples were then centrifuged 

at max speed for 10 min at 4°C. The supernatant was used for protein expression analysis 

by western blotting. For BMSCs, cells were lysed in modified RIPA, as described (105). 

 

Quantitative Real Time RT-PCR 

Total RNA was isolated from tibial extracts (flushed of marrow) using TRIzol reagent 

and homogenizing the sample with 5 mm diameter stainless steel beads and a Qiagen 

tissue lyser LT at 50 MHz for up to 10 minutes. RNA (1 μg) was reverse transcribed and 

used for quantitative real time PCR (qPCR) as described (12). Genes were simultaneously 

normalized to Gapdh, Rpl13 and Hprt. PCR primer sequences are as published and/or are 

available upon request (12,62). 

 

MicroCT 

Femurs were dissected from 6-week-old male Gja1+/- and Gja1-/K258Stop mice and fixed in 

4% PFA for two to four days and then transferred to 70% ethanol. Three-dimensional 

microCT was performed on the femurs of each genotype using SkyScan 1172 (Bruker, 

Kontich, Belgium). The skeletal parameters assessed by microCT followed published 

nomenclature guidelines (Bouxsein et al., 2010).  Bone morphology and microstructure 

were assessed at the mid-diaphysis for cortical parameters, including cortical bone 

volume (Ct.TV), periosteal perimeter (Ct.Peri.Pm), endosteal perimeter (Ct.Endo.Pm), 

cortical thickness (Ct.Th), cortical porosity (Ct.Po) and mean polar moment of inertia 

(MMI). Trabecular parameters were assessed at the distal femoral metaphysis for 
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trabecular parameters, including the trabecular bone volume fraction (BV/TV), trabecular 

bone thickness (Tb.Th), trabecular number (Tb.N) and trabecular separation (Tb.Sp). 

Analysis was completed on 11 (Gja1+/-) and 8 (Gja1-/K258stop) animals for each genotype, 

respectively. Femurs were scanned with 2K resolution, 10-micron voxel size, 0.5 mm Al 

filter at 60kV and 167 µA. Trabecular bone was delineated manually in a region of 

interest 0.2 mm to 2.0 mm proximal to the distal femoral growth plate. For cortical bone 

parameters, transverse microCT scans were performed at the femoral diaphysis beginning 

at 56% of the femoral length (measured from the head of the femur) extending 0.6 mm 

distally.  

 

ELISA 

Serum was collected from animals, and serum CTX and P1NP levels were quantitated 

using IDS assay for P1NP production and RatLaps for CTX production, according to the 

manufacturer's specifications [Immunodiagnostic Systems Inc. [IDS Inc., Gaithersburg, 

MD, USA]. 

 

Bone Histomorphometry 

Fixed femurs were decalcified in 14% EDTA (pH 8.0). Subsequently, the tissue was 

paraffin embedded and 5 μm serial, longitudinal sections were prepared. Sections were 

stained for tartrate-resistant acid phosphate using a leukocyte acid phosphatases (TRAP) 

kit (Sigma), as described (106). Osteoblasts and osteoclasts adjacent to the bone surface 

were quantified using the Bioquant Osteo measure histology software, as described 

(40,107).  Sections were stained with hematoxylin and cortical occupied/empty lacunae 
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were counted (N=3 animals per genotype; 1002 (Gja1+/-) and 1015 (Gja1-/K258stop) 

lacunae, respectively). Picrosirius red staining was performed on sections and allowed to 

air dry before imaging. Quantification of fiber thickness and orientation was completed 

using a hue range method (89,90). For dynamic parameters, 6-week-old mice of each 

genotype were injected with calcein (7.5 mg/kg body weight) and alizarin 3-methyl 

iminodiacetic acid (30 mg/kg body weight) at 7 and 2 days before euthanasia, 

respectively. Femoral bone formation rates were quantified by dynamic 

histomorphometry, as described (108). Following fixation, each femur was embedded in 

poly-(methyl methacrylate). 100 μm thick transverse sections were cut (Leco VC50) at 

the femoral midpoint, then polished to 30 μm and mounted on glass slides. Images of 

each section was generated for analysis using fluorescence microscopy (Olympus IX-71). 

Images were analyzed for endosteal (Es) and periosteal (Ps) bone formation rate 

(BFR/BS) and mineral apposition rate (MAR) as defined by the ASBMR Committee for 

Histomorphometry Nomenclature (Dempster et al., 2013).  

 

Statistics 

All data are displayed as means ± standard deviations. Unless stated otherwise, 

experiments were repeated at least three times (n ≥ 3). For microCT and histological 

analysis, the reviewer was blinded as to the genotype of the mouse. Mean expression was 

compared between samples by a two-tailed t-test for unpaired samples. Data were 

statistically analyzed using GraphPad Prism 6 software. A p-value < 0.05 indicated 

statistical significance. 
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Chapter 3: Structure-Function Analysis of Connexins as Active Regulators of Signal 

Transduction in Osteoblasts 
 

1. Abstract 

Intercellular communication through connexin43 facilitates bone modeling and 

remodeling through an interconnected functional network made up of osteoblasts and 

osteocytes. While it is known that Cx43 binds numerous proteins and signaling molecules 

(“interactome”), the consequences of these interactions is unclear. Our recent work has 

demonstrated the requirement for the Cx43 C-terminus (CT) in vivo and in vitro, for 

optimal osteoblast signaling and gene expression, and that absence of the Cx43 CT in 

male mice results in a skeletal phenotype analogous to deletion of the entire Cx43 gene in 

osteoblasts. These data also implied that Cx43-containing gap junctions not only 

exchange signals, but also must recruit the appropriate effector molecules to the Cx43 CT 

in order to optimally affect cell function and bone acquisition.  

Cx43 and Cx45 seem to have opposing functions in bone biology. We postulated 

that this may be due to differences in the signaling machinery each connexin recruits. 

Using chimeric connexin proteins composed of portions of both Cx43 and Cx45, we 

examined downstream signaling and gene expression in osteoblasts. By luciferase 

reporter assays, western blot analysis, and qPCR, we found that, in general, both the 

Cx43 pore and Cx43 tail are required for optimal osteoblast signaling and gene 

expression, as Cx45 overexpression was ineffective or inhibitory in all aspects, while 

Cx43 overexpression stimulated signaling and gene expression. The chimeras largely 

mimicked Cx45 or had an intermediate effect in all aspects of this study. Through co-

immunoprecipitation, our data shows binding of ERK, CAMKII, and β-catenin to Cx43 

but not to cCx45. In contrast, ZO-1 (zona-occludens-1) was found bound to both Cx43 
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and Cx45. In total, these data imply that each connexin can differentially regulate 

downstream signaling and gene expression from the gap junction by local recruitment of 

different signaling effector molecules to each connexin’s CT in order to affect bone cell 

function and bone modeling.  

 

2. Introduction 

In the present study, we wanted to further dissect the roles of signal protein 

docking to the CT (C-terminal) domain of connexins in bone cells and determine if this 

docking/tail function of the CT was unique to Cx43. For the purpose of this study, we 

define the pore function as the ability of connexins to transmit small molecules and 

second messengers. Likewise, we define the tail function as the ability of the C-terminus 

to locally recruit signaling molecules (refer to Figure 1.3, Chapter 1). This C-terminal 

domain is highly variable among various connexins and interacts with numerous 

signaling molecules to impact signaling and thus is likely to have connexins isotype 

specific functions (13–15,77,78,86).  

My published data have shown that deletion of the Cx43 C terminus in vivo mimics 

the phenotype of the Cx43 cKO phenotype in vivo, including alterations in cortical bone 

geometry, deficits in downstream signaling and osteoblast gene expression and altered 

collagen processing (109).  This suggest that the tail function of Cx43 may be as important 

as the pore function, at least with respect to bone. The role of Cx45 in bone acquisition 

and function in vivo has not been extensively studied. Cx45 is required for development, 

and Cx45-deficent mouse embryos die at E9.5/10.5 due to disruptions in vascular 

development, which preclude the study of skeletal functions (22).  
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Cx43 and Cx45 form gap junctions with different pore sizes (<1kD;<0.3kD) and 

seem to have opposing functions in bone biology. While previous studies had suggested 

porosity was a driver of these differences, we postulated that differences in the signaling 

machinery each connexin locally recruits to the gap junction through CT interactions 

could also drive these observed opposing functions. Previous studies have shown that 

when over expressed, Cx45 altered coupling between cells and resulted in reduced 

permeability in comparison with Cx43 (23,110). Gene expression examination showed that 

altering the expression of Cx43 and Cx45 modulated expression of osteoblast genes. 

Cx43 increased expression while Cx45 decreased expression of genes associated with 

osteoblast differentiation (111). In addition to differing permeability between Cx43 and 

Cx45, a large number of  signaling effectors have been shown to bind to the  Cx43 C 

terminus (14,77,78,86). In contrast, none have been described for Cx45. These interactions 

with Cx43 are functionally important, as protein interactions with the Cx43 C terminus 

are necessary for optimal signaling and gene expression in osteoblasts (12). The un-

conserved C-terminus of connexins can associate with a variety of signaling complexes 

(14), but the consequences of these interactions with Cx43 have not been studied in great 

detail. 

Modulation of Cx43 expression impacts ERK, PKCδ, pCREB and β-catenin 

signaling pathways in vitro, which influence osteoblast gene expression and cell function 

and cell survival (73–76). The regulation of signaling may involve assembly a specific 

subset of signaling effectors to the gap junction, as well as permitting the communication 

of a specific subset of second messengers though the gap junction pore. Three 

interactions between the Cx43 C-terminus and signaling effector molecules have been 
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shown to affect the function of osteocytes and osteoblasts: PKCδ, β-arrestin, and α5β1 

integrin (77,78,86). In MC3T3 osteoblasts, PKCδ transiently binds to the Cx43 C-terminal 

tail before translocating to the nucleus where it can regulate Runx2 transcriptional 

activity (62,86). In OB-6 cells, interactions between Cx43 tail and β-arrestin allow for the 

anti-apoptotic action of PTH by sequestering β-arrestin and allowing cAMP dependent 

cascades to be activated (77). Lastly, in MLO-Y4 osteocyte-like cells, the Cx43 C-

terminus interacts with α5β1 integrin, which controls opening and closing of the 

hemichannels by causing a conformational change in the extracellular domain of the 

integrin in response to mechanical load (78). 

Very few  protein interactions with Cx45 have been described in any tissue, other 

than a ZO1 binding domain (14). While Cx43’s “interactome” is somewhat characterized, 

it is not complete. These apparent discrepancies in CT-associated proteins suggested that 

in addition to having unique permeability characteristics, each connexin may assemble a 

unique interactome that can impact downstream signaling and ultimately affect bone cell 

function. This led us to test whether it was the communication/pore function, the 

docking/tail function, or both functions of Cx43 that dictates the opposing “bioactivity” 

of Cx43 and Cx45? 

 In this study, we examine the influence of each connexin’s C-terminal tail on 

osteoblast signaling and function using UMR106 cells. We tested the hypothesis that both 

pore and tails functions of a connexin protein dictate its ability to optimally regulate 

downstream signaling from the gap junction. The interactome of C-termini within the 

connexin family allows for efficient signaling downstream of the gap junction through 

the local recruitment of effector molecules to the gap junction. To confirm the functional 
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consequences of these interactions, we have generated chimeric connexins, which fuse 

the Cx43 pore with the Cx45 C-terminal tail (Cx43pore-Cx45tail, aka Cx43/45) and vice 

versa (Cx45pore-Cx43tail, aka Cx45/43). We compared full length Cx43 and Cx45 

alongside the chimeras and examined downstream signaling and gene expression in 

osteoblasts. 

 

3. Results  

A model of the structures of Cx43 and Cx45 and the chimeric connexins, which 

fuse the Cx43 pore with the Cx45 C-terminal tail (Cx43pore-Cx45tail) and vice versa 

(Cx45pore-Cx43tail) are shown in Figure 3.1A and Figure 3.1B, respectively. Little is 

known about protein interactions with Cx45 in any tissue, and while Cx43’s 

“interactome” is somewhat characterized, the total interactions with signaling molecules 

are not fully distinguished. A sequence alignment of the C terminal (CT) domains of 

mouse Cx43 (amino acids 234-382)   and mouse Cx45 (amino acids 249-396) revealed 

limited homology between the two connexins tails, with only 17.5% identity (Figure 

3.1C). Several important functional domains in the Cx43 CT are unconserved in Cx45 

CT. Only the Cx43 CT contains a proline rich SH3 binding domain, ERK(1/2) /MAPK 

phosphorylation sites.   Likewise, only one of four  PKA phosphorylation sites found in 

the Cx43 CT  are conserved in the Cx45 CT.  Both proteins possess a ZO-1 binding site 

at the end of their C termini. While a  microtubule(MT) binding domain has been 

described at the beginning of Cx43’s CT sequence,  a microtubule binding domain has 

not been established for Cx45, currently. Finally, our lab has defined a PKCδ binding 

domain in the Cx43 CT (86).   
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Figure 3.1. A. Complete structure of Mouse Cx43 and Mouse Cx45. B, 

A schematic of the chimeric proteins compared with full length 

Connexin 43 and Connexin 45. C. Sequence alignment of Cx43 and 

Cx45. 17.5% identity (:). 46.1% similarity(.). Green arrow – proline rich 

region, SH3 binding domain. ZO1 binding site – underlined at the end of 

both Cx sequences. MT binding site – underlined at the beginning of 

Cx43’s CT sequence. Purple arrow – ERK(1/2)/MAPK phosphorylation 

sites. Orange arrow - PKA phosphorylation sites.  
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We confirmed of overexpression of both full length connexins by qPCR and 

western blots, as well as the chimeric constructs using C-terminal specific antibodies 

(Figure 3.2A,B). To confirm that the connexins chimeric constructs were functional, we 

used FRAP (fluorescence recovery after photo-bleaching) to test intercellular 

communication in comparison with the full length connexins. After loading the cells with 

Calcein AM (~682 Daltons), a cell was chosen in a cluster to photobleach, and the rate of 

recovery was measured. Full length Cx43 and the chimera with the pore of Cx43 

(Cx43/45) had the same percent of recovery, while full-length Cx45 and the chimera with 

the pore of Cx45 (Cx45/43) prevented the intercellular communication of calcein. 

Calcein is around 0.6 kDa, which is over the limit of molecular mass efficiently passed 

by Cx45-containing gap junctions.  

In order to understand the contribution of connexin domains to signaling cascade 

activation, we used several signaling pathway specific luciferase reporters/western blots 

to track signaling activation downstream of gap junctions following overexpression of 

wild type or chimeric connexins (Figure 3.3). Using a serum response element luciferase 

(SRE-Luc) reporter to examine MAPK signaling (Figure 3.3A), only full-length Cx43 

increased SRE luciferase activity. Cx45 overexpression had the opposite effect, showing 

decreased SRE luciferase activity. With respect to MAPK signaling, the chimeric 

proteins were unable to mimic the effects of  
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Figure 3.2. Gene expression analysis showing Cx43 and Cx45 

overexpression following transfection of the experimental constructs. A. 

Real time PCR from UMR 106 cells confirms overexpression. B, western 

blots confirm protein expression. GAPDH was used as a loading control. C, 

FRAP results are shown as percent recovery. D. Fractionation confirms 

membrane localization. Graphs depicted as Mean +/- SD, * = p<0.05, ** = 

p<0.01, *** = p<0.001, **** = p<0.0001. 
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Cx43, supporting the notion that both the Cx43 pore and tail are required for efficient 

signaling in this pathway. Both the Cx43/45 and the Cx45/43 chimeras had similar 

inhibitory effects concerning MAPK signaling. These findings are supported by tracking 

MAPK activation by immunoblotting for p-p38 and p-ERK when the various constructs 

are overexpressed (Figure 3.3B). Cx43 overexpression stimulated both ERK and p38 

phosphorylation. While none of the other connexin constructs stimulated both ERK and 

p38 pathways.  

Similarly, using a cAMP/PKA-signaling luciferase (CRE-Luc) reporter (Figure 

3.3A), only full-length Cx43 increased CRE luciferase activity. Cx45 overexpression had 

the opposite effect, shown by a reduction of CRE luciferase activity as compared to 

Cx43. The Cx43/45 had similar transcriptional activity to cCx45. In contrast, the Cx45/43 

chimera increased CRE-Luc activity as compared to the empty vector, reaching almost 

the same level of activation as Cx43 overexpression. Immunoblot for p-CREB mimic the 

CRE-Luc reporter data (Figure 3.3B), in that the most robust activation of the pathway is 

when the Cx43 tail is present, be it in the full length Cx43 or in the Cx43/45 chimera. 

These data suggest that for cAMP-dependent signaling the pore of Cx43 may be 

sufficient to regulate downstream signaling independent of whether the tail of Cx43 or 

Cx45 are present. 

Previously we have shown that Cx43 and Cx45 reciprocally regulate the activity 

of the master regulator of osteoblast differentiation, Runx2 (69). Using a pOSE2 

(osteoblast specific element) luciferase reporter to look at Runx2 transcriptional activity 

(Figure 3.3A), only full-length Cx43 increased pOSE2 luciferase activity. Cx45 

overexpression had the opposite effect, reducing pOSE2 luciferase activity. Our 
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published data have shown that Runx2 activity is controlled by a combination of ERK1/2 

and PKCδ acting downstream of Cx43 (62,70). With respect to PKCδ signaling, western 

blotting demonstrated that the chimeric proteins were unable to mimic the effects of 

Cx43, supporting the notion that both the Cx43 pore and tail are required for efficient 

PKCδ signaling.   

Another key pathway involved in osteoblast function that we and others have 

linked to Cx43 function is β -catenin signaling (109,112,113). Using a Wnt/β -catenin 

signaling reporter (Figure 3.3A), only full-length Cx43 increased TOPflash luciferase 

activity. Cx45, Cx43/45 or Cx45/43 overexpression had the opposite effect, reducing 

TOPflash luciferase activity relative to empty vector transfected controls. These data 

were confirmed through an immunoblot for active β-catenin (Figure 3.3B), which clearly 

demonstrate connexin-dependent pathway activation.  

We also investigated other pathways with roles in bone biology that had not yet 

been linked to gap junction regulation, using NFkB-Luc and GRE-Luc (Glucocorticoid 

response element) luciferase reporters (Figure 3.4). 
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Figure	3.3.	Overexpression	of	full	length	Cx43	leads	to	the	most	

robust	transcriptional	activity	even	in	the	presence	of	different	

promoters.	UMR106	cells	were	transfected	with	indicated	plasmids	

and	specific	luciferase	reporters.	Data	was	collected	48	hours	post	

transient	transfection.	We	confirmed	signaling	pathway	specific	

activation	through	western	blots.	Western	blots	were	probed	for	

indicated	signaling	proteins	in	UMR106	cells	where	the	constructs	

were	overexpressed.	GAPDH	was	used	as	a	loading	control.	Graphs	

depicted	as	Mean	+/-	SD,	*	=	p<0.05,	**	=	p<0.01,	***	=	p<0.001,	****	

=	p<0.0001. 
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Figure 3.4. Overexpression of full length Cx43 leads to the most 

robust transcriptional activity even in the presence of different 

promoters. UMR106 cells were transfected with indicated 

plasmids and specific luciferase reporters. Data was collected 48 

hours post transient transfection. Graphs depict mean±SD. * = 

p<0.05, ** = p<0.01, *** = p<0.001.  
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Figure 3.5. Overexpression of full length Cx43 leads to the 

most robust transcriptional activity even in the presence of 

different promoters. MC3T3 cells were transfected with 

indicated plasmids and specific luciferase reporters. Data was 

collected 48 hours post transient transfection. Graphs depict 

mean±SD. * = p<0.05, ** = p<0.01, *** = p<0.001.  
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These reporter constructs showed that only full length Cx43 increased NFkB-Luc and 

GRE-Luc activity. For NFkB signaling, both chimeras were unable to recapitulate the 

activity of full length Cx43. For glucocorticoid signaling, Cx45 was inhibitory and the 

43/45 was even more inhibitory, as compared to an empty vector. We completed the 

same luciferase assays in another cell line, MC3T3 osteoblast like cells (Figure 3.5). 

These data show that in general, both the pore/communication and the docking/tail 

functions of Cx43 are required to stimulate signal pathway activation.  

In order to understand the functional significance of connexin-dependent control 

of signaling pathways, we examined osteoblast gene expression in UMR106 where the 

full length and chimeric connexin constructs were overexpressed (Figure 3.6). In 

addition, we investigated the effects of overexpression of the chimeric constructs on 

collagen processing genes, as previous studies have reported the requirement for Cx43 in 

proper collagen processing (33,109). Similar to what we saw in our signaling outputs, in 

general Cx43 stimulated osteoblast gene expression, while Cx45 was generally 

ineffective at stimulating expression or was inhibitory. The chimeras were generally 

ineffective at stimulating gene expression associated with osteoblast differentiation in 

most contexts.  

Specifically, an intact Cx43 stimulated the mRNA expression of osteoblast 

differentiation markers, Sp7/Osterix, Col1a1, and cell proliferation marker, CyclinD1 

(Figure 3.6). Lox mRNA expression, which is an enzyme involved in collagen cross-

linking was also increased with the overexpression of Cx43 as compared with other 

connexin constructs. Axin2 mRNA expression, which is a readout of Wnt/β-catenin 

signaling was also increased with the overexpression of Cx43 as compared with other  
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Figure 3.6. Quantitative RT-PCR analysis of the effect of 

chimeric connexin overexpression on osteoblast gene 

expression. qPCR from RNA isolated from UMR106 cells 

was performed for Wnt/β-catenin related genes, 

transcriptional regulators of osteoblastogenesis, and 

osteoblast differentiation markers, and collagen associated 

genes. (n=6). Graphs depict mean±SD. * = p<0.05, ** = 

p<0.01, *** = p<0.001.  
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Figure 3.7. Quantitative RT-PCR analysis of the effect of 

chimeric connexin overexpression on osteoblast gene expression. 

qPCR from RNA isolated from MC3T3 cells was performed for 

Wnt/β-catenin related genes, transcriptional regulators of 

osteoblastogenesis, and osteoblast differentiation markers, and 

collagen associated genes. (n=6). Graphs depict mean±SD. * = 

p<0.05, ** = p<0.01, *** = p<0.001.  
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connexin constructs. In contrast, Cx45 attenuated the expression of most of these genes, 

while the chimeras were generally intermediate between the two or also just as inhibitory 

for gene expression as cCx45. In all cases, both the pore function (permeability) and tail 

function (signal recruitment) of Cx43 were required for optimal gene expression. We 

completed a preliminary screen of the same gene expression profile in MC3T3 osteoblast 

like cells (Figure 3.7). 

Having established a requirement for Cx43 CTs, but not Cx45 CTs for most 

signaling pathways, we sought to clarify differences in interactomes between the Cx43 

and Cx45 connexin tails (Figure 3.8A). To do this, we performed co-IPs (co-

immunoprecipitations) in UMR106 osteoblast like cells. We overexpressed full length 

Cx43 and a Myc tagged-cCx45 and probed for interacting proteins. To confirm 

overexpression, we IPed Cx43 and the Myc-tag, respectively, and blotted with  the same 

antibody. As a positive control, we confirmed association of Cx43 and Cx45 with ZO-1, 

which binds the CT of both connexins (14,114). We show robust  binding of ERK1/2, 

CAMK2, and β-catenin to the overexpressed Cx43. In striking contrast, coIPs reveal little 

to none of the signaling proteins in complex with overexpressed Myc tagged-cCx45. To 

validate the co-IPs, we performed immunofluorescence to show co-detection with the 

signaling molecules and the Cx43 CT. By immunofluorescence, we observed that β-

catenin and Cx43 co-localize together at the plasma membrane. To date, we have 

confirmed co-detection of only one downstream effector protein with Cx43 at the plasma 

membrane. Future experiments will be needed to confirm co-detection of Cx43 with 

other signaling molecules.  (Figure 3.8B). In total, these data indicate connexin-specific 
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interactomes are present, with most signaling complexes associated with Cx43, but not 

Cx45.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Cx43 and Cx45 have differential interactomes. A, Co-

immunoprecipitations (co-IPs) were performed to assess protein–

protein interactions between the indicated signaling proteins and the 

Cx43 CT and the Cx45 CT. UMR106 cells were transfected with a 

construct encoding Cx43 or Myc-tagged Cx45. (A) Input and bead 

fractions are shown for co-IPs performed with anti-ERK1/2, anti-

CAMKII, anti-ZO-1, and anti-β-catenin antibodies and blotted with 

anti-Cx43 antibodies. Positive control co-IPs were also performed 

with anti-Cx43 and anti-Myc. B, Immunofluorescence was 

performed to show co-detection of Total b-catenin and Cx43 at the 

plasma membrane.  
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Figure 3.9. Schematic of the effects of chimeric connexins versus 

the full length connexins on downstream signaling and osteoblast 

function. Both pore and tail functions of Cx43 are required to elicit 

the optimal downstream signaling and osteoblast gene expression.  
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4. Discussion 

This is our working model of how the chimeric proteins affect downstream 

signaling and osteoblast function (Figure 3.9). Full length Cx43 can allow 2nd 

messengers to pass as well as to recruit appropriate effectors to the C terminus 

to permit optimal signaling and osteoblast gene expression. Cx45 doesn’t allow 

passage of 2nd messengers larger than 0.3kD, attenuating signaling and gene 

expression. The Cx43/45 chimera can allow the passage of 2nd messengers, but 

cannot recruit the appropriate effector molecules, leading to a reduction of 

signaling and gene expression in comparison with full length Cx43. The Cx45/43 

chimera cannot allow passage of some 2nd messengers, despite the ability to 

recruit effector molecules to the C terminus, also leading to a reduction of 

signaling and gene expression in comparison with full length Cx43.  

The goal of this study was to explore the structure-function relationship by which 

Cx43 and Cx45 differentially affect osteoblasts. We found that, in general, both the Cx43 

pore and Cx43 tail are required for optimal downstream signaling (e.g., MAPK, PKCδ 

and β-catenin, and pCREB) and osteoblast gene expression (e.g., COL1a1, Lox, Axin2, 

Osterix, and CyclinD1), as replacement of the Cx43 pore or tail domain with that of Cx45 

was ineffective or inhibitory for connexin-dependent signaling and gene expression. By 

co-immunoprecipitation (co-IP), our data show that Cx43 complexes with ERK, 

CAMKII, and β-catenin. In contrast, co-IP of a myc-tagged Cx45 results in minimal co-

association of these signaling proteins. As a positive control, IP of ZO-1 (zona-

occuldens-1) confirms that the ability to IP Cx43 and myc-tagged Cx45, as previous 

studies have shown. These data show that Cx43 and Cx45 do, indeed, have different 
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interactomes. Here, we showed that the pore/channel function and docking/tail function 

of Cx43 are required for its ability to optimally affect osteoblast signaling and gene 

expression.  

The discrepancies between pathways for the transcriptional activity of the full 

length connexins versus the chimeras leads to a point of specificity for each second 

messenger.  In some contexts, both channel/pore and docking/tail functions of Cx43 are 

required. For example, second messenger such as IP7 whose size is too large to diffuse 

through Cx45 channels and that activates PKCδ which is exclusively recruited to the 

Cx43 but not Cx45 channels, may require both the pore and tail functions of Cx43 to 

efficiently pass the second messenger and initiate downstream signal cascade activation.  

In contrast, in some contexts only pore function or tail function may be sufficient, such as 

cAMP/PKA signaling. Our data suggest that optimal cAMP communication and 

downstream PKA signaling absolutely require only the tail function of Cx43. However, 

either the pore of Cx43 or Cx45 provide functionality to his tail. This is likely because 

cAMP is small enough to pass through both Cx43 and Cx45 containing gap junctions, but 

without the Cx43 CT, the appropriate signaling effectors aren’t recruited locally to the 

gap junction and downstream signaling does not occur.  

The CT’s role as a docking platform seems intuitive for the spatial control of downstream 

signaling. The local recruitment of signal machinery to the gap junction plaque will place 

these effectors where the concentrations of a communicated second messenger are 

highest, permitting efficient signaling from this microdomain. Additional studies are 

needed to survey and measure the local concentrations of second messengers at the gap 

junction plaque to prove this point. One of the ODDD mouse models (Gja1Jrt/+) also 
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exhibited reduced bone quality, both in the trabecular and cortical compartments, as the 

animals were aged up to 12 months. This is an intriguing result, showing Cx43 facilitates 

communication of both anabolic and catabolic signals (115). These findings underscore the 

importance of understanding which signals are being propagated through cells by gap 

junctions as well as the context in which those signals are being passed.   

The findings in this study expand the known signaling pathways affected by Cx43 

and deepen our understanding of how connexins participates in signaling in bone. This 

study may help us to understand the divergent effects of Cx43 in the context of different 

stimuli, such as different second messengers, hormones, growth factors, and mechanical 

load. Cx43 has been shown to be beneficial during mechanical loading in bone as well as 

deleterious in aging and disuse. Hormonally, PTH administration to Cx43 deficient mice 

lead to reduced bone anabolic responses as compared to control mice (40). As far as 

mechanical loading and unloading are concerned, several studies show that mechanical 

loading and unloading effects the endosteal and periosteal surfaces of long bones in 

opposite ways (67,72,84), and Cx43 ablation leads to an even more severe phenotype in 

bone. The cortical thinning and marrow cavity widening observed in Cx43 deficient mice 

resembles skeletal effects of aging and space flight (116). Cx43 ablation was also show to 

prevent cortical bone formation during unloading (46). In the cKO model of Gja1 deletion 

using the Col1α1 promoter, cortical bone was resistant to the effect of Botulinum Toxin 

Type A (Btx A) induced muscle paralysis in comparison with wild-type mice who did 

exhibit expansion of the marrow cavity as well as cortical thinning, due to increases in 

osteoclast activity (117). Cx43 is required throughout the entire osteoblast differentiation 

cascade, as differentiation markers such as Col1α1 and Osterix were increased when full 
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length Cx43 is overexpressed. This is consistent with the convergence of Cx43 on Runx2 

to promote osteoblastogenesis (118). The increase in cell proliferation marker, CyclinD1, 

is consistent with what was reported in an in vivo model of Cx43 CT truncation (109). 

These data also confirm the involvement of ERK/MAPK and PKCδ, and Wnt/β-catenin 

signaling pathways from previously published in vitro and in vivo work (62,70,109).  The 

binding of CAMKII to Cx43 CT also confirms a previously published report of such 

interactions (14). The increase in Lox mRNA expression is consistent with previous 

finding, where Cx43 deletion or truncation was shown to reduce Lox gene expression 

(33,43,109).  

In the current study, we only investigated basal signaling. It is likely that we 

would see a concomitant increase in transcriptional activity, downstream signaling, and 

osteoblast gene expression between different connexins using stimulations with fibroblast 

growth factor 2 (FGF2), Wnt3a, and parathyroid hormone (PTH), which have been 

shown to activate MAPK/ PKCδ, Wnt/β-catenin, and PKA signaling, repetitively 

(12,62,70,98–100,119). While in vitro data suggested such a link (72,76–78,86), these treatments 

could be used in future studies to see if effects of connexin expression on these signaling 

pathways are exacerbated by stimulating various signaling pathways.  

One limitation of this study was the need for a functional Cx45 antibody, hence 

we used a Myc-tagged cCx45 construct for the co-immunoprecipitations because of 

difficulty finding an appropriate antibody for Cx45. While we did find a functional Cx45 

antibody for western blotting, there is no Cx45 antibody functional for 

immunofluorescence. We also did not test the functionality of Cx45 containing gap 

junctions using FRAP. We do know they successfully made it to the plasma membrane 
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through the membrane fractionation experiment and acted in a dominant negative way 

with respect to Cx43, but they were not tested for communication low molecular weight 

fluorophores such as neurobiotin, which is around 0.286 kDa.   

Another limitation to this study was use of UMR106 and MC3T3 osteoblast cells 

which both have some endogenous connexin expression that may mildly confound our 

results. UMR106 cells have high endogenous Cx45 expression and lower Cx43 

expression. Conversely, MC3T3 cells have higher endogenous Cx43 expression and 

lower amounts of Cx45 expression. However, given the reciprocal expression of these 

connexins in these two cell lines and yet consistency in our signaling findings, we feel 

that the effects we observe are only mildly influenced by the endogenous connexins. We 

did see similar results in the luciferase assays as well as gene expression in both cell 

lines, posing the idea that overexpression of the full length connexins and the chimeric 

connexins were able to overcome the endogenous expression. However, use of another 

cell line deficient in both Cx43 and Cx45 could strengthen the confirmation of our 

hypothesis. Primary cells deficient in both Cx43 and Cx45 would be the best model for 

continuing to delineate the functional aspects of each connexin’s ability to differentially 

regulate transcriptional activity, downstream signaling, and osteoblast gene expression. 

Future studies using connexin deficient primary cells could confirm these results and 

make the data more translational.  

In summary, the pore and tail of Cx43 are required for their ability to optimally 

affect transcriptional activity, downstream signaling, and mRNA expression of genes 

associated with osteoblast differentiation and function. All pathways and genes have been 

previously reported to be regulated by Cx43 abundance. The data presented in this study 
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supports our hypothesis that gap junctions must not only communicate signals through 

the pore, but also be able to recruit the appropriate effector molecules to their C-terminus 

in order to optimally affect osteoblast function and the coordination of cells within the 

interconnected network of osteoblasts.  

 

5. METHODS 

Materials 

All chemicals and reagents were purchased from Sigma (St Louis, MO) unless indicated 

otherwise.  

 

Cell culture  

MC3T3 clone 4 cells were obtained from the American Type Culture Collection 

[Manassas, VA (ATCC)] and were cultured in αMEM containing 10% fetal bovine serum 

(Benchmark), penicillin (50IU/ml), streptomycin (50μg/ml) and gentamycin (50μg/ml). 

Cells were used at passage < 15. Cultures were kept at 37°C in a humidified atmosphere 

of 95% air and 5% CO2. Media was replaced every 2-3 days.  

 

UMR106 cells were obtained from the ATCC and were cultured in DMEM containing 

10% fetal bovine serum (Benchmark), penicillin (50IU/ml), streptomycin (50μg/ml) and 

gentamycin (50μg/ml). Cells were used at passage < 15. Cultures were kept at 37°C in a 

humidified atmosphere of 95% air and 5% CO2. Media was replaced every 2-3 days (109). 

 

Transient transfections and plasmid constructs 
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UMR106/MC3T3 cells were transiently transfected using the Jetprime transfection 

reagent (Polyplus, New York, NY), as described (109,119). Endotoxin free plasmid DNA 

was prepped using a Qiagen HI-Speed Maxi prep system, according to the manufacturer's 

specifications. The empty vector, pSFFV-neo, was provided by Dr. Gabriel Nunez 

(University of Michigan, Ann Arbor). The pSFFV-Cx43 plasmid, which contains the full 

length Cx43 coding sequence cloned downstream of the Spleen Focus Forming Virus 

promoter was provided by Dr. Thomas Steinberg (Washington University, St Louis). The 

pSFFV-cCx45 plasmid was gifted from cCx45 from Eric Beyer, University of Chicago 

Medical School. 

 

Luciferase assays 

Cells were plated at 50,000- 60,000 cells per well in a 48 well plate and allowed to 

adhere and become confluent. Cells were transiently transfected using the Jet prime 

system (Polyplus, New York, NY) according to manufacturer’s directions at a 1:4 ratio of 

reagent to DNA. Total DNA volume was kept equal with empty vector. Whole cell 

extracts were obtained 48 hours post transfection by washing with HBSS (Hanks' 

balanced salt solution) and lysed in 1× Passive Lysis Buffer (Promega) with constant 

agitation for up to 20 minutes. Lysates were then added to a 96 well assay plate and read 

using the Berthold LB960 illuminometer system (Oak Ridge, TN).  

 

Fractionation 

Cells were transiently transfected and lysates were collected 48 hours post transfection in 

modified RIPA buffer (50 mM Tris(pH 8.0), 150 mM NaCl, 1.0% NP-40, 0.5% Sodium 

deoxycholate, 0.1% SDS, 10mM Na4P2O7, 10 mM B-glycero - PO4, 10mM NaF, 10mM 
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EDTA, 1mM EGTA). HALT phosphatase/protease inhibitor cocktail was added at 1:100 

to the RIPA buffer prior to lysis. Lysates were centrifuged were centrifuged at 10,000 

rpm for 10 minutes at 4 degrees C. the supernatant fraction was saved and the pellet was 

resuspended in Laemmli 5x SDS buffer (62.5 mM Tris-HCl, 2%w/v SDS, 10% glycerol, 

50 mM DTT, 0.01% w/v bromophenol blue). Both the supernatant and pellet fractions 

were run side by side for each overexpression condition following western blotting 

techniques as previously described (109).  

 

Western blotting 

Whole cell extracts were obtained by washing confluent cultures of UMR 106 cells with 

HBSS (Hanks' balanced salt solution) and lysing with modified RIPA buffer (50 mM 

Tris(pH 8.0), 150 mM NaCl, 1.0% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS, 

10mM Na4P2O7, 10 mM B-glycero - PO4, 10mM NaF, 10mM EDTA, 1mM EGTA). 

HALT phosphatase/protease inhibitor cocktail was added at 1:100 to the RIPA buffer 

prior to lysis. The lysates were centrifuged at 10,000 rpm for 10 minutes at 4 degrees C 

and the supernatant was kept for protein analysis by western blotting. For all western 

blots, equal amounts of proteins were electrophoresed on 10% SDS-PAGE gels, blotted 

to PVDF membranes and probed with the indicated antibodies.  The antibodies use in this 

study were: Sigma, anti-Cx43 (C6219); Cell Signaling Technology, total ERK (9102L), 

phospho-ERK (9101L), phospho-PKCδ Thr505 (9374S), active β-catenin (8814S), anti-

Rabbit (7074S), anti-mouse (7076S), anti-Myc (71D10) (2278), total CAMKII (pan, 

D11a10, 3362), p-CREB (SER133) ( 8763); BD Biosciences, total β-catenin (6310153); 

Millipore, GAPDH (MAB374). Membranes were stripped and re-probed with GAPDH 
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antibodies to ensure equal loading of proteins among lanes. All blots were repeated at 

least three times with independent cell cultures. Representative data are shown for each. 

Where indicated, the band intensities of western blots were quantitated with ImageJ 

(FIJI) image analysis software (NIH, Bethesda, MD). Data from multiple blots (a 

minimum of three) were normalized and averaged. (73,109) 

 

qPCR 

Total RNA was isolated from cultured UMR106 and MC3T3 cells using TRIzol reagent, 

according to the manufacturer's directions. RNA (1 μg) was reverse transcribed and used 

for quantitative real time PCR (qPCR) as described (12). Genes were simultaneously 

normalized to Rpl13 and Hprt.  PCR primer sequences are as published and/or are 

available upon request(12,62,109). 

 

Co-IP 

UMR106 cells were harvested 48 hours post transfection with 1X cell lysis buffer (20 

mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100,). HALT phosphatase/protease 

inhibitor cocktail was added at 1:100 to the 1X cell lysis buffer prior to lysis. Whole cell 

lysates (500 μg total proteins) were pre-cleared with protein A/G agarose beads at 4°C for 

30 minutes. The cleared supernatants were incubated overnight at 4°C with 2 μg of the 

indicated antibodies, followed by a 30-minute incubation at 4°C with protein A/G-

agarose beads.  After five washes in ice cold-PBS-T or 1x cell lysis buffer, the proteins 

were eluted from the beads by heating the samples for 5 minutes at 95°C in Laemmli 3x 

SDS buffer (62.5 mM Tris-HCl, 2%w/v SDS, 10% glycerol, 50 mM DTT, 0.01% w/v 
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bromophenol blue). A fraction of the eluted proteins (bead fraction) and supernatant 

(supe fraction) were then analyzed by western blotting (as described above) with the 

indicated antibodies (62,70,109). 

 

Immunofluorescence 

Cells were plated on coverslips and allowed to adhere. Methanol was used to fix and 

permeabilize the cells, followed by blocked for 1 hour in SUPER block (Thermo-Fisher). 

Primary antibodies were incubated overnight and washed 3 times with PBS-T(10x 

phosphate buffered saline, 1x MilliQ water, 1% Tween-20) Secondary antibodies were 

added, incubated for 2-4 hours, and washed several time with PBS-T, before mounting 

using PROLONG GOLD DAPI-containing mounting media (Thermo Fisher, P36930). 

Coverslips were allowed to dry at least 48 hours before imaging. Fluorescence was 

monitored using a Nikon Eclipse 50i microscope, a 40× Plan APO objective and 

Photometrics Coolsnap camera system. Antibodies used: Sigma, anti-Cx43 (C6219); BD 

Biosciences, total β-catenin (6310153)  

 

FRAP – fluorescence recovery after photo-bleaching 

The cells were plated on cover glass bottom culture dishes 72 hours before performing 

FRAP experiments. The cells were loaded at 37°C with calcein-AM (5 μM) for 30 

minutes in DMEM media, then washed with Ringer solution for another 10 minutes to 

desterification of acetoxymethyl (AM) ester. The cells were kept in Ringer solution 

during imaging procedure. To perform the FRAP experiments, we used a confocal laser 

scanning microscope (A1R, Nikon Instruments, Japan) equipped with a 488-nm solid 
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state laser (100 mW) for excitation and bleaching of calcein dye. The fluorescence 

emission was collected in 500 and 560 nm range and an 40X oil-immersion objective 

(NA 1.3) was used for the imaging. The laser output was controlled using a neutral-

density filter (8 optical density) and the laser power was adjusted by software (NIS 

Elements, Nikon Instruments, Japan) to 2% for imaging and 20% for bleaching. 3 cells 

per image were randomly selected for photo-bleaching and images were acquired with 10 

second intervals for 60 seconds followed by 20 second bleaching intervals. The 

fluorescence recovery was acquired for a 750 second period following the bleaching and 

normalized using pre-bleaching fluorescence intensity for each cell.  

 

Statistics 

All data are displayed as means ± standard deviations. Unless stated otherwise, 

experiments were repeated at least three times (n ≥ 3). Mean expression was compared 

between samples by a one-way ANOVA compared to the empty vector. Data were 

statistically analyzed using GraphPad Prism 6 software. A p-value < 0.05 indicated 

statistical significance. 
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Chapter 4: Summary 

1. Introduction 

Osteoporosis, a disease of low bone mass, affects 200 million people worldwide, 

contributing to more than 8.9 million fractures annually and 19 million dollars in health 

related costs (120). The two most common types of osteoporosis are age/disuse induced 

osteoporosis and post-menopausal osteoporosis. Osteoporosis is related to the 

homeostatic balance of bone formation and bone resorption. When bone resorption by 

osteoclasts outweighs bone formation by osteoblasts, an overall catabolic response occurs 

leading to  reduced bone mineral density and reduced bone quality. When the skeletal 

tissue becomes compromised, low energy bone fractures occur. Fractures commonly 

occur in the hip, spine, and wrist, although they can occur in other bones as well (121).  

Intercellular communication by gap junctions plays an important role in achieving 

peak bone mass and determining bone quality (53). Through various studies, Cx43 has 

been shown to be required for the proper development and maintenance of the skeleton. 

Mutations in the gap junction protein, Cx43, result in diseases with skeletal anomalies, 

such as oculodentodigital dysplasia (ODDD) and craniometaphyseal dysplasia (CMD) 

(28,29,31,32,82). ODDD patients and mouse models exhibit broad, tubular bones, such as 

bones seen in aging and osteoporosis. In addition, connexin43 is required for the anabolic 

action of PTH on bone, and loss of connexin43 causes complex effects on both 

mechanical loading, aging and disuse. Thus, understanding Cx43’s role in skeletal tissue 

and unraveling the ways in which gap junctional communicated signals regulated bone 

mass is imperative to developing potential therapies to combat diseases of skeletal 

fragility.  
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Cx43 has been shown to be beneficial during mechanical loading in bone as well 

as deleterious in aging and disuse (116). Hormonally, PTH administration to Cx43 

deficient mice lead to reduced bone anabolic responses as compared to control mice (40). 

As far as mechanical loading and unloading are concerned, several studies show that 

mechanical loading and unloading effects the endosteal and periosteal surfaces of long 

bones in opposite ways (67,72,84), and Cx43 ablation leads to an even more severe 

phenotype in bone. The cortical thinning and marrow cavity widening observed in Cx43 

deficient mice resembles skeletal effects of aging and space flight (116). Cx43 ablation 

was also show to prevent cortical bone formation during unloading (46). In the cKO 

model of Gja1 deletion using the Col1α1 promoter, cortical bone was resistant to the 

effect of Botulinum Toxin Type A (Btx A) induced muscle paralysis in comparison with 

wild-type mice who did exhibit expansion of the marrow cavity as well as cortical 

thinning, due to increases in osteoclast activity (35).  One of the ODDD mouse models 

(Gja1Jrt/+) also exhibited reduced bone quality, both in the trabecular and cortical 

compartments, as the animals were aged up to 12 months. This is an intriguing result, 

showing Cx43 facilitates communication of both anabolic and catabolic signals (33). 

These findings underscore the importance of understanding which signals are being 

propagated through cells by gap junctions as well as the context in which those signals 

are being passed.  

Given the diverse roles, understanding the actual information communicated by gap 

junctions is important to fully understanding the role connexins play in the development 

and maintenance of skeletal tissue. Almost nothing is known about the specific second 

messengers communicated by gap junctions in bone. Our lab has shown that  cAMP and 
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inositol polyphosphates are efficiently passed through Cx43 containing gap junctions in 

bone cells  (61). Likewise, the notion that Cx43 actively participates in signal is relatively 

novel. Here, we dramatically expand on these concepts as we establish a unique function 

for the Cx43 CT in bone. We expand the number of signaling complexes bound, showing 

for the first time the β-catenin complexes with the Cx43 CT. We define, for the first time, 

a unique interactome found with Cx43-conatining gap junctions which is not supported 

by Cx45.  This concept of a unique C terminal interactome may reframe the interpretation 

of old data that was exclusively based on the idea that alteration in gap junction 

permeability is what drives the antagonistic action of Cx45 with respect to Cx43 in 

osteoblastogenesis. Furthermore, it is likely that diversity of signal complexes 

interactome may change in cell types, differentiation stage, and or disease. Understanding 

this diversity of recruitment of signaling machinery in future studies may provide even 

more specific details as to how Cx43 can cause and or be targeted for improving bone 

development and maintenance.  

 

2. Major findings 

2.1. Central hypothesis 

The central hypothesis of this work is that in addition to having unique permeability, 

each connexin can assemble a unique “interactome” of locally recruited signaling 

machinery that can affect downstream signaling from the gap junction and ultimately, 

bone cell function. 
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2.2 Cx43 C terminal truncation, in-vivo 

This work has overall shown that, in bone, the Cx43 CT is a docking platform for 

signaling machinery locally recruited to the gap junction for more efficient intercellular 

communication and these protein interactions are important contributors to the overall 

function of Cx43 in skeletal tissue. Cx43 truncation in mice lead to defective downstream 

signaling (ERK1/2/MAPK, PKCδ and β-catenin) and reduced osteoblast gene expression 

(Twist1, Osterix, Col1α1, Alkaline phosphatase, osteocalcin, and periostin). Altered 

collagen processing (Lox and Hsp47 mRNA expression, Picro-sirius red staining and 

quantification) was also apparent in this truncation model of Cx43CT, and a cortical bone 

phenotype resembling loss of the entire Cx43 protein in bone, through cortical thinning 

and increased marrow cavity area from Micro CT analysis (109).  

Sexual dimorphic phenotypes have been shown in different models of Cx43 

truncation, including the global truncation, Gja1-/K258stop model discussed in chapter 2. 

Female mice were more protected from the cortical phenotype seen in male Gja1-/K258stop 

mice. A similar Cx43 truncation model was recently reported, in which the same Gja1 

K258Stop allele was combined with osteocyte-specific deletion (Dmp1-Cre) of a floxed 

Gja1 allele and performed in 4.5 month old female mice (45). These female 

Gja1flox/K258Stop; Dmp1-Cre mice had a strong trabecular phenotype, but no statistically 

significant cortical phenotype; male mice were not examined in that study (45). On the 

surface, these data appear to directly contrast the findings seen in male mice in chapter 2, 

as 6-week-old male Gja1-/K258stop mice had no change in trabecular parameters and had 

striking changes in the cortical envelope. However, based on this recent publication (45),  

a preliminary screen of 6 week old female Gja1+/- (n=3) and Gja1-/K258stop (n=4) mice was 
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conducted, and we found comparable trends in 6 week old female Gja1-/K258stop mice in 

the trabecular and cortical compartments, where trabecular bone volume fraction, 

trabecular number and trabecular thickness approached significance ( see Table 2). The 

protective effects of estrogen on cortical bone remodeling seems to be a well conserved 

evolutionary function of the hormone, estrogen, as females need to carry their offspring 

to term as well as be provide nutrients through milk, in the case of mammals.  

Emerging data attribute some unique function to the Cx43 CT that may impact the 

interpretation of our data. In this study Cx43 was shown to be alternatively spliced, 

forming an C-terminal, truncated, 20kDa fragment that was found to be localized in the 

mitochondria along with helping traffic the full length 43kDa protein to the plasma 

membrane (122,123). Hypoxic stress has been shown to induce the expression of this 

smaller isoform (124). The smaller isoform was found to help transport mitochondria 

along the microtubule network within the cell, especially during oxidative stress. These 

data indicate an unexpected, non-canonical role of Cx43. It is unclear how loss of the 

20kDa fragment may affect osteoblast function. It is possible that the Cx43 CT truncation 

model data is a result of loss of the smaller isoform. Further studies will be required to 

understand this alternate isoform’s role in bone. In conclusion, this model of truncation of 

the Cx43 CT firmly established the requirement of the C terminus for Cx43’s overall 

function in bone. 

 

2.3 Cx43 CT functions: 

The Cx43 CT is necessary to restrict endocortical osteoclast activity, restrain 

osteoprogenitor proliferation and to promote osteoblast differentiation. In the absence of 
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the Cx43 CT, there is a bottle neck of early osteoprogenitors that fail to terminally 

differentiate (109). This leads to the increased, disorganized periosteal cortical bone 

apposition seen in our model of Cx43 CT truncation. Altered collagen processing 

(reduced mRNA expression of genes associated with collagen processing as well as 

defects in collagen orientation shown by Picro-sirius red staining and quantification) was 

also apparent in this truncation model of Cx43CT, Thus, the Cx43 CT is required for the 

proper export, organization, and maturation of collagen. This is important because of 

another disease, osteogenesis imperfecta, is a disease of brittle bones caused by collagen 

mutants. As mentioned previously, the conditional Cx43 knock out models also have 

brittle bones.  

In our study, Cx43 CT was not required to support osteocyte survival. There is some 

controversy in the field  regarding this point. A few publications in Cx43 deletion have 

reported increased osteocyte apoptosis, while others have not. Since our model of Cx43 

CT deletion recapitulates the conditional knock out models and yet does not produce 

mass osteocyte apoptosis, our model suggests that osteocytic apoptosis is not a dominate 

factor driving the cortical phenotype in Cx43 deficiency shown by cortical thinning 

through periosteal expansion and endocortical resorption. 

 

2.4 Cx43: unique functions in skeletal tissue 

This unique, dual “pore and tail” function of Cx43 many not extrapolate to tissues 

other than bone. As stated previously, Cx43 global knock out mice die at birth due to a 

developmental cardiovascular defect of the ventricular outflow tract (35,83). In contrast to 

Gja1-/- mice (35,83), there is no lethal obstruction of the cardiac ventricular outflow tract in 
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homozygous Gja1K258Stop/K258stop mice, though these mice die as a result of an unexpected 

postnatal epidermal barrier defect (87). This barrier defect is not present in Gja1-

/K258stop mice. This is unlikely to be due to major differences in gap junction function, 

as in the in vivo model of Cx43 truncation, the resultant mutant Cx43 gap junctions traffic 

to the plasma membrane and form functional gap junctions with single channel properties 

similar to intact Cx43 containing gap junctions (95). However, the Cx43 K258Stop 

containing gap junction plaques were shown to be larger in size and fewer in number (88). 

Overall, these studies suggest a differential role for Cx43 concerning different tissues 

from bone, such as cardiac and skin, posing the possibility that this signaling/tail function 

of Cx43 is specific to skeletal tissue.  

Cx45 is highly expressed in endothelial tissue of vasculature along with being 

expressed in bone. Cx45 has been shown to be required for development, as embryos die 

at E9.5/10.5 due to disruptions in vascular development, which preclude the study of 

bone acquisition (22). To date, conditional knock out models of Cx45 have not been 

published. Cx37, another connexin protein highly expressed in bone, is expressed in both 

osteoblasts and osteoclasts. However, Cx37 global knock out mice exhibit increases in 

overall bone mass due to defective osteoclast differentiation and no obvious defect in 

osteoblast function has been identified (25). It is possible that the connexins within the 

protein family, in general, contribute differently depending upon the context with which 

they are expressed, i.e. different tissues and different stages of differentiation.  

This may be due to electrical vs chemical coupling between cells. Gap junctions have 

been portrayed as passive channels, whose only function is to efficiently pass small 

molecules, ions and second messengers between cells. Two separate, but complementary 
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roles of gap junctions have been further distinguished in this thesis. The first is electrical 

coupling, which refers to depolarizing ions that are shared by cells in excitable tissues 

through gap junctions, such as in cardiac tissue. The second role is chemical coupling, 

which refers to the exchange of small molecules and nutrients through gap junctions for 

signaling purposes, not membrane depolarization, such as in skeletal tissue. The ability to 

efficiently recruit appropriate signaling machinery locally to the gap junction to allow for 

efficient downstream signaling in neighboring cells will be termed chemical coupling in 

this thesis. Electrically coupled systems like cardiac tissue, known to exhibit high 

endogenous Cx43 expression, may not need downstream signaling events to coordinate 

function among cells in the same way that chemically coupled systems like bone require 

for overall tissue function.   

 

3. C terminal interactome of connexins 

Having established that Cx43’s C terminus is important for osteoblast differentiation 

and function as well as protection from the osteopenic skeletal phenotype seen in global 

and conditional knock out models of Cx43, we wanted to elucidate the molecular basis of 

the C terminus of connexins’ function. To confirm the functional consequences of these 

interactions, chimeric connexins were generated, which fuse the Cx43 pore with the Cx45 

C-terminal tail (Cx43pore-Cx45tail, aka Cx43/45) and vice versa (Cx45pore-Cx43tail, 

aka Cx45/43). We compared full length Cx43 and Cx45 alongside the chimeras and 

examined downstream signaling and gene expression in osteoblasts. 

We found that, in general, both the Cx43 pore and Cx43 tail are required for optimal 

downstream signaling (e.g., MAPK, PKCδ and β-catenin, and pCREB) and osteoblast 
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gene expression (e.g., COL1a1, Lox, Axin2, Osterix, and CyclinD1), as replacement of 

the Cx43 pore or tail domain with that of Cx45 was ineffective or inhibitory for 

connexin-dependent signaling and gene expression. By co-immunoprecipitation (co-IP), 

our data show that Cx43 complexes with ERK, CAMKII, and β-catenin. In contrast, co-

IP of a myc-tagged Cx45 results in minimal co-association of these signaling proteins. 

These data suggest that Cx43 and Cx45 do, indeed, have different interactomes. These 

data infer that both channel and tails functions of a connexin protein dictate its ability to 

optimally regulate downstream signaling from the gap junction.  

The data presented in chapter 3 lead to a new interpretation of the findings from 

previous in vitro studies portraying Cx45 as dominate negative in comparison with Cx43 

(110,111). More importantly, these data may yield insights into why the  connexin protein 

family has so many different members with overlapping permeability. The ability to 

appropriately recruit the local signaling machinery is required for efficient downstream 

signaling as well as the efficient communication of required second messengers. To 

effectively communicate a signal a gap junction must be able to both “share” the second 

messenger by having the appropriate permeability AND must also have locally recruited 

the appropriate signaling machinery to signal in response to  the communicated second 

messenger. By mixing and matching permeabilities and signaling interactomes, each of 

the  21 different connexin proteins within this protein family can lead to very specific 

communication and responses to signals that can be fine-tuned and regulated by the 

specific connexin composition of a gap junction and the overall interactome in cells. This 

has implications beyond bone and skeletal tissue, in the case of other tissues where cell-

cell communication is required for efficient tissue coordination.  
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3.1. Project model 

Here is a summary of how Cx43 may be mediating signaling effects in cells (Figure 4.1). 

Whereby an individual cell may engage in growth factor receptor signaling, producing 

second messengers that initiate downstream cascades and ultimately induce 

Runx2/Osterix transcriptional activity and the expression of osteoblast genes. However, 

these second messengers may also pass through Cx43 gap junctions where they can 

impact the locally recruited signaling effector molecules which are bound to the CT 

domain, this induces efficient signal transduction activation in adjacent cells.  Ultimately 

this coordinates cell function and increases the number of cells responding to an initial 

cue and a global osteogenic response. However, the repercussions of Cx43 C terminal 

deletion and/or replacement with Cx45 are as follows: Whereby an individual cell may 

engage in growth factor receptor signaling, producing second messengers that initiate 

downstream cascades and ultimately induce Runx2/Osterix transcriptional activity and 

the expression of osteoblast genes. However, despite the ability of these second 

messengers to pass through Cx43 gap junctions, in the absence of the Cx43 CT, the 

signaling effectors aren't locally recruited, and the passage of the second messengers 

doesn't efficiently activate downstream signaling in the neighboring cell. The 

replacement of Cx43 containing gap junctions with Cx45 containing gap junctions 

doesn’t allow for larger second messengers to be communicated to the neighboring cell. 

Again, with the substitution of Cx43 containing gap junctions with either chimera 

construct, effective signaling does not occur because of limitations on both the 

communication of important second messengers as well as the local recruitment of the 
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appropriate signaling effector proteins. Ultimately, this results in reduced signal 

transduction activation and gene expression in adjacent cells. The mechanisms 

discovered from these studies are crucial to understanding how osteoblasts and osteocytes 

coordinate their function and how peak bone mass is achieved. The utility of this 

knowledge will impact therapies and strategies for controlling osteoblastogenesis,  

 

 

 

 

 

Figure 4.1. Thesis model schematic. Both pore and tail functions of Cx43 are 

required for optimal cell-cell communication of second messengers as well as 

signaling effector recruitment and gene expression. Gap junctions containing 

specific connexin monomers are labeled in the legend. (dCT= deltaCT, K258 

truncation; only 3 C termini are shown for model simplicity.) 
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enhancing osteoblast responsiveness to anabolic cues, and the achievement and 

maintenance of peak bone mass.  

 

3.2. Future Directions 

Future studies could be done to investigate Cx43 and/or Cx45 as therapeutic 

targets to enhance bone quality or to modify specific interactions with Cx43 and/or Cx45 

to shift homeostasis towards bone formation. Use of TAT-fusion proteins directed to sub-

domains of the Cx43 CT, for example, could be a potential for disrupting the catabolic 

signals communicated through gap junctions in bone. Studies could use primary cells to 

directly add the fusion proteins as well as direct injection into in-vivo models to 

investigate the consequences of modifying specific interactions of signaling proteins with 

Cx43 and/or Cx45. Future studies could use CRISPR/Cas9 to disrupt these interactions in 

vitro and ultimately in vivo by creating point mutants or interaction domain deletions in 

the Cx43 CT that alter its interactome in a more refined way. FRET or anisotropy could 

be used as alternative methods to immunofluorescence to show protein proximity of 

Cx43 and Cx45 with signaling effector proteins and other protein interactions known to 

be important for overall cell function. 

An uncertainty in the field currently is the effect of heteromeric and heterotypic 

gap junctions composed of multiple different connexin proteins influencing recruitment 

of the local signaling machinery. It’s possible that all 6 C termini of one specific 

connexin are required for optimal recruitment and binding of signaling effectors. On the 

other hand, there is potential that only 3 C termini or even 1 C termini are the minimum 

requirement for recruitment. If, for example, only 1 Cx43 CT is required for recruitment 
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of ERK1/2, Heterotypic gap junctions could potentially be able to contribute to optimal 

signaling. However, in the case of heteromeric gap junctions where one hemi-channel is 

composed of Cx45 monomers, the gap junction pore in total would still have different 

permeability characteristics, leading to differential ability to produce optimal 

coordination of signals and downstream signaling between cells.  

Given the unexpected sexually dimorphic phenotype in the cortical bone of male 

and female mice lacking the Cx43 CT, further studies will also be needed to de-convolute 

the differences seen between sexes. An ovariectomized model of Cx43 truncation in 

females would be a nice model to investigate the protective role of estrogen in cortical 

bone maintenance.  

The interactome of Cx43 is still incomplete, and we do not know if other 

connexins expressed at lower levels in bone influence Cx43’s ability to recruit signaling 

machinery. Further, it is unclear if other connexins expressed in bone (e.g., Cx37, Cx40, 

Cx45 and Cx46) also recruit signaling machinery to their C terminus, or if this function is 

unique to Cx43. Mapping of all interactions with Cx43 and investigating the functional 

relevance of these unknown interactions in bone would be the first steps to elucidating 

the complete role of connexins on downstream signaling, osteoblast gene expression and 

overall cell function. Bio-ID, which is an agnostic, mass-spec based approach could be 

performed to investigate putative binding sites of both the Cx43 and Cx45 C-termini. 

BioID is used to screen for physiologically relevant protein interactions and the method 

uses a promiscuous biotin ligase to biotinylate proteins based on proximity (125).  

These studies are important for establishing a better understanding of how gap 

junctions, as a protein family, regulate bone quality and have implications in diseases of 
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skeletal fragility, such as osteoporosis. The potential impact of this work, is that 

understanding these interactions and the coordination of signals among bone cells will 

allow us to develop therapeutic interventions that can enhance or suppress signals being 

communicated by gap junctions to enhance bone mass and improve bone quality.   
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