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Abstract

Although the skeleton is one of predominant sites for breast cancer metastasis, why breast cancer 

cells often become dormant after homing to bone is not well understood. Here, we reported an 

intrinsic self-defense mechanism of bone cells against breast cancer cells: a critical role of 

connexin (Cx) 43 hemichannels in osteocytes in the suppression of breast cancer bone metastasis. 

Cx43 hemichannels allow passage of small molecules between the intracellular and extracellular 

environments. The treatment of bisphosphonate drugs, either alendronate (ALN) or zoledronic 

acid (ZOL), opened Cx43 hemichannels in osteocytes. Conditioned media (CM) collected from 

MLO-Y4 osteocyte cells treated with bisphosphonates inhibited the anchorage-independent 

growth, migration and invasion of MDA-MB-231 human breast cancer cells and Py8119 mouse 

mammary carcinoma cells and this inhibitory effect was attenuated with Cx43(E2), a specific 

hemichannel blocking antibody. The opening of osteocytic Cx43 hemichannels by mechanical 

stimulation had similar inhibitory effects on breast cancer cells and this inhibition was attenuated 

by Cx43(E2) antibody as well. These inhibitory effects on cancer cells were mediated by ATP 

released from osteocyte Cx43 hemichannels. Furthermore, both Cx43 osteocyte-specific knockout 

mice and osteocyte-specific Δ130–136 transgenic mice with impaired Cx43 gap junctions and 

hemichannels showed significantly increased tumor growth and attenuated the inhibitory effect of 

ZOL. However, R76W transgenic mice with functional hemichannels but not gap junctions in 

osteocytes did not display a significant difference. Together, our studies establish the specific 

inhibitory role of osteocytic Cx43 hemichannels, and exploiting the activity of this channel could 

serve as a de novo therapeutic strategy.
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INTRODUCTION

Cancer progression frequently leads to bone metastases, which are serious complications 

occurring in approximately 70% of patients with advanced breast cancers. Bone metastases 

cause significant complications, and quality of life is greatly compromised 1,2. Many 

features, including increased blood flow as well as the release of growth factors, cell 

adhesion molecules, and chemoattractants from cells in the bone matrix, account for the 

frequency of bone metastases 3,4. In recent years, the cancer cell microenvironment has been 

recognized as a crucial contributor to tumor progression 5. Bone tissue is made up of three 

major cell types: osteocytes, osteoblasts, and osteoclasts. Osteocytes, comprising over 95% 

of total bone cells, are the most abundant cell type in the bone and are important in 

mediating bone mechanical sensitivity and maintaining homeostasis by coordinating the 

activities of osteoclasts and osteoblasts 6,7. In breast cancer skeletal metastases, there is a 

close correlation between bone destruction and tumor growth 4. A majority of prior studies 

point to the contribution of the bone microenvironment in favor of tumor growth and 

metastasis; however, the intrinsic, potential anti-neoplastic properties of bone cells are 

largely unexplored.

Osteocytes amply express connexin (Cx) proteins, which form both gap junction channels 

and hemichannels. Gap junction channels mediate the intercellular communication between 

two adjacent cells, whereas hemichannels permit the exchange of molecules between cells 

and the extracellular environments 8,9. These Cx-forming channels permit small molecules 

(<1.2 kDa) such as NAD+, glutamate, ATP and inositol triphosphate (IP3) to pass 

through 10,11. Cx43 is the most predominantly expressed connexin found in osteocytes. We 

and others have shown that osteocytic Cx43 hemichannels are responsive to mechanical 

loading and alendronate (ALN) 12,13,14,15, a bisphosphonate drug commonly used to treat 

bone diseases and metastases 16, to release ATP and prostaglandins12,13,14,15.

Cx43 as well as several other connexins have long been known to inhibit tumor cell growth 

and progression; however these previous studies primarily focus on the expression and roles 

of connexin within the cancer cells 17,18,19. Clinical studies show that deficient or abnormal 

connexins are frequently found in tumor tissues and cell lines, such as breast cancer, prostate 

cancer, lung cancer, and many other cancers 18. For example, Cx43 was found to be reduced 

in breast carcinoma cells obtained from the primary tumors of breast cancer patients 20. 

Furthermore, the attachment of breast cancer cells to the pulmonary endothelium is 

increased with the overexpression of Cx43 in breast cancer cells, which enhances the 

adhesion of the cancer cells to the lung endothelial cells 21. Breast cancer cells also use 

Cx43 to initiate brain metastatic lesions by forming gap junctions with the endothelial cells 

in the vasculature, whereas inhibition of the connexins by RNAi or pharmacological 

methods inhibited brain colonization 22. Several in vivo studies indicate the possible tumor 

suppressive roles of Cx43 in the cancer microenvironment; mice with reduced Cx43 
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expression display increased tumor growth and metastasis in the lung 23,24. However, there 

are no preceding studies establishing the functional involvement of Cx43 channels in host 

cells and how they influence cancer cell proliferation, migration, and metastasis. This study 

demonstrates that the opening of Cx43 hemichannels in osteocytes, either by bisphosphonate 

treatment or by mechanical stimulation, inhibits the migration, invasion and growth of breast 

cancer cells. Furthermore, we utilize several Cx43 mouse models: a Cx43 osteocyte-specific 

knockout mouse model and two Cx43 osteocyte-specific transgenic mouse models, R76W 

and Δ130–136, which contain functional hemichannels but impaired gap junctions, or both 

nonfunctional hemichannels and gap junctions, respectively. These in vivo models reveal the 

specific inhibitory influence of Cx43 hemichannels against breast tumor progression and 

suggest that osteocytic Cx43 hemichannels exert a significant self-protective mechanism of 

bone tissue against the colonization and expansion of breast cancer cells through osteocytic 

Cx43 hemichannels.

RESULTS

The opening of osteocytic Cx43 hemichannels by bisphosphonates inhibits the migration, 
invasion and anchorage-independent growth of breast cancer cells

To determine if osteocytes are involved in mediating the effect of ALN on suppression of 

breast cancer cells, we treated osteocytic MLO-Y4 cells with ALN and collected the CM. 

Using the wound healing migration assay, we found that the CM from MLO-Y4 osteocytes 

treated with ALN (CM-ALN) significantly decreased the migration of MDA-MB-231 breast 

cancer cells in a dose-dependent manner (Fig. 1A). To eliminate the possibility that this 

effect is due to changes in cell proliferation, the WST-1 cell proliferation assay was 

performed under the identical treatment as the cell migration assay. There was no significant 

difference in the proliferation of the MDA-MB-231 cells with CM from MLO-Y4 cells 

treated with 0–20 µM ALN whereas at 60 µM ALN CM, the cells exhibited increased 

proliferation (Fig. S1). Accordingly, we used CM from MLO-Y4 cells treated with 20 µM 

ALN in later experiments. We also observed a significant decrease in MDA-MB-231 cell 

invasion with the CM collected from MLO-Y4 cells with 20 µM ALN (Fig. 1B). As further 

assurance that the decrease in migration is not a direct effect of ALN on the MDA-MB-231 

cell migration, we added ALN directly to the cancer cells. In this case, the cells did not 

exhibit a significant difference in migration with varying concentrations of ALN (Fig. 1C), 

demonstrating that ALN does not directly affect the cell migration. Together, these results 

showed that the CM collected from ALN-treated osteocytes cause a significant inhibition of 

MDA-MB-231 breast cancer cell migration and invasion.

To test if the opening of Cx43 hemichannels in osteocytes induced by ALN (Fig. S2A) 25 

mediates the inhibitory effect of CM collected from MLO-Y4 cells on the MDA-MB-231 

cells, we used a hemichannel-blocking antibody, Cx43(E2), which targets the second 

extracellular loop (E2) of Cx43 14,26. We observed a complete attenuation of the decrease in 

wound healing migration of MDA-MB-231 cells with the CM from MLO-Y4 cells treated 

with both Cx43(E2) antibody and ALN (Fig. 2A). A similar observation was obtained when 

using the transwell migration assay with the MDA-MB-231 cells (Fig. 2B). A similar 

inhibitory effect of the CM was observed on migration of Py8119 (Fig. 2C), a mouse 
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mammary carcinoma cell line which can grow and metastasize in immunocompetent 

mice 27. Cell proliferation was not affected by these treatments (Fig. S3).

To define the specificity of osteocytes and also Cx43 hemichannels, we tested the MLO-A5 

osteoblastic cell line, which was generated using a similar strategy as the MLO-Y4 cells 28. 

Cx43 is abundantly expressed in MLO-A5 cells (Fig. S2C) 29. However, unlike MLO-Y4 

cells, ALN did not induce the opening of hemichannels (Fig. S2B). Consistently, we did not 

observe differences in migration of MDA-MB-231 cells when they were incubated in CM 

collected from MLO-A5 cells treated with or without ALN and/or Cx43(E2) antibody (Fig. 

2D). There was also no difference in cell proliferation (Fig. S4).

To determine the effect of CM-ALN on the anchorage-independent growth of breast cancer 

cells, we cultured the MDA-MB-231 cells in soft agar. Similar to their effects on cell 

migration, the CM from MLO-Y4 osteocytes treated with ALN significantly decreased the 

colony formation of MDA-MB-231 cells in a dose-dependent manner (Fig. 3A, bottom 

panel). Furthermore, the CM from 20 µM ALN-treated MLO-Y4 cells significantly inhibited 

the MDA-MB-231 cells colony formation on soft agar, while the addition of Cx43(E2) 

antibody significantly reversed the effect (Fig. 3B). To ensure objectivity in quantifying the 

extent of tumor growth and to account for variation in colony sizes (the diameter of each 

colony) in the soft agar colony formation assay, we measured the colony sizes and 

demonstrated that while CM-ALN treatment reduced the number of colonies in soft agar, it 

did not change colony size distribution (Fig. S5). These results show that CM-ALN truly 

decreased MDA-MB-231 cell colony formation and suggest that the explicit opening of 

Cx43 hemichannels on MLO-Y4 cells with the release of inhibitory factors decreased breast 

cancer cell migration and anchorage-independent growth.

To examine whether other bisphosphonate drugs have a similar effect as ALN on osteocytic 

Cx43 hemichannels, we tested zoledronic acid (ZOL), one of the most potent and commonly 

prescribed bisphosphonate drugs in the treatment of bone metastasis 30,31. A significant 

dose-dependent increase in dye uptake of MLO-Y4 cells with ZOL is observed (Fig. 4A). 

Similar to ALN, the CM from MLO-Y4 cells treated with ZOL decreased MDA-MB-231 

cell migration, whereas the addition of Cx43(E2) antibody caused a significant attenuation 

of the effect (Fig. 4B). There was no significant difference in cell viability as observed with 

the WST-1 assay (Fig. 4C). Therefore, Cx43 hemichannels on MLO-Y4 cells are similarly 

stimulated by ZOL, leading to the release of inhibitory factors in the suppression of breast 

cancer cell migration.

We recently found that ATP released by osteocytes is responsible for the inhibitory effect of 

bisphosphonates on breast cancer cell growth, migration and metastasis 32. The levels of 

ATP in the CM were measured by liquid chromatography–mass spectrometry (LC-MS). The 

treatment with 20 µM ZOL for 24 hrs significantly increased the ATP release and this 

release is completely inhibited by Cx43(E2) antibody (Fig. 4D). This data suggest that the 

inhibitory effect of osteocytic Cx43 hemichannels on breast cancer cells is mediated 

primarily via ATP released from these channels.
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The opening of osteocytic Cx43 hemichannels by mechanical stimulation inhibits the 
migration of breast cancer cells

Osteocytes are the principal mechanosensor cells of bone 33,34. Fluid flow shear stress, a 

major form of mechanical stimulation sensed by osteocytes, activates osteocytic Cx43 

hemichannels, allowing the release of bone anabolic factors 12,35. Using the parallel plate 

flow chamber 36, MLO-Y4 cells were subjected to shear stress levels and subsequently, the 

fluid flow CM (CM-FF) was collected. CM-FF from MLO-Y4 cells exposed to fluid flow at 

16 dyn/cm2 for 2 hr or 16 hr significantly decreased the migration of MDA-MB-231 cells by 

over 60% or nearly 90%, respectively (Fig. 5A). When MLO-Y4 cells were incubated with 

Cx43(E2) antibody and subjected to FFSS, the produced CM was ineffective in decreasing 

MDA-MB-231 migration. The cell viability of MDA-MB-231 cells during the time period 

used in the transwell assay did not decrease when treated with CM-FF; instead, an increase 

was observed (Fig. 5B). Consistently, there was a significant decrease in MDA-MB-231 cell 

invasion with the treatment of CM-FF (Fig. 5C). These results suggest that the opening of 

Cx43 hemichannels in osteocytes exerts major inhibitory effects on breast cancer cells 

regardless of the method either by pharmacological reagents or mechanical stimulation.

Increased tumor growth and metastasis of mouse mammary carcinoma cells in osteocyte-
specific Cx43 knockout and Cx43 hemichannel-deficient transgenic mouse models

Given that our in vitro data suggest that osteocytic Cx43 hemichannels play an important 

role in the suppression of anchorage-independent growth, migration and invasion of breast 

cancer cell, we used a Cx43 osteocyte-specific conditional knockout mouse model to 

corroborate the results in vivo. Cx43 expression was greatly reduced in the bone tissues of 

Cx43 conditional knockout mice (Cx43 cKO) (DMP1-Cre; Cx43fl/−) (Fig. S6A). Consistent 

with a previous report of Cx43 cKO controlled by an 8-kb DMP-1 promoter 37, there is no 

alteration of bone mineral density (BMD) between WT and Cx43 cKO (Fig. S6B). Py8119 

mouse mammary carcinoma cells were injected into the right tibias of both WT control and 

Cx43 cKO mice. The tumor growths were monitored with whole animal imaging once a 

week for 4 weeks. Bioluminescence analysis revealed that the Cx43 cKO mice had 

significantly increased tumor growth compared to the WT mice, particularly in week 4, as 

reflected by bioluminescence signals from both the ventral (Fig. 6A) and dorsal (Fig. 6B) 

positions. Quantification of the bioluminescence signals further confirmed the increase of 

tumor growth (Fig. 6, A and B, lower panels). Furthermore, tumor cells were found to 

spread to the lungs and brain of the Cx43 cKO mice (Fig. 6A, middle panels). X-ray 

radiography shows that osteolytic lesion formation in the bone as a result of tumor growth is 

more evident in the Cx43 cKO than WT mice (Fig. 6C). These results suggest a protective 

role of Cx43 in osteocytes against breast cancer cells in vivo.

To further define the roles of Cx43 hemichannels in vivo, we recently developed two 

transgenic mice expressing dominant negative Cx43 in osteocytes 38. We have shown that 

the Cx43(R76W) mutant dominant-negatively blocks the formation of functional gap 

junctions only and not hemichannels, whereas the Cx43(Δ130–136) mutant blocks both 

functional gap junctions and hemichannels formed by endogenous Cx43 in osteocytes. 

Py8119 cells were injected into the right tibia of WT, Cx43(R76W) and Cx43(Δ130–136) 

transgenic mice. Bioluminescence analysis of the animals demonstrated no difference in 
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tumor growth when comparing Cx43(R76W) with WT mice (Fig. 7A). However, 

Cx43(Δ130–136) mice displayed increased tumor growth compared to WT and 

Cx43(R76W) mice. Quantification of the bioluminescence signals further confirmed the 

differences of tumor growth in bone of the Cx43(Δ130–136) mice. To test if the inhibitory 

effect of bisphosphonates on bone metastasis is primarily mediated by Cx43 hemichannels 

in vivo, WT and Cx43(Δ130–136) mice were intratibially implanted with Py8119 cells and 

then treated with ZOL. Tumor growth was significantly decreased in WT mice treated with 

ZOL; however, this decrease was basically lost in Cx43(Δ130–136) (Fig. 7B). This data 

further suggests a specific role of Cx43 hemichannels in the protection of osteocytes against 

breast cancer growth and metastasis in the bone and in mediating the tumor suppressive 

function of bisphosphonates.

DISCUSSION

Cancer metastasis is a complex and adaptive process which is highly influenced by the cell 

environment 39. Bone is one of the most preferred sites for cancer metastasis 2. Many studies 

demonstrate that the tissue tropism of bone by metastatic tumor cells from breast, prostate 

and lung cancers is influenced by interactions between the circulating tumor cells and the 

cells of the bone tissue 40. It has long been thought that the microenvironment of the local 

tissue actively contributes to the propensity of certain cancers to metastasize to secondary 

organs, and that bone provides a particularly fertile “soil” 41. Bone cells mediate the release 

of various cytokines and growth factors which influence the behavior of cancer cells 2. 

Osteocytes embedded in bone mineral matrix make up a majority of total bone cells and 

have important roles as the mechanosensors and bone remodeling coordinators of the 

bone 42. However, their role in bone metastasis remains essentially unknown. Cx43 

hemichannels, which are abundantly expressed in osteocytes, have low activity under 

normal, non-stimulating conditions. In response to stimuli such as bisphosphonates and 

mechanical loading, Cx43 hemichannels found in osteocytes are known portals for the 

release of molecules such as PGE2 and ATP 15,12,13,14. It is well known that connexin 

hemichannels open in response to different physiological conditions and pathological stimuli 

to elicit numerous processes, including paracrine signaling, cell death, inflammation, and 

neuronal communication 10,43. The release of ATP by Cx43 hemichannels is implicated in 

the signaling and metabolic control of early inflammatory response by endothelial cells, as 

well as by polymorphonuclear leukocytes during activation 21,44. We have recently reported 

that ATP released by osteocytes exerts an inhibitory effect on breast cancer bone 

metastasis 32. This study, for the first time shows that osteocytic Cx43 hemichannels play a 

critical role in influencing cancer progression and metastasis.

Cx43 is required for bone development, modeling and remodeling, and mutations can cause 

bone disorders such as oculodentodigital dysplasia (ODDD), an autosomal dominant human 

disease, characterized by craniofacial bone abnormalities and limb deformities 45,46. To 

study the precise role of Cx43 in specific bone cells, several conditional knockout mice have 

been generated using Cre recombinases which are driven by specific promoters found in 

osteoprogenitors, osteoblasts, or osteocytes. For example, mice with an osteoblast specific 

deletion of Cx43 using the collagen type I Cre recombinase demonstrated low bone mass 

and decreased bone formation, as well as osteoblast dysfunction and attenuated response to 
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PTH (parathyroid hormone), an important hormone in calcium homeostasis and bone 

remodeling 47. Osteocyte-specific Cx43 knockouts driven by a DMP1 promoter displayed 

increased osteocyte apoptosis, endocortical resorption and periosteal bone formation, 

resulting in reduction in mineralization and higher bone marrow cavity, as well as increased 

osteogenic response to mechanical stimulation, which was found to be associated with 

increased levels of β-catenin 37, 48. In studies of mice with a Cx43 deletion in both 

osteoblasts and osteocytes, the mutant mice exhibited increased bone loss due to augmented 

bone resorption and osteoclastogenesis 49,50. These mice also demonstrated delayed bone 

formation and healing during fracture healing 50. Furthermore, the Cx43 deficient mice 

displayed enhanced anabolic response to mechanical loading 49. The aforementioned studies 

all clearly demonstrate the critical role that Cx43 plays in the bone microenvironment.

In this study, we demonstrate that osteocytic Cx43 hemichannels play a key role in the 

inhibition of breast cancer cell migration, invasion and tumor growth in the bone 

microenvironment. Here, we used both the wound healing and transwell migration assays to 

examine breast cancer cell migration. The decrease in migration of cancer cells by the CM 

collected from bisphosphonate- or FFSS-treated osteocytes were not due to alterations of 

cell proliferation and viability. In addition to its inhibitory effect on cancer cell migration, 

osteocytic Cx43 hemichannel opening inhibits the anchorage-independent growth of breast 

cancer cells in soft-agar matrix. Thus, the opening of Cx43 hemichannels in osteocytes 

reduces breast cancer cell progression through the inhibition of migration, invasion, and 

growth.

Cx43 is able to form both gap junctions and hemichannels, and most of the known chemical 

inhibitors block both types of channels. We have developed an antibody, Cx43(E2) that 

targets the second extracellular loop domain of Cx43. Our lab previously demonstrated 

through scrape-loading dye transfer and dye uptake induced by FFSS, that Cx43(E2) 

antibody is specific to hemichannels, but has minimal effects on gap junctions 14. This is the 

only antibody available for specifically blocking Cx43 hemichannels 14,26. By using this 

antibody, other laboratories have shown the specific inhibition of Cx43 hemichannels in 

brain cells 51,52,53. Here, we used Cx43(E2) antibody to demonstrate that the inhibitory 

effect on breast cancer cell growth and migration is primarily mediated by osteocytic Cx43 

hemichannels. The specific effect of Cx43 hemichannels in osteocytes is also proven by 

using MLO-A5 osteoblastic cells. This cell line was established using a similar approach as 

MLO-Y4 osteocyte cells 54,28. MLO-A5 cells express similar levels of Cx43 on the cell 

surface and inside the cell as MLO-Y4 cells 29, but we failed to detect functional 

hemichannels. We showed here that ALN failed to induce the opening of Cx43 

hemichannels in MLO-A5 cells. Thus, it is not surprising that CM collected from this 

osteoblastic cell with ALN treatment cannot suppress human breast cancer cell progression. 

We sought additional validation of the effect of Cx43 hemichannels on breast cancer cells by 

using a murine mammary carcinoma cell line. A similar inhibitory effect of CM from ALN-

treated osteocytes was obtained which was not due to changes in cell viability. Therefore, 

osteocyte Cx43 hemichannels specifically influence the behavior of both human and mouse 

mammary carcinoma cells.
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We recently reported that ATP released by osteocytes is a mechanism underlying the 

inhibitory role of bisphosphonates in breast cancer cells 32. Several studies have established 

the anti-neoplastic function of extracellular ATP to inhibit several cancer cell lines, including 

prostate cancer cells, colon adenocarcinoma cells, melanoma cells, and bladder cancer 

cells 55,56,57. Cx43 hemichannels are permeable to ATP in osteocytes, astrocytes and other 

types of cells 13,58,59,60. Consistently, we showed that the release of ATP by 

bisphosphonates was completely diminished by the specific inhibition of Cx43 

hemichannels via Cx43(E2) antibody. Moreover, this antibody also totally abolishes ATP 

release in the absence of bisphosphonates, suggesting that Cx43 hemichannels in osteocytes 

are primarily responsible for ATP release. The treatment of bisphosphonates towards 

increasing the activity of hemichannels greatly elevates extracellular ATP level. As we have 

shown earlier, ATP acts via the activation of purinergic receptors and suppresses breast 

cancer growth, migration and metastasis in vitro and in vivo32.

The intravenous bisphosphonates, pamidronate and ZOL, are FDA approved for the 

treatment of bone metastases. Although not FDA approved, other bisphosphonates such as 

clodronate and ibandronate are used in other countries and have shown to be effective. Our 

results showed that ZOL stimulated the opening of Cx43 hemichannels in MLO-Y4 cells, 

and the CM collected from ZOL-treated MLO-Y4 cells inhibited the migration of MDA-

MB-231 breast cancer cells to an even greater degree than the CM-ALN, while Cx43(E2) 

antibody attenuated the effect. Recent studies have demonstrated various side effects that 

patients who take bisphosphonates may incur, including renal toxic effects and osteonecrosis 

of the jaw 16,61. These discoveries have necessitated an exploration for alternatives to treat 

bone metastasis.

Physical exercise has shown promise as adjuvant therapy for breast cancer patients 62,63. 

Many studies have reported encouraging outcomes of exercise and physical activity on 

reduction of tumor growth and metastasis 62,64. In particular, several epidemiology studies 

have found a substantial beneficial association between regular physical activity and 

survival, in that women who engaged in exercise activity after breast cancer diagnosis had a 

significantly reduced risk of dying from breast cancer 64. Results from the Women’s Health 

Initiative also reported significantly decreased cancer-related mortality in postmenopausal 

women diagnosed with invasive breast cancer who participated in physical activity 65. 

Moreover, a recent in vivo mouse study showed that mechanical loading via tibial 

compression for 6 weeks after intratibial injections of MDA-MB-231 cells dramatically 

reduced osteolysis and tumor formation 66. Osteocytes are major mechanosensory cells in 

the bone, and fluid flow is a major type of mechanical stimulation on osteocytes 34. Cx43 

hemichannels in osteocytes are highly sensitive to mechanical loading 12,13. We showed here 

that opening of osteocytic Cx43 hemichannels, regardless of the stimuli either by 

bisphosphonates or mechanical loading, is critical for the inhibitory effect on breast cancer 

cells.

We used several in vivo murine models to evaluate the inhibitory roles of Cx43 and 

hemichannels in osteocytes in breast cancer. The first model is Cx43 cKO mice driven by a 

10-kb DMP1 promoter. A Cx43 osteocyte-specific cKO model driven by the 8-kb DMP1-

Cre has been reported by another group 37. Similar to our observation, they found increased 
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empty lacunae in the cortical bones associated with more osteocytes under apoptosis. We 

used intratibial injections, a common method used to study bone metastasis after tumor cells 

have entered the bone, mimicking the late stage of bone metastasis 67. Intratibial Py8119 

tumor growth was augmented in this knockout model. Moreover, in some mice, the tumor 

cells spread to brain and lung tissues. Like the Cx43 DMP1-Cre;Cx43fl/fl mice, we also 

observed the incidence of metastatic lesions outside the bone of the Δ130–136 mice (data 

not shown). One possibility is that endogenous Cx43 protein level may be altered in these 

transgenic mouse models. However, we did not observe the alteration of endogenous Cx43 

level in the brain in Δ130–136 mice as compared to WT control (Fig. S7). We could not 

detect Cx43 protein in the lung due to its low abundance in that tissue. Metastasis to other 

organs in this knockout model further indicates that a possible “barrier” function of the bone 

tissue is compromised given the fact that the tumor cells were implanted originally in the 

bone marrow cavity. This possibility is further supported by the increased osteolytic lesions 

in the tibias of the Cx43 cKO mice.

The limitation of using knockout mice is that such approaches deplete both gap junction 

channels and hemichannels formed by Cx43, which makes it difficult to distinguish the 

action of these two types of the channels. Therefore, we used two transgenic mouse models: 

R76W mice, which harbor dominant-negatively impaired Cx43 gap junctions, while Δ130–

136 mice have both types of channels impaired 68. The mice with both impaired gap 

junctions and hemichannels (Δ130–136) have greatly enhanced osteolytic tumor growth, 

whereas the mice with functional hemichannels (R76W), despite impaired gap junctions, do 

not have a significant difference in tumor growth compared to the wild-type mice. In the 

transgenic models, Cx43 remains present on the cell surface, and its potential role in 

intercellular adhesion cannot be excluded. However, we did not observe such effects in the 

R76W mice which form only functional hemichannels and not gap junctions, although this 

mutant is also expressed on the cell surface. This indicates that intercellular adhesion does 

not play a predominant role in facilitating metastasis. More importantly, the tumor 

suppressive response of WT mice to ZOL treatment as evidenced by the reduction of tumor 

growth is very much attenuated in Δ130–136 mice. These mouse models not only help 

demonstrate the importance of Cx43 expression in osteocytes through the Cx43 osteocyte-

specific conditional knockout mice (Cx43 cKO), but also Cx43 hemichannel function, 

through the transgenic mice.

Connexins are known to be essential in cell proliferation, differentiation, and tissue 

homeostasis 69. However, the role of connexins in cancer development and advancement is 

contentious and not readily reconciled. Bone osteocytes richly express Cx43 hemichannels, 

and these channels are sensitive to mechanical stimulation and bisphosphonates. As 

discussed above, both treatments are known to be involved in the suppression of bone 

metastasis. Overall, our in vitro and in vivo study demonstrated that Cx43 hemichannels 

have an intrinsic protective role against breast cancer cell anchorage-independent growth, 

migration and metastasis process. The results from these studies have significant clinical 

implications in providing a foundation to explore improved treatments for breast cancer 

bone metastases. The global increase of Cx43 hemichannel uptake may not be a practical 

therapeutic strategy due to the detrimental effects in other tissues. However, the specific 

activation of these hemichannels in osteocytes may be a feasible target for cancer 
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therapeutics. Most breast cancer related deaths are associated with metastasis, and 

understanding how Cx43 hemichannels in osteocytes and ATP specifically contribute to this 

process may pave the way for new advances in breast cancer therapeutic intervention.

MATERIALS AND METHODS

Cell cultures and conditioned media (CM) preparation

MDA-MB-231 cells were cultured in McCoy’s 5A modified media with 10% fetal bovine 

serum (FBS). Murine mammary carcinoma Py8119 cells were grown in F12K nutrient 

media with 5% fetal clone II. Murine osteocytic MLO-Y4 cells seeded on rat tail collagen 

type I (BD Biosciences, San Jose, CA) coated plates were grown in α-modified essential 

medium (α-MEM) with 2.5% FBS and 2.5% bovine calf serum (BCS). All cell lines were 

cultured under 5% CO2 and 37°C.

MLO-Y4 cells were cultured for 24 hr, after which media was changed with α-MEM 

without phenol red with 2.5% FBS and 2.5% BCS. MLO-Y4 cells were incubated in the 

absence or presence of alendronate (ALN) (4-amino-1-hydroxybutylidene-1, 1-

bisphosphonic acid) or zoledronic acid (ZOL) (1-Hydroxy-2-(1H–imidazol-1-yl)ethylidene, 

bisphosphonic acid) and/or Cx43(E2) antibody, a rabbit polyclonal antibody developed in 

the lab 14 for 48 hr, and the CM was collected.

Dye uptake

The cells were treated with or without ALN or ZOL for 30 min in absence or presence of 1 

µg/ml Cx43(E2) antibody and then with recording medium (α-MEM+10 mM HEPES) 

containing ethidium bromide (EtBr) 50 µM for 5 min and fixed with 2% paraformaldehyde 

(PFA). At least three microphotographs of fluorescence fields were taken with an inverted 

microscope (Carl Zeiss) with a rhodamine filter and analyzed by ImageJ software. Defined 

circular regions of interest (ROI) (over nucleus) were used to measure the average pixel 

density of 30 random cells.

Wound healing assay

MDA-MB-231 cells were seeded onto sterile 6-well plates and allowed to form a confluent 

cell monolayer per well (> 95% confluence). Wounds were created in each cell monolayer 

using a sterile 10 µl pipette tip. After the initial images were taken, the cells were incubated 

for 24 hr at 37°C, after which images of the wound areas were taken again. Cell migration 

was quantitatively measured by the gap area using WCIF ImageJ software; the values 

obtained were expressed as % of covered wound.

Transwell migration and invasion assays

Transwell migration was performed as previously described 70. Invasion assays were 

performed with the BD Biocoat growth factor reduced Matrigel invasion chambers kit in 24-

well tissue culture plates. Five-hundred microliter breast cancer cell suspensions were added 

to the upper side of the chambers at a density of 1 × 105 cells/insert and 750 µl CM was 

added to the lower wells. The number of migrated cells in 5 fields of view per insert was 
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counted under a light microscope at magnification 10 X. Experiments were carried out in 

triplicate.

WST-1 cell viability and soft agar colony formation

Cancer cell proliferation was assessed using WST-1 (Water Soluble Tetrazolium salts) assay 

kit (Roche, Basel, Switzerland) as previously described 32. Briefly, a cell suspension was 

plated in 96-well plates at 2 × 104 cells/well. The cell proliferation was measured at an 

emission wavelength of 450 nm with a Synergy HT Multi-Mode Microplate Reader (Biotek, 

Winooski, VT, USA).

Anchorage-independent cell growth was performed as previously described 32. Briefly, 

MDA-MB-231 cells were plated in 0.4% agarose with CM from MLO-Y4 cells treated with 

ALN on top of a 0.8% agarose base supplemented with complete medium and colonies were 

quantified after 2 weeks.

Quantification of ATP using liquid chromatography-mass spectrometry (LC-MS)

ATP was measured from the CM containing adenosine-13C10, 15N5-triplosphate (ATP13C, 

15N) as internal standard based on our previously published protocol 32 modified from 

Zhang et al (2011)71. LC-MS analysis was conducted on a Thermo Fisher Q Exactive mass 

spectrometer with on-line separation using a Thermo Fisher/Dionex Ultimate 3000 HPLC. 

Identification was based on the metabolite accurate mass (± 5 ppm) and agreement with the 

HPLC retention time of authentic standards. Quantification was made by integration of 

extracted ion chromatograms of ATP followed by comparison with the corresponding 

standard curves.

Fluid Flow

Fluid flow experiments were performed as described previously 36. Briefly, the fluid flow 

was created by parallel-plate flow chambers separated by a gasket of defined thickness with 

gravity-driven fluid flow using a peristaltic pump. The circulating medium was α-MEM. 

The CM was collected from MLO-Y4 cells after 2 and 16 hr of shear stress level at 16 

dyn/cm2.

Conditional knockout mice and transgenic mice

Mice with floxed Cx43 gene (Cx43flx/flx) was originally generated by Dr. Klaus Willecke’s 

lab at the University of Bonn, Germany 72 and provided by Dr. Roberto Civitelli at 

Washington University. Mice with a deletion of Cx43 from osteocytes were generated using 

the Cre/Lox system. First, mice with floxed Cx43 gene (Cx43flx/flx) were crossed with Cx43 

heterozygous mice expressing one Cx43 allele (Cx43+/−). We then crossed mice expressing 

a Cre recombinase driven by a 10-kb DMP1 promoter that leads the gene expression 

predominantly in osteocytes 73 (DMP1-Cre; Cx43+/+), with Cx43fl/− mice to generate Cx43 

osteocyte-specific conditional knockout (DMP1-Cre; Cx43fl/−) mice. Genotyping was 

performed by polymerase chain reaction (PCR) techniques using genomic DNA isolated 

from mouse tails and corresponding primers synthesized at the UTHSCSA DNA Core 

Facility. Transgenic mice driven by a 10 kb-DMP1 promoter with the overexpression of 

Cx43 mutants, R76W and Δ130–136 were generated as previously described 38,74,75.
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Intratibial injection, bioluminescence imaging and radiography

All mice were maintained in a pathogen free environment at the AAALAC-accredited 

UTHSCSA animal facility following the NIH Guidelines for the Care and Use of Laboratory 

Animals. The animal experimental protocols complied with ethical regulations and were 

approved by the Institutional Animal Care and Use Committee (IACUC). Four- to five-week 

old female C57BL/6 mice were used for the intratibial injections as previously described 32. 

Animals were randomly divided into control and treated groups. The experiments were 

conducted blindly without revealing the information of WT and transgenic mice and identity 

of the mice become available after completion of the data analysis. Briefly, Py8119 cells 

expressing Luc-GFP (1 × 105 cells in PBS) were inoculated into the bone marrow of the 

right tibias. PBS was injected into the left tibias as control. For zoledronate (ZOL) treated 

mice, ZOL (200 µg/kg) was i.p. injected twice a week. Intratibial tumor growth was 

monitored with bioluminescence imaging (Xenogen IVIS-Spectrum imaging system, 

Alameda, CA, USA) every week starting from 3 days after tumor cell inoculation. Analysis 

was performed using LivingImage software (Xenogen) by measurement of photon flux 

(photons/sec/cm2/steradian) with a region of interest (ROI). Tumor burden was taken by 

drawing an ROI around the major bioluminescence signal.

Mice were exposed with an X-ray at 35 KVP for 5 sec by using a Faxitron Digital 

Radiographic Inspection unit against the detector as described previously 76.

Statistical analysis

We performed preliminary experiments using 3–4 animals to compute the total number of 

animals required to achieve 80% power assuming two-sided testing with a significance level 

of 5%. Unless otherwise specified in the Figure Legends, the data are presented as the mean 

± SEM of at least three determinations. Asterisks indicate the degree of significant 

differences compared with the controls (*, P<0.05; **, P<0.01; ***, P<0.001). One-way 

analysis of variance (ANOVA) and Student Newman-Keuls test were used to compare 

groups using GraphPad Prism 5.04 software (GraphPad, La Jolla, CA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The CM from ALN-treated osteocytes inhibits human breast cancer cell migration and 

invasion. MDA-MB-231 breast cancer cells were cultured to confluence and a wound was 

created. The gap areas between scratches were quantified by using ImageJ software. (A) 
MDA-MB-231 cells were incubated with the CM collected from MLO-Y4 cells (CM-ALN) 

and treated with ALN at various concentrations. Percentage of total covered wound was 

quantified (right panel). (B) MDA-MB-231 cells were incubated with CM collected from 

MLO-Y4 cells treated with 20 µM ALN (CM-ALN). Percentage of total invading cells was 

quantified. (C) MDA-MB-231 cells were incubated with the CM collected from MLO-Y4 

cells without ALN, but ALN was added at various concentrations (0–60 µM) directly to 

MDA-MB-231 cells. Percentage of total covered wound was quantified (right panel). All 

data were presented as mean±SEM, n=3. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 2. 
Blocking osteocytic Cx43 hemichannels attenuates the inhibitory effect of CM from ALN-

treated osteocytes on the migration of breast cancer cells. MDA-MB-231 cells were 

incubated with CM collected from MLO-Y4 cells treated with (CM-ALN) or without (CM) 

20 µM ALN and 1 µg/ml Cx43(E2) antibody (A and B). (A) Wound healing migration assay 

was performed and percentage of total covered wound was quantified (lower panel). (B) The 

transwell migration assay was performed and the cells migrated across the transwell filter 

were quantified (lower panel). (C) Py8119 cells were incubated with CM collected from 
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MLO-Y4 cells treated with (CM-ALN) or without (CM) 20 µM ALN and 1 µg/ml Cx43(E2) 

antibody. The cells migrated through the transwell filter were quantified. (D) MDA-MB-231 

cells were incubated in CM collected from osteoblastic MLO-A5 cells treated with (CM-

ALN) or without (CM) 20 µM ALN and 1 µg/ml Cx43(E2) antibody. The cells migrated in 

the transwell migration assay were quantified. All data were presented as mean±SEM, n=3. 

*, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 3. 
The anchorage-independent growth of breast cancer cells is inhibited by CM from ALN-

treated osteocytes and attenuated with Cx43(E2) antibody. (A) MDA-MB-231 cells plated 

on soft agar were incubated with CM collected from MLO-Y4 cells treated with ALN (CM-

ALN) at various concentrations. Cells growing on soft agar plates were quantified (bottom 

panel). (B) MDA-MB-231 cells plated on soft agar were incubated with CM collected from 

MLO-Y4 cells treated with (CM-ALN) or without (CM) 20 µM ALN and 1 µg/ml Cx43(E2) 

antibody for 48 hr. Cells growing on soft agar plates were quantified (bottom panel). All data 

were presented as mean±SEM, n=3. *, P<0.05; **, P<0.01.
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Figure 4. 
Osteocytic Cx43 hemichannel opening with ATP release induced by ZOL is blocked by 

Cx43(E2) antibody. (A) MLO-Y4 cells were treated with various concentrations of ZOL 

with or without 1 µg/ml Cx43(E2) antibody. EtBr dye uptake was conducted and quantified, 

As compared to non-treated basal level of uptake, &&, P<0.01 and &&&, P<0.001. (B) MDA-

MB-231 cells were incubated with CM collected from MLO-Y4 cells treated with (CM-

ALN) or without (CM) 20 µM ZOL and 1 µg/ml Cx43(E2) antibody. The cells migrated 

through the transwell filter were quantified. (C) The cell proliferation was analyzed by 

WST-1 assay. (D) CM was collected from MLO-Y4 cells treated with (CM-ALN) or without 

(CM) 20 µM ZOL and 1 µg/ml Cx43(E2) antibody for 24 hr and ATP was measured using 

LC-MS. All data were presented as mean±SEM, n=3. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 5. 
The opening of Cx43 hemichannels in osteocytes by FFSS inhibits the migration of breast 

cancer cells. (A) MDA-MB-231 cells were incubated with media collected from MLO-Y4 

cells treated with (CM-FF) or without (CM) 16 dyn/cm2 FFSS for 2 hr or 16 hr and 1 µg/ml 

Cx43(E2) antibody. The cells migrated through the transwell filter were quantified. (B) The 

cell proliferation was analyzed by WST-1 assay. (C) MDA-MB-231 cells were incubated 

with media collected from MLO-Y4 cells treated (CM-FF) with or without (CM) 16 
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dyn/cm2 FFSS for 16 hr. Percentage of total invading cells was quantified. All data were 

presented as mean±SEM, n=3. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 6. 
Osteocyte-specific Cx43 cKO mice exhibit increased growth of mouse mammary carcinoma 

cells in bone. Py8119/Luc-GFP cells were injected into the right tibias of Cx43 cKO and 

WT female mice. Total photon flux was taken once a week after tumor cell injection. Ventral 

(A) and (B) dorsal view (top panels) of whole body imaging is shown. Representative 

images of mice with tumor spread to the lungs and brain shown (A, middle panel). 

Luciferase signals were quantified by Living Image 3.2 (bottom panels). (C) Representative 

X-ray radiographs of right tibia injected with Py8119 cells. The arrows indicate where the 

tumor cells were injected. Data were presented as mean±SEM, n=7 per group. **, P<0.01.
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Figure 7. 
Transgenic mice expressing Cx43(Δ130–136) in osteocytes displayed increased growth of 

Py8119 cells and attenuated the inhibitory effect of ZOL on tumor growth. (A) Py8119/Luc-

GFP cells were injected into the right tibias of R76W, Δ130–136 and WT female mice. Total 

photon flux was taken once a week after tumor cell injection. Ventral view (left panel) of 

whole body imaging is shown. Luciferase signals were quantified by Living Image 3.2 (right 

panels). (B) Py8119/Luc-GFP cells were injected into the right tibias of WT (left panel) and 

Δ130–136 (right panel) female mice and saline or ZOL (200 µg/kg) was i.p. injected twice a 
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week beginning on the day of tumor cell inoculation. Data were presented as mean±SEM, 

n=7–8 per group. *, P<0.05; **, P<0.01; ***, P<0.001.
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