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Gap junctions are multimeric membrane protein channels that connect the cytoplasm of one cell to another. Much
information about connexins regards electrophysiology and channel function but relatively little information is known
about non-channel functions of connexins. Lens connexins, Cx43, Cx46 and Cx50, have been extensively studied for their
role in lens homeostasis. Connexins allow the movement of small metabolically relevant molecules and ions between
cells and this action in the lens prevents cataract formation. Interruption of Cx46 channel function leads to cataract
formation due to dysregulation of lens homeostasis. The loss of Cx46 upregulates Cx43 in lens cell culture and suppresses
tumor growth in breast and retinoblastoma tumor xenografts. Upregulation of Cx46 in hypoxic tissues has been noted
and may be due in part to the effects of hypoxia and HIF activators. Here, we report that the Cx46 promoter is regulated
by hypoxia and also offer speculation about the role of Cx46 in lens differentiation and solid tumor growth.

Introduction

Gap junctions are multimeric membrane protein channels that
connect the cytoplasm of one cell to another. Six connexin
proteins are required to make a hemichannel, or connexon. The
extracellular faces of two adjacent connexons dock together to
form a gap junction channel.1-3 Although there is much informa-
tion about connexin electrophysiology and channel function little
information is known about non-channel functions of connexins.
Connexin 46 (Cx46) has been extensively studied in the
mammalian lens, where it is found with Cx43 and Cx50.4

These three connexins are differentially expressed in the various
regions that define the lens (Fig. 1). In the outer epithelial layer,
Cx43 and Cx50 are the predominate connexins. Immature outer
fiber cells express lower amounts of Cx43 than the epithelial cells
and they begin to express Cx46 as they mature and progress
inward toward the nucleus of the lens. Each cell type expresses
roughly the same amount of Cx50 as the other cell types in the
lens. As the fiber cells mature, they lose the ability to maintain
protein expression and turnover since the organelles are degraded.
However, once the cells further differentiate into mature fiber
cells they retain functional Cx46 and Cx50 gap junction
channels.4-6

Interruption of Cx46 channel function leads to cataract for-
mation in the lens7-13 and cataract formation is the most notable
defect in Cx46 null mice,11,14 and Cx46 is the primary func-
tional gap junction in the mature region of the lens.15-17 Our

lab has hypothesized that Cx46 is important for cellular survival
during hypoxic conditions. We subsequently showed that exogen-
ous Cx46 prolongs survival from hypoxia-induced cell death in
mouse N2A cells and is expressed abnormally in solid tumors.
Cx46 is upregulated by hypoxia in rabbit lens epithelial cells,
which naturally express Cx46.18 We also demonstrated that Cx46
affects tumor growth in two separate human xenograft studies.18,19

In both studies, the xenograft cells were allowed to form sizeable
solid tumors which were then treated with high doses of Cx46
siRNA directly injected into the tumor at various positions. Cx46
was upregulated in early growth tumors and knockdown of
Cx46 by siRNA resulted in slower growing tumors.18,19 This
occurred either by the prevention of Cx46 protein stabilization
or by knockdown of existing and ongoing Cx46 mRNA
expression. The amount of Cx43 protein found in the tumors
was increased when Cx46 expression decreased,19 and this find-
ing could explain why the tumor xenografts slowed their
growth when treated with anti-Cx46 siRNA. Cx43 is a known
tumor suppressor and a decrease in its expression is linked to
tumor progression and metastasis.5,20-23 This mechanism of tumor
suppression may contribute to the slow growth of anti-Cx46
siRNA treated tumors.

Methods

Promoter luciferase assay. The predicted upstream human Cx46
promoter was custom synthesized from the NCBI reference
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sequence NG_016399.1 and provided in pUC57 (GenScript).
Base pair numbering begins at the NCBI predicted TSS from
mRNA evidence (NM_021954.3) and the first base downstream
of the TSS is bp +1. Promoter fragments were produced by PCR
amplification from the pUC57-huCx46pro plasmid. The lengths
of the fragments were decided by using naturally occurring
restriction sites within the promoter. Fragments were cloned into
the promoterless vector pMetLuc2-reporter (Clontech) using the
HindIII site and pGL4.13 (Promega) was used as the transfection
control plasmid. The pTL-HIF1a plasmid (Panomics Products)
contains HREs and was used as the hypoxia positive control. A
promoterless plasmid without the HREs was used as the hypoxia
negative control and pGL4.75 (Promega) was used as a trans-
fection control plasmid. HLEC and N2A cells were transiently
transfected with Fugene6 (Roche) and plasmid DNA according to
the manufacturer’s suggestions. Ten thousand cells per well in
opaque 96-well plates were allowed to transfect for 12 h prior to
being placed into the hypoxic growth chamber for either 2 or 12 h.
Single 96-well plates were equilibrated to room temperature for

10min prior to the start of cell lysis and the luciferase assays.
The Dual-Glo Luciferase Assay (Promega) was used in
conjunction with a Turner Designs Luminometer to obtain
the raw light unit numbers. The output of the pTL-HIF1a
was used as the positive control and to normalize the data
against; the promoterless pTL was used as the negative
control and background was subtracted using a media only
control. Values for each promoter under hypoxia were set
relative to the HIF1a positive control.

Results and Conclusion

Cx46 influences the turnover of Cx43. Interestingly, a
reciprocal relationship between Cx43 and Cx46 was
observed in vivo during a previous Y79 xenograft study.19

Since Cx43 and Cx46 are lens connexins, we used the lens
cell system to study this reciprocal relationship. Current
lens connexin studies suggest that phosphorylation of Cx43
by protein kinase C (PKC) regulates the degradation of
Cx43 in the mature lens and this alone is sufficient to cause
the marked decrease in Cx43 protein.24-26 Although phos-
phorylation can regulate connexin degradation, we propose
that Cx46 plays an additional role in the degradation of
Cx43 in the transition region of the lens when Cx43 levels
decrease. In the same region of the lens, while Cx46 is
being upregulated and/or stabilized, Cx43 is being down-
regulated and/or destabilized. This would present an
opportunity for Cx43 and Cx46 proteins to interact in the
endoplasmic reticulum and/or Golgi apparatus prior to
trafficking. Recently, in our lens cell culture system, we
showed that an interaction between Cx43 and Cx46 occurs
and that overexpression of Cx46 has profound effects on
the stability of Cx43 prior to the formation of gap junc-
tion plaques.27 We also showed, by fluorescence microscopy,
that these two proteins interact in the Golgi apparatus.
Further, we demonstrated that the soluble carboxyl-terminal
domain of Cx46 alone induces the degradation of Cx43

via the proteasome.27 However, the interacting protein partners
needed for degradation of Cx43 remain to be identified.

Singular expression of either Cx43 or Cx46 is not observed
in lens cell cultures as it is observed in lenses in vivo. Therefore,
there must be other factors that drive the specific expression of
Cx46 in the lens in vivo. These factors are unknown at this
time. In addition to the reciprocal location of Cx43 and Cx46
in the lens, the level of oxygen is steadily decreasing in the
same regions of the lens (Fig. 1). A key question to ask is whether
the increase in hypoxia plays a role in Cx46 expression in the
lens and other tissues, such as solid tumors which use hypoxia
to their growth advantage.

Hypoxia influences Cx46 promoter activity in lens cells. Of
the many tissue types present in the human body, only the lens
must express Cx46 to remain fully functional and disease free.
Other labs have previously identified the expression of Cx46 in
ROS 17/2.8 osteosarcoma cells, UMR 106–01 osteosarcoma cells,
primary rat calvarial osteoblastic cells,28 and in neoplastic bone
tissue.29 This is an interesting observation because osteosarcomas

Figure 1. Schematic model of lens connexin expression zones. Cx43 is expressed
primarily in the epithelial and short differentiating fiber cells. Cx46 expression
begins relatively early in lens differentiation and small amounts can be found
in the short differentiating fiber cells. Cx50 expression remains relatively constant
throughout lens development. Lens epithelial cells begin to elongate andmigrate
inwardwhen the transition of Cx43 to Cx46 expression occurs as oxygen levels fall
from 10–15mmHg to~3–5mmHg within the lens.
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originate in hypoxic bone tissue, an environment similar to the
hypoxic environment found in the lens and in early solid tumors.
Additionally, Koval et al.28 and Sanchez et al.29 observed intra-
cellular and perinuclear localization of Cx46 as well as gap
junction plaque localized expression of Cx43, both of which we
also observed in our lens cell culture system.27 These cells, and
presumably the tissues they originated from, have the ability to
survive hypoxic growth conditions and must be able to adapt to
the tissue environment. Cx46 alone did have a pro-survival effect
in N2A cells when challenged with 1% oxygen.18 Thus, a critical
question is whether the Cx46 promoter is regulated by hypoxia in
lens cells.

When the human promoter of Cx46 was challenged with 1%
oxygen in human lens cells and normalized to a HIF1a-responsive
control promoter, a transient ~17-fold increase in activity was
observed with the 482 bp promoter (Fig. 2). HREs are most likely

located within the proximal promoter region of less than 500 bp
upstream of the TSS. The Cx46 promoter also showed sustained
responses with shorter promoter fragments, suggesting that
transcriptional regulation of Cx46 gene expression is tightly
controlled by one or more positive and/or negative regulatory
elements present beyond the proximal promoter region. The basal
promoter still remains to be identified, but given the expression
profile of the promoter fragments, it is likely located in the first
200 bp upstream of the TSS. Of course, the possibility of long-
range transcriptional regulatory effects remains open.

Hypoxia may play an active role in the regulation of Cx43/
Cx46 that occurs naturally in the lens. Tight transcriptional
regulation of Cx46 expression is not surprising since Cx46 is
expressed primarily in the lens. Other lens proteins, such as
crystallins, have been found in solid tumors indicating that the
conditions for lens protein expression exist in other tissues.30,31

The possibility that there is overlap in the available gowth
factors, nutrients, or other receptor ligands is open; however,
given the uncommon expression of Cx46 in other tissues beyond
the lens, the agonist and antagonist interactions that lead to
Cx46 expression may have minimal overlap in both lens and
solid tumor tissues. Hypoxia plays an important role in regulat-
ing gene expression in both the lens and in solid tumor tissues
as well as a key role in wound healing, ischemia/reperfusion
injury, and prenatal development. Here there are unique global
and local hypoxic environments that are present and influence
cellular responses to stimuli and differentiation.32-39 Since Cx46
was thought to only be a lens-specific protein, Cx46 expression
has not been studied throughout any of these processes. Cx46
may play an important role in the cellular response to hypoxic
environments; however, this hypothesis still remains to be tested
but offers interesting speculation into the unique role that Cx46
may play in physiology, independent of gap junction channel
activity.
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Figure 2. The promoter of human Connexin 46 is transiently responsive
to 1% oxygen in human lens cells. Various fragments 5’ to the predicted
transcription start site of the human Cx46 promoter were cloned into
a promoterless luciferase reporter vector and tested for responsiveness
to 1% oxygen in human lens epithelial cells. The varying activity
correlated with the length of the promoter indicates the presence of
regulatory elements encoded within the promoter. The promoter did not
respond to hypoxia in N2A cells in the same assay (unpublished data).
Error bars represent standard error of the mean (n = 6).
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