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Skeletal homeostasis is crucial to maintaining bone quality. In the absence of
balanced bone formation and bone resorption, skeletal disease develops. Numerous
studies show that the gap junction protein connexin43 (Cx43) plays a role in the function
of bone forming osteoblasts and osteocytes, as well as the coordination of bone resorption
by these cells.

Little is known about how Cx43 influence skeletal homeostasis. In

particular, the identities of the second messenger signals that are communicated by bone
cells to regulate skeletal homeostasis are unclear. Here, we assessed the role of cAMP as
a biologically relevant second messenger communicated by Cx43 containing gap
junctions among bone cells and its regulation of genes involved in skeletal homeostasis,
including sclerostin and RANKL in UMR106- cells.
Methods: UMR106-cells were cultured and transfected with different plasmid constructs
to manipulate cAMP levels (constitutively active GalphaS), as well as Cx43 expression.
Luciferase reporter assays and western blots were used to assess cAMP-dependent
signaling. Regulation of the SOST and RANKL were assessed by quantitative RT-PCR.
Results: The in vitro studies conducted have shown the synergism between Cx43 and GalphaS, which generates cAMP, confirming the amplified signal when these two were

expressed together. Further, a modified parachute assay revealed that cell-to-cell contact
was required for the sharing of cAMP-dependent signals by Cx43 expressing bone cells.
Cx43 and cAMP combine to potently increase RANKL (a stimulator of bone resorption)
expression and suppress SOST expression (An inhibitor of bone formation).
Conclusion: There was up regulated signals when Cx43 and G-alphaS were co-expressed
implying the role of the second messenger cAMP in cell-to-cell communication by bone
cells. In addition, these signals converged on the expression of RANKL and sclerostin,
two genes that play a major role in bone turnover. Accordingly, this pathway may
represent one of the ways that gap junctions regulate skeletal homeostasis and could be a
target of therapeutic intervention for skeletal disease.
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1. INTRODUCTION
Skeletal Development and Homeostasis
Bone as a living tissue, is constantly undergoing resorption and deposition
physiological processes to ensure skeletal homeostasis

1, 2

. Bone is mainly made up of

type I collagen, a component of an abundant, organic extracellular matrix, and calcium
phosphate crystals that forms the mineralized component. Both provide strength and
ability for the bone to withstand tensile stress 3. Bone remodeling can be stimulated, or
inhibited by intracellular and extracellular signals such as PTH hormonal stimulation or
mechanical loading, depending on need and is essential for bone homeostasis

4

. Bone

remodeling is achieved by activation of bone cells namely: Mesenchymal stem cells,
which are undifferentiated parental cells that give rise to osteoblasts; Osteoblasts, which
are responsible for bone formation and, control mineral deposition; Osteocytes, which act
as mechanosensors 5, coordinate bone resorption and maintenance; and Osteoclasts are
responsible for dissolving bone thereby releasing minerals and other collagenic products
in the extracellular matrix. All their activities are coordinated through cell-cell
communication via the gap junction

6-8

. Bone homeostasis is balancing of mechanical

and chemical cues responsible for healthy bone structure. Increased resorption, or
decreased ossification can cause bone imbalances resulting in decreased bone mass,
fractures, osteoporosis, arthritis, while excessive bone formation can lead to Sclerosteosis
4, 5, 9

and other genetically associated bone deformities and diseases

10-12

. This can be

reflected in aging, for bone loss exceeds bone formation resulting in formation of frail
bones

5, 13, 14

.

1

Gap Junctional Influence on cAMP and Osteoblast Function
Cell-to cell communication between the different bone cells occurs through the
gap junction. The gap junctions are connections between cells that allow transmission of
small molecules including ions like calcium, secondary messengers such as cAMP and
other micro-molecules typically less than 1 kDa molecular mass, which facilitate the
response to cues

15, 16

signaling pathways

. Intercellular metabolic coupling, ionic coupling, and paracrine

17, 18

also occur at gap junctions.

The proteins that form the gap junctions are called connexins, which dock to form
the aqueous channel that permits diffusion of molecules

19-21

. See Figure 1.

Structure of the Gap Junction

FIG.1. The formation of gap junctions from connexin, two combine to form hemi-channels
responsible for intercellular communication.
2

They can be homomeric or heteromeric and can combine to form either homotypic, or
heterotypic junctions accordingly

20

. It is well known that pairing up of six connexin

(Cx) subunits form the connexon also referred to as a hemichannel

21

. Connexin protein

exists naturally in various forms such as Cx26, Cx37, Cx40, Cx43, Cx45, Cx46, and so
on of which each kind exerts a particular function depending on location in the body

22-24

.

Cx43 for example, is the most abundant in bones and are critical in generation and
modulation of bone cellular signaling and skeletal maintenance

4, 25

. Prior studies have

also indicated that Cx43 regulates different bone cell functions namely: osteoblasts
formation, differentiation, survival, and apoptosis; osteocyte ability to coordinate bone
remodeling; and osteoclast formation and bone resorption

1, 19, 25-30

. The ultimate impact

of loss of Cx43 on the skeleton is a decrease in bone mass (osteopenia) and a decrease in
the mechanical properties of bone

31-33

. These changes are associated with altered

osteoblast differentiation and function and mimic the changes that are commonly
observed in skeleton changes during aging and disuse. Cx43 also modulates various
signals responsible for proper bone development in response to anabolic, catabolic, and
mechanical loading

29, 34-36

. Importantly, the molecular details of how Cx43 can influence

the function of these cells are unclear.

It is widely speculated that Cx43-conatining gap junctions can communicate
second messenger signals between cells (chemical coupling) to influence signal
transduction cascades and cell function in bone cells

37

. However, the chemical/ second

messenger mediators that are communicated through gap junctions are not known. One
putative second messenger communicated by gap junctions is cAMP. There is indirect
evidence suggesting that gap junctions participate in the passage of cAMP from

3

osteoblasts to osteocytes. Besides, more emerging literature indicate that cAMP and
Cx43 have been proven to be involved in various similar physiological body mechanisms
including cell growth and differentiation

38

, nervous system, cardiovascular, PTH

response, and general metabolism 39, 40. This calls for further analysis of their intercellular
communication correlation at the gap junction by exploration of the cAMP- dependent
pathway in the skeletal system.

We therefore, hypothesize that the interference of the gap junction intercellular
communication caused by lack of Cx43 reduces the cAMP movement between cells,
affecting signal transduction cascades and transcription of genes involved in bone
formation

41, 42

. By defining the molecules and pathways by which bone cells coordinate

their action we can gain insights into the mechanisms by which skeletal disease and
skeletal decline during aging or disuse occur

27

. In order to improve and prevent these

effects, it is essential to study and fully understand the underlying mechanisms of other
molecules communicated via the gap junction. This study will mainly focus on the
relationship between cAMP as one of the important bone signaling molecules and Cx43
as a common protein expressed in all bone cells.

Cyclic AMP/PKA in Bone
Adenosine 3’, 5’- cyclic monophosphate (cAMP), is an example of a cyclic
nucleotide generated through hormonal stimulation initiated by a transmembrane
signaling pathway and other extracellular regulators, which occur by activation of Gprotein (GalphaS)- coupled receptors (GPCRs)

38,

43

. The G-protein is a

heterotrimeric protein with Gβγα subunits responsible for turning on and off the

4

signals accordingly 44. Different types of GPCRs do exist in different locations and
their response, depends on the nature of the stimulant

45

. Once the G-protein
G
is

activated, it stimulates adenyl
adenylyl cyclase enzyme to synthesize cAMP from ATP. The
ATP is converted to a pyrophosphate followed by its hydrolysis by a pyrophosphatase
enzyme, resulting in formation of a monophosphat
monophosphate (AMP) 46. Continuous synthesis
synthesi
of cAMP by differentt G
G-proteins in the membrane, leads to its significant
accumulation in cells, hence activating a cascade of other reactions. This allows
cAMP to become the intracellular second messenger
messenger,, for it is an agent to the first
messenger, the hormonal signal transduction
transduction.

The Structure of Cyclic AMP

http://jeffreydach.com/2008
http://jeffreydach.com/2008.
FIG.2. The structure above is an illustration of cyclic AMP, after hydrolysis of a
pyrophosphate from ATP by adenylyl cyclase enzyme.

5

The second messenger cAMP is reported to be involved in several physiological
processes such as regulating cardiovascular, neuronal, immune, glandular, and other
processes

32, 33, 44

. Prior studies indicate that, it is affected by many hormones

including parathyroid hormone, calcitonin, glucagon, thyroid stimulating hormone,
luteinizing hormone, and corticotropin

38, 47

. Cyclic AMP is an activator of cAMP-

dependent Protein Kinase (PKA) due to the increasing levels of cAMP generated (Fig
3). The phosphorylation of PKA in turn activates other effectors downstream

38, 45

.

The cAMP/PKA-cAMP-dependent Pathway

FIG.3. (a). The above figure shows how cAMP is generated in response to extracellular stimuli
such as the catecholamines that usually switch on or off the transcription of the appropriate genes.

6

A series of events continue to be initiated until the appropriate genes are transcribed 48.
On the other hand, accumulated levels of PKA would trigger phosphodiesterase (PDE) to
break down cAMP to 5’- AMP. This inhibitory action gradually cuts off the cycle as
indicated in Figure 3b.

The PKA-cAMP-dependent Pathway

FIG.3. (b). http://www.mun.ca/biology/desmid/brian/BIOL2060/BIOL2060-23/CB23.html

7

In addition, cAMP as a second messenger, leads to signal amplification in
response to shared signaling generated by Cx43 gap junction and is small enough to pass
through the gap junction 11, 12, 49-51. From a biophysical perspective, cAMP can be passed
through Cx43 containing gap junctions. And the loss of function of Cx43 can attenuate
the anabolic response of bone to PTH 52, and it is speculated that this may be via cAMPdependent signaling.

Certain in vivo studies showed marked anabolic skeletal response of cAMPdependent protein kinase A in osteogenic cells when a constitutively active form of PKA
was directly expressed in osteocytes and late osteoblasts stages

42, 44, 53-56

. The results

showed an up regulation of osteoblast markers namely; osterix, runx2, collagen 1 α 1, and
alkaline phosphatase, as well as a significant increase of osteocyte marker-Dentin matrix
protein 1 (DMP1), but with decreased SOST which is a negative regulator of bone
formation

54, 57-59

. More in vivo studies indicate the role of cAMP in bone via activation

of the GPCR-PTH1R expressed in osteoblast membranes
function by either Gsα or Giα ligand binding

23, 44, 61, 62

60

. They regulate skeletal

. When the Gs subunit was deleted

in these receptors, it lowered trabecular bone development and likewise

23, 38, 44, 56, 63

.

However, when the Gi was blocked in osteoblasts, there was a marked increase in bone
mass and cortical bone 64.

This shows the importance of cAMP- dependent signaling in the skeletal system
10, 11, 25, 53, 54, 65, 66

. Interestingly, Cx43 also regulates many of the genes regulated by

cAMP. That may explain why Cx43 increases levels of cAMP as cAMP increases gap
junctions

67

. Given the biophysical properties of both Cx43 and cAMP we asked whether

8

cAMP might be one of the biologically relevant second messengers communicated by
Cx43 gap junctions to influence osteoblast gene expression. The approach of this study
focused mainly on the cAMP-dependent pathway and tested the impact of Cx43 in this
signaling cascade in relation to osteoblast signaling and gene expression with implication
in bone turnover.

9

2. HYPOTHESIS
Cyclic AMP is a biologically relevant second messenger communicated by Cx43
containing gap junctions among bone cells, where it regulates genes involved in skeletal
homeostasis, including sclerostin and RANKL.

10

3. SPECIFIC OBJECTIVE
To monitor the impact of Cx43 on cAMP-dependent signaling and gene
expression in osteoblasts.

11

4. RESEARCH PLAN
The first experiments conducted were about “population” based assays that
examined cAMP signaling among bone cells and indirectly infer the impact of cell-to-cell
communication. With the second set of experiments, we examined more directly cell-tocell communication of cAMP among gap junctionally coupled cells. These monitor the
impact of Cx43 function on cAMP-dependent signaling on UMR106 osteosarcoma cells,
using transient transfections, cAMP response element (CRE) driven luciferase reporter
assay (CRE-luc reporter assays), and ELISA based cAMP assays. In addition,
phosphoCREB western blotting, gene expression, and Trans-well chamber experiments
were conducted to confirm the generated results.

12

5. MATERIALS AND METHODS
Reagents, antibodies, and plasmids constructs
Tissue culture media (D-MEM) and fetal bovine serum were purchased from
Hyclone (Logan, UT, USA). Antibodies were purchased from Cell Signaling
Technologies (Santa Cruz, CA, USA); anti-GAPDH and mouse anti-GAPDH from
Millipore; CRE-Luc construct was purchased from Stratagene

68

. The pSFFV-Cx43

plasmid, that contains full-length CX43 coding sequence cloned downstream of spleen
Focus forming virus promoter was obtained from Dr. Thomas Steinberg (Washington
University, St. Louis, Mo, USA); the empty vector, pSFFV-neo, was provided by Dr.
Gabriel Nunez (University of Michigan, Ann Arbor, MI, USA. All other chemicals and
reagents were obtained from Sigma St. Louis, MO.

5.1. Population Based Assays
5.1.1 Cell Culture
The UMR106 cell lines were grown in D-MEM containing 10% fetal bovine
serum and 1% streptomycin making D-MEM Complex media. Cells used were passaged
at <15 and percentage live cells >95% were used for transfections. Cells were routinely
fed and monitored for viability in a humidified environment at 37oC/5% CO2. Passaging
was done on confluent cells, trypsinized in TE, washed with 25 ml HBSS saline solution,
and assigned a new passage number accordingly.

5.1.2. Luciferase Reporter Assays and Transient Transfections
Jet Prime transfection protocol was applied using multiple plasmids and the
amount of transfection reagent depended on the number of wells and the size of micro

13

well plate used in each experiment and the total amount of DNA in each reaction was
constant as indicated in table (i) below:

5.1.3. CRE-Luc Luciferase Assay

CRE-Luciferase Assay construct concentrations
PLASMID CONSTRUCT
pSFFV-neo Expression DNA
CRE-Luc Reporter
PcDNA3 Expression DNA
pcDNA3-Gas Expression DNA
pSFFV-Cx43 Expression DNA
Jet Prime Buffer
Jet Prime Reagent

PER REACTION (ug/well)
0.165
0.085
0.085
0.085
0.165
25
1.3

Table (i) shows the plasmid constructs used for CRE-Luc luciferase assay

The plasmid construct responsible for indirect generation of cAMP following
culturing of cells is pcDNA3- Gas Expression DNA, which encodes a constitutively
active GalphaS protein. pcDNA3 empty vector was used as a negative control. The cells
were assayed for the activation of cAMP-dependent signaling by measurement of the
enzymatic activity of the reporter protein (CRE). The results were obtained by coupling
the response element of the gene of interest to luciferase activity in order to quantify the
cellular response

69, 70

. To test the impact of gap junctional communication, we co-

transfected the cells with a vector encoding Cx43 (pSFFV-Cx43) or with an empty vector
control (pSFFV-neo).

First, UMR106 cells were cultured in D-MEM complex media using P-150 petri
dish following aseptic technique. At least 25ml to 30ml of DMEM Complex per P-150

14

petri dish is necessary for better growth. Cells were trypsinized in trypsin (TE), counted
using an automated hemocytometer, and passaged accordingly. For pre-transfection, a 48
micro well plate (MWP) was appropriate for this assay and samples were plated in six
aliquots per sample type. This is important for consistency with the results. The
experiment was repeated until conclusive data was generated.

Pre-Transfection 48 MWP Preparation-Jet Prime approach
UMR106 cells were seeded and cultured at 2.8 x 105 cells/ml in a 48 mwp. They
were cultured for 16-18 hours before transient transfections. All reagents and plasmids
were subjected to room temperature before transfection preparation. Four labeled sets of
eppendorf tubes for each plasmid reaction were prepared. To each Jet prime buffer
(25µl/well) containing tube, the indicated plasmids (0.335 µg total/well) were added per
reaction as illustrated in the table above and mixed well. The Jet prime reagent was then
added to each plasmid reaction tube in a 4:1 ratio with respect to total DNA
concentration, mixed well, and incubated for ten minutes at room temperature. Then, 25ul
of each transfection reaction tube mix was added to each well and the plate incubated 1618 hours overnight at 37oC. Cells were then fed with fresh media. For phosphodiesterase
inhibitor studies, a full 48mwp was plated. To one set, cells were treated with DMSO
(1:1000) as a control and to the other 0.5M 3-Isobutyl-1-methyl xanthine (IBMX)
inhibitor (1:500) for 4 hours at 37oC, thereafter, cells were harvested in luciferase lysis
buffer and incubated at room temperature on a rocker for 10 minutes. The luciferase
activity was detected using a Berthold Centro LB 960 luminometer. Transfection
efficiency routinely was confirmed by western blotting.

15

5.1.4 PhosphoCREB Western Blotting (WB)
For analysis of phospho-CREB levels, an indicator of cAMP-dependent signaling
via PKA, UMR106 cells were transduced with Jet prime reagents as indicated below.

PhosphoCREB Western Blotting construct concentrations
PLASMID CONSTRUCTS

PER REACTION (ug/well)

CRE-Luc Reporter

0.27

pSFFV-neo Expression DNA

0.54

PcDNA3 Expression DNA

0.27

pcDNA3-Gas Expression DNA

0.27

pSFFV-Cx43 Expression DNA

0.54

Jet prime Buffer

75

Jet prime Reagent

3.2

Table (ii) shows the plasmid constructs used for phosphoCREB western blotting assay.

UMR106 cells were seeded a day before transfection at 150,000 cells/well in a 12 well
plate. Transfections were done using Jet prime protocol, using the respective plasmid
indicated in the table above. All the initial steps were similar to CRE-Luc assay until the
harvesting stage. During cell harvesting, UMR106 were rinsed with HBSS and lysed in a
modified RIPA buffer (50 mM Tris pH 8.0, 150 mM Nacl, 1.0% NP-40, 0.5% DOC,
1.1% SDS) plus Halt phosphate and protease inhibitor, 1:100 ratio Cocktail. 250 ul/well
of RIPA-HALT-SDS lysis buffer was added per well, incubated at 4oC shaker for 10
minutes. All lysates were transferred to corresponding microcentrifuge tubes and
sonicated 6x, 10 sec each on ice. Quantification of proteins was estimated using the BCA
assay and Hela whole cell extract standards compared along BCA standards. Equal
amounts of protein were subjected to SDS-PAGE and WB completed. Blots were probed
with anti-phospho-CREB antibodies, which identifies “active” CREB, anti Cx43, and

16

Total CREB primary antibodies. Loading was normalized to the expression levels of
GAPDH. The experiment was repeated a minimum of three times with independent
samples.

5.1.5. Gene Expression
The initial steps of the signaling assay were similar to the experiments illustrated
above. However, CRE-Luc Reporter construct was eliminated. A 48 mwp was seeded
prior to transfection as shown in the table (iii) below:

Gene Expression plasmid construct concentrations
PLASMID CONSTRUCTS
pSFFV-neo Exp. DNA
PcDNA-Exp. DNA
PcDNA-Gas Exp. DNA
pSFFV Cx43-Exp.DNA
Jet Prime Buffer
Jet Prime Reagent

PER REACTION-ug/well
0.165
0.085
0.085
0.165
25
1.3

Table (iii) shows the plasmid constructs used in gene expression assay.

Following a three-step process that is; RNA isolation; Reverse Transcription reaction to
make cDNA from mRNA; and performing Real-time qPCR using cDNA, the cAMP
related gene expressions, Sost, RANKL, OPG, Rat Cx43, Osteocalcin, COL1A1 in
UMR106 were measured and their amplification normalized to the expression levels of
house keeping genes Hprt, Rpl 13, GAPDH. Total RNA was isolated from confluent
cultures of UMR106 cells using TRIzol protocol followed by RNA estimation (RNA
yield and purity) by OD260/OD280 measurements. 1 µg of RNA was reverse-transcribed
using Quanta iScript cDNA reverse transcriptase kit followed by dilution of the reactions
in a 1:10 ratio. Analyses of real time PCR for the gene expressions above, was done using

17

Quanta SYBR Green I dye chemistry. The CDNA products were amplified using an
Applied Biosystems 7300 Real-time PCR System. Their mean cycle threshold value (Ct)
from samples run in six replicates each was used to calculate gene expression

25, 58

.

5.1.6. Immunofluorescence Assay
The rationale for this experiment was to verify the location of Cx43 in cells
overexpressing a constitutively active GalphaS protein due to reports that PKA activation
can alter Cx43 transport to the plasma membrane. UMR106 cells were fixed in 4%
paraformaldehyde (PFA). They were then washed in HBSS and ice cold 100% methanol
was added to precipitate proteins out of cells. Goat serum enriched blocking buffer was
added to the cells and incubated for an hour at room temperature. Incubations of anti
Cx43 antibody and fluorescently labeled chicken anti rabbit IgG (H+L), conjugated to
Alexa fluor 488 dye followed respectively. Finally, the fixed cells were stained by DAPI
to stain cellular nuclei. Subsequent washes of both PBS and deionized water were
performed at 7-10 minute interval. Using a mounting medium, the fixed stained cells
were examined by a fluorescence microscope.

5.2. Modified Parachute Assays
5.2.1. CRE-Luc Reporter Parachute Assay
This assay is loosely based on a classic gap junction assay in which one
population of gap junction permeable fluorescent tracer loaded cells (“donor cells”) are
seeded onto a monolayer of unlabeled cells (“acceptor cells”). The transfer of the
fluorescent tracer from the “donor” cells to the acceptor cells is considered an indication
of gap junction communication

67

. This assay has been called a “parachute assay”. In our

18

version of this assay, we are attempting to examine the transfer of cAMP from the donor
cells to the acceptor cells. To accomplish this we transfect the donor cell population with
the constitutively active GalphaS and the acceptor cell with the CRE-Luc reporter. The
donor cells are then seeded onto a monolayer of acceptor cells. Transfer of cAMP from
the donor cell to the acceptor cell should activate CRE-luc activity in co-cultured cells.
UMR106 donor cells without CRE-Luc reporter construct but with active
GalphaS construct were grown in a 48mwp in the reactions illustrated in (iv) below:

Parachute Assay construct proportions
PLASMID CONSTRUCSTS
pSFFV-NEO Exp. DNA
PcDNA-Exp.DNA
PcDNA-Gas Exp.DNA
pSFFV Cx43-Exp.DNA
Jet Prime Reagent
Jet prime Buffer

PER REACTION (ug/well)
0.33
0.17
0.17
0.33
2.6
50

Table (iv) shows the plasmid constructs used for parachute assay.

The UMR106 acceptor cells were seeded in two individual P-100 plates with CRE-Luc
reporter construct. At least 1,500,000 cells were seeded in to a p100. After 16-18 hour
incubation at 37oC, transfections were done following the Jet prime protocol. 20,000
acceptor cells from each p-100 plate were co-cultured in the donor cell 48mwp, yielding
a single confluent monolayer composed of a mixed population of donor and acceptor
cells. Then, the ability of the donor cell to activate the reporter in the acceptor cell was
assessed by measuring the luciferase activity, indicating transmission of the signal from
the donor cell into the acceptor cell
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Using this modified parachute assay in UMR106 cells, we expected activation of a CRE
reporter (CRE-Luc) in acceptor cells when co-cultured with donor cells expressing the
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active GalphaS construct most potently when Cx43 is overexpressed in both the “donor”
and “acceptor” populations, supporting the need for cell-to-cell communication.

5.2.2. Transwell-Chamber Assay.
The set up of this experiment is similar to that of a parachute assay, with the
exception of co-culturing the donor cells in the multi-well plate directly with the acceptor
cells. Trans-well chambers containing the acceptor cells are inserted hanging in a 24 mwp
with the donor cells without touching the monolayer cells at the bottom. This creates a
barrier between the two different cell populations 71. They are then incubated as desired at
37oC. Two sets of experiments were run in parallel. To one set, the donor cells containing
a constitutively active GalphaS and the other, the acceptor cells transfected with only
CRE-Cx43 constructs as illustrated in table (v) below:

Transwell-chamber Assay construct concentrations
PLASMID CONSTRUCSTS
pSFFV-NEO Exp. DNA
PcDNA-Exp.DNA
PcDNA-Gas Exp.DNA
pSFFV Cx43-Exp.DNA
Jet Prime Reagent
Jet prime Buffer

PER REACTION (ug/well)
0.33
0.17
0.17
0.33
2.6
50

Table (v) shows the plasmid constructs used for Transwell-chamber assay.

The purpose of this experiment was to demonstrate that direct cell-to-cell contact
is required for the activation of the CRE-luc reporter in the acceptor cells, implicating
cell-to-cell communication of cAMP by Cx43. The UMR106 acceptor cells were seeded
in a P-100 plate with CRE-Luc reporter construct. At least 1,500,000 cells were seeded in
10 ml DMEM filled plate. After 16-18 hour incubation at 37oC, transfections were done
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following the Jet prime protocol. 80,000 acceptor cells from the p-100 plate were cocultured in the donor cell 24mwp, yielding a single confluent monolayer composed of a
mixed population of donor and acceptor cells. The ability of the donor cell to activate the
reporter in the Transwell chamber acceptor cell was assessed by measuring the luciferase
activity, an indication of the transmission of the signal from the donor cell into the
acceptor cells 72. The essence of this experiment was to assess the ability of donor cells to
activate cells in Transwell-chamber without direct contact, which correlates to the
propagation of cAMP among cells via Cx43 gap junctions.

5.2.3. Cyclic AMP Assay
This test was performed by use of an immunoassay cAMP Elisa kit obtained from
Cayman chemical’s ACE catalog for quantitative determination of cAMP in UMR106
culture cells. The materials used and the operating procedure was based on the
manufacturer’s inserts in the kit. The standards and samples were added to pre-coated
wells with GxR IgG antibody. cAMP conjugated to alkaline phosphate was then added,
followed by a solution of rabbit polyclonal antibody to cAMP. After simultaneous
incubations and washes, only the bound antibody-cAMP left, was quantified using
µQuant Spectrophotometer
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. The resultant signal correlates to the amount of cAMP in

the cells.
The purpose of this experiment was to determine if the total amount of cAMP
present in the cell population was influenced by Cx43 expression, which might be an
indicative that Cx43 is inducing cAMP levels rather than communicating cAMP between
cells
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6. STATISTICAL ANALYSIS
For most experiments, samples were run in sextuplicates and each experiment
rerun several times until conclusive results were obtained. The graphs summarize the
mean data ± standard deviations. For western blotting data, blots were repeated a
minimum of three times. For inferences, the Student t test was applied and a P-value
obtained is approximately P<0.05. The representative blots below, show the significance
in data obtained.
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7. RESULTS
Cx43 potentiates the abil
ability
ity of a constitutively active GalphaS to stimulate a
cAMP response element--driven luciferase reporter
In order to test if Cx43 expression could influence cAMP
cAMP-dependent
dependent signaling,
we over expressed Cx43 gap junction
junctions and assessed their ability to potentiate a
constitutively active GalphaS in stimulation of a cAMP Response Element by luciferase
reporter assays.
s. UMR106 osteosarcoma cells
cells,, which have very little endogenous Cx43,
were transiently transfected with a CRE-LUC reporter construct, pSFFV-neo
neo and pcDNA
empty vectors, pSFFV-Cx43
Cx43 over expression vector, and pcDNA
pcDNA-Gas
Gas expression DNA.
Fig.4 below shows that overexpression of both a constitutively active GalphaS and Cx43
enhances CRE-Luc
Luc activity. When co
co-expressed this activation of CRE-Luc
Luc activity was
markedly potentiated.

cAMP Response Element Luciferase Reporter

Relative Luciferase Activity

3000000
2500000
2000000
1500000
1000000
500000
0
Neo-pcDNA
pcDNA

Neo-GalphaS
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Cx43-pcDNA Cx43-GalphaS

FIG. 4. Luciferase reporter assays were performed on UMR106 cells, transduced with jet prime
using CRE-Luc
Luc reporter, pSFFV
pSFFV-neo, pcDNA3- Expression DNA, pSFFV-Cx43,
Cx43, and pcDNA3pcDNA3
Gas expression DNA constructs. Cells data are shown as mean ± SD. *P < 0.05, relative to the
treated empty vector control.

Wee went ahead and performed inhibitor assays to assess the levels
level of cAMP
generated if its inhibitor was blocked. We used IBMX, a phosphodiesterase inhibitor.
Treatment with IBMX enhance
enhanced the half-life off cAMP leading to cAMP accumulation in
the cell. As was observed using a constitutively active GalphaS, IBMX treatment
increased CRE-luc
luc activity, an effect that was greatly enhanced by Cx43 expression.
Fig.5 below depicts these findings.

Relative Luciferase Activity

cAMP Response Ele
Element
ment Luciferase Reporter with IBMX

6000000
5000000
4000000
3000000
2000000
1000000
0

FIG. 5. Luciferase Reporter inhibitor assay. The transduced UMR106 cells were treated with
IBMX, a phosphodiesterase inhibitor. Its inhibition increases the expression of cAMP. The data
are shown as mean ± SD. *P < 0.05, relative to the treated empty vector control.
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Does Cx43 increase or just share already existing amount of cAMP in cells
Next, we wanted to quantify the actual amount of cAMP endogenously made by
cells based on different pathways. Fig.6 displays the results for the different approaches
used.

Effect of communication on cAMP levels by cAMP ELISA Assay

cAMP Levels

cAMP Levels
35
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18
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14
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2
0
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30
25
20
15
10
5
0
pcDNA

GalphaS

pcDNA

GalphaS

pSFFV-neo pSFFV-Cx43 pSFFV-neo pSFFV-Cx43

Veh vs PGE2

Neo vs Cx43

FIG. 6. Luciferase reporter assays were performed on UMR106 cells, transduced with jet prime
using CRE-Luc reporter, pSFFV-neo, pcDNA3- Expression DNA, pSFFV-Cx43, and pcDNA3Gas expression DNA constructs. Subsequently, they were harvested in HCL Using an IgG
antibody pre-coated 96 microwell plate, the standards and cells were added, followed by the

conjugate, substrate, and the plate read using µQuant Spectrophotometer
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The resultant signals indirectly correlated to the amount of cAMP in cells, which was not
that intense with GalphaS construct as expected compared with PGE2 constructs. While
the assay did not appear sensitive enough to detect changes in cAMP using the GalphaS
construct. We (Aditi Gupta) did find that when using PGE2, Cx43 did not increase the
absolute amount of cAMP in the population of cells (alone or in combination with PGE2)
suggesting that communication of cAMP between cells caused the observed effects.
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Cx43 potentiates the activation of p-CREB
Besides that, we further confirmed the luciferase assay results by running western
blotting fig.7. The over expression of similar constructs generated high protein levels
respectively which supports the above results indicating that over expression of Cx43 in
UMR106 cells is necessary for driving the PKA/cAMP pathway and thus other
transcriptional factors vital for healthy skeletal modeling and remodeling.

Cx43-Galph

Cx43-pcDN

Neo-Galph

Neo-pcDNA

Activation of phosphoCREB

Western Blotting

phospho-CREB/GAPDH

Cx43/GAPDH
2.5

Relative Abundance

Relative Abundance

3
2.5
2
1.5
1
0.5
0

2
1.5
1
0.5
0

neo-pcDNA

neo-GalphaS

Cx43-pcDNA

Cx43-GalphaS

neo-pcDNA

neo-GalphaS

Cx43-pcDNA

Cx43-GalphaS

FIG. 7. Western blots for analysis of Cx43 and phospho-CREB protein expressions. UMR106
cells were transfected with similar DNA constructs as illustrated above without inhibition prior to
harvesting cells. Specified micrograms of protein lysates were separated by SDS-polyacrylamide
gel electrophoresis, transferred to PVDF membranes, and analyzed using anti- Cx43, antiphospho-CREB antibodies. Blots were then probed with GAPDH antibodies as load control.
More than three experiments yielded similar results as indicated in the above figure.

26

Then, we attempted to determine if this potentiation of CRE-luc activity by Cx43
was caused by cell-to-cell communication of cAMP or by some other mechanism. To
illustrate this, we performed a modified version of the classic parachute for assessing gap
junction communication

67

.

This potentiation of cAMP-dependent signaling involves cell-to-cell
communication.
To accomplish this we transfected a “donor cell” population with the
constitutively active GalphaS and the “acceptor” cell with the CRE-Luc reporter. Thus,
the donor cells produced cAMP, but did not have the appropriate luciferase reporter to
respond to this increase. Conversely, the acceptor cells had the CRE-Luc reporter but did
not have elevated cAMP. The donor cells were then seeded onto a monolayer of acceptor
cells. We hypothesized that upon co-culture of the two cell populations, transfer of cAMP
from the donor cell to the acceptor cell would activate CRE-luc activity in the donor
cells. Fig.8 below shows that GalphaS-dependent activation of the CRE-Luc reporter
occurs only when both the donor and acceptor cell express Cx43.
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Relative Luciferase Activity

cAMP Response Element
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Parachute Assay
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cAMP-dependent
dependent signaling and the function of Cx43 gap
FIG.8.. Parachute assay analysis od cAMP
junctions in UMR106 cells. Over expression of the constitutively active G
G-alpha
alpha S in Cx43Cx43
expressing donor cells activated CRE
CRE-luc activity in Cx43-expressing acceptor cells.
s.

Cell-cell
cell contact is required for the potentiation of CRE
CRE-luc
luc activity when
co-cultured
cultured with cells expressing a constitutively active GalphaS
We decided to further assess the mechanism by which the constitutively active
GalphaS and Cx43-CRE
CRE in UMR106 cells interact without direct contact
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. As in the

prior experiment fig.8,, the donor cells activated Cx43
Cx43-CRE
CRE the acceptor cells, when cocultured directly. With the Transwell-chamber assay fig.9 below, there was no direct
donor-acceptor
acceptor cell contact. There was no significant amplification in the obtained
results, suggesting that individual cells require cell
cell-cell contact to communicate,
communic
hence
supporting our hypothesis.
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FIG.9. Transwell-chamber assay analysis of cAMP-dependent signaling in UMR106 cells.
Acceptor ells in Transwell-chambers were co-cultured with the constitutively active G-alpha S
(donor cells) in the multi well plate without direct contact as in parachute assay. There was no
activation of CRE-Cx43 in the acceptor cells by the donor cells.

Cx43 enhances osteoclastic factor RANKL and potentiates the suppression
of anti-osteogenic factor, Sclerostin
In order to explore any physiologic relevance of this signaling event, we assessed
gene expression for several osteoblast markers involved in skeletal homeostasis,
including Sost, RANKL, and Gja1. RANKL and Gja1 were significantly high in
UMR106 cells and Sost expression was suppressed as quantified by real-time PCR fig.8.
Indicating, over expression of Cx43 gap junctions enhances the ability of GalphaS to
suppress and to increase the gene expression of osteogenic factors respectively.
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FIG. 10. Exhibit
xhibit comparable data for cAMP associated ge
genes
nes Sost and RANKL. Quantitative
Q
PCR were performed on UMR106 CDNAs and their relative gene expressions from six aliquot
al
samples run in duplicate were
re plotted against similar constructs used as explained above.
GAPDH, Hprt, and Rpl served as a baseline with which Sost, RANKL, and Gja1 genes were
compared. Data are shown as means ±SD. *P<0.05, relative to the empty vector control. No
significant difference relative to the empty vector control.

The Cx43 cellular location and its association with cAMP-dependent
cAMP
signaling
This was a parallel control to assess whether the over expression of cAMP was
not affecting the sub cellular distribution of Cx43 based on the obtained results. As it
turned out, there
ere was no noticeable effect between the Cx43 gap junctions and cell-cell
cell
cAMP communication.
tion. This is supported by fig 11 below.
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Immunofluorescence imaging of Cx43 expression at the plasma
membrane

FIG. 11. The Photomicrograph of CX43 immunoreactivity in UMR106 cells. Up to 37500
cells/cm3 were harvested 48 hours post transfection, fixed and incubated with anti-Cx43 primary
antibody. A secondary fluorescein Alexa antibody was used to visualize the mounted slide under
a fluorescence microscope. Three separate experiments produced similar results.
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8. DISCUSSION
These findings demonstrate that, gap junctions communicate the second
messenger cAMP where it impacts osteoblast cell signaling and function. The influence
of Cx43 along the cAMP-dependent pathway is mediated by several factors. Although
several studies have been conducted widely on Cx43 gap junctions and molecules
associated with it in bone

22, 26, 29, 74

, this is the first study indicating that Cx43 can

propagate cAMP among bone cells to influence the bone cell response to this molecule.
In order to comprehensively understand the regulatory mechanisms and the relationship
between this second messenger and Cx43, we have explored various techniques using
UMR106-cells in vitro.

A constitutively active GalphaS did stimulate a cAMP response element
luciferase reporter using population-based assays in UMR106 cells. Importantly, Cx43
potentiated the ability of a constitutively active GalphaS to stimulate a cAMP response
element-driven luciferase reporter. Thus, the abundance of Cx43 influences the capacity
of the osteoblast cells to communicate and respond to cAMP-depending signaling.

Since cAMP investigation in bone is still a novel area, we applied novel
techniques such as the parachute
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and the Transwell-chamber assays 71, 72 to get more

insight about individualized cell responses. The differences in potentiation between
parachute and Transwell-chamber was obvious from the start since both the donor cell
population and the acceptor cells do not directly come in contact with the Transwellchamber (control) assay; an indication for no cell communication which resulted in no
significant signal amplification. However, with the parachute assay, it turned out that the
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constitutively active GalphaS in donor cells was able to activate the acceptor cells
producing an amplified signal suggesting that the strength of the signal correlates
indirectly to the level of cAMP propagated among cells depending on the intensity of
external or internal strain and thus, the level of impaction on skeletal structure.

A similar model was conducted, but using a fluorescent tracer into one cell.
Though this model was unsuccessful, it appeared that when they applied dye coupling, an
immediate effect was observed that altered the gap junction communication

67

.

Interestingly, from their same experiment, they also noticed an increase in Cx43 with
increasing levels of cAMP, which accounts for a need to further explore this relationship.
Therefore, the present results, as well as the findings from a prior similar model, suggest
that Cx43 mediates the amounts of cAMP in cells as well as cAMP increases gap
junctions that may prove significant in bone turn over.

To demonstrate whether the cAMP/Cx43 axis regulator factors exist and are
required for bone turnover, the reverse transcriptase polymerization chain reaction
showed cAMP gene marker expression such as SOST and RANKL were in normal levels
in UMR106 cells, indicating their function is also dependent on cues along cAMP/PKA
pathway upstream and is correlated to osteoblast function 72. In our hands, the results of
cAMP mRNA expression in osteosarcoma cells yielded low levels of SOST activity and
increased RANKL factor. RANKL factor stimulates osteoclast activity and is released by
osteoblasts. Similar experiments reported that increased RANKL is a result of upregulated cAMP-dependent protein kinase A 44, 75 and increased gja1 (Cx43 mRNA) is
paramount for driving the cAMP. This lines up with our hypothesis that cAMP is a
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biologically relevant molecule propagated by Cx43 gap junctions where it regulates
skeletal homeostasis.
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9. CONCLUSION
Overall, cAMP as a second messenger, is communicated by Cx43 gap junctions
where it affects osteoblast function. Increasing Cx43 expression can enhance the capacity
of bone cells to communicate cAMP. The cAMP/Cx43 axis is a regulator of factors
required for bone turnover such as SOST and RANKL. The communication of cAMP
and/or cAMP-dependent signals by Cx43 may have consequences into the anatomical
expression of remodeling factors, thus influencing bone geometry. This knowledge can
be used as a basis for future approaches in designing strategies to improve and protect
bone health and fig. 12 below summarizes these findings.

The transmission of cAMP between bone cells.

FIG. 12. The overall Cx43-intercellular communication of cAMP across the concentration
gradient, that is responsible for bone turnover.
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