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Abstract

Gap junction channels provide a conduit for communication between neighboring cells. The
function of gap junction channels is regulated by posttranslational modifications of connexins, the
proteins that comprise these channels. Ubiquitination of connexins has increasingly been viewed
as one mechanism by which cells regulate the level of connexins present in cells, as well as the
corresponding intercellular communication. Here we review the current knowledge of connexin
ubiquitination and the effects this may have on gap junctional communication.
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INTRODUCTION

Gap junctions are comprised of connexin hexamers, or connexons, that dock across the
intercellular space with connexons on adjacent cells [1]. These plasma membrane channels
mediate direct cell to cell communication, allowing the transfer of molecules less than 1000
daltons, such as small metabolites and secondary messengers. Gap junctional regulation and
therefore, intercellular communication is critical for the proper maintenance of normal cell
and tissue function [2-4].

Connexins are four-pass transmembrane proteins, with two extracellular loops, an
intracellular loop, and N- and C-terminal cytoplasmic regions. Particularly for
transmembrane proteins, connexins have remarkably short half-lives, ranging from 1.5to 5
hours [5-9]. Since the amount of connexin protein correlates directly to the level of gap
junctional intercellular communication (GJIC) 1, an understanding of how connexin levels
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are regulated is critical. There has been a great deal of work contributing to the current
understanding of the processes that regulate GJIC and connexin turnover.

Connexins are co-translationally inserted into the endoplasmic reticulum (ER), then
trafficked through the Golgi. At some point during the secretory pathway, connexins
oligomerize into hexameric connexons. Depending on the connexin isoform,
oligomerization has been observed in different locations from the ER, to the ER-Golgi
intermediate compartment, to the trans-Golgi network [10-15]. These connexons, that will
comprise one-half of the complete gap junction channel, are transported to the plasma
membrane to form gap junctions and large accretions of gap junctions, known as gap
junction plaques. Recently, undocked connexons at the plasma membrane have been
demonstrated to have channel activity as well. These hemichannels can be opened under
conditions such as mechanical shear stress [16, 17], membrane depolarization [18], and
changes in ionic concentrations [19, 20], and can regulate the passage of ions and
metabolites [16, 17, 21, 22]. Hemichannels may also have important roles in tissue
remodeling [17, 23] and in cell death [24-27]. From the plasma membrane, connexins are
internalized as double membrane annular gap junctions, or connexosomes, or possibly, as
undocked individual connexons, then degraded [28]. It is clear that connexins undergo
degradation through both the lysosomal and proteasomal degradation pathways [9, 29-37],
with an additional pathway of autophagy recently revealed [38, 39] (Figure 1). However, the
precise mechanisms that regulate connexin trafficking to and from the plasma membrane
and subsequently through to degradation are still being studied and debated.
Posttranslational modifications of connexins are thought to contribute to the regulation of
connexin function and trafficking. Connexin phosphorylation, which is known to regulate
gap junction channel closure and connexon membrane stability (reviewed in [40-42]), has
been studied intensely. More recently, other modifications have been identified such as
hydroxylation, methylation, and acetylation [43-45], the last of which has been reported to
affect connexin43 (Cx43) localization in the heart [43]. This review will focus on a different
type of posttranslational modification that may also have a significant impact on the
connexin life cycle. This modification, which has been increasingly studied by a number of
groups, is the ubiquitination of connexins, and we will discuss what effect this modification
has on connexin trafficking and turnover (relevant studies summarized in Table 1).

Ubiquitination (or ubiquitylation) is a process that had primarily been studied as having a
role in marking substrates for degradation by the 26S proteasome, with additional functions
subsequently revealed. Ubiquitin is a 76 amino acid polypeptide that is highly conserved and
expressed in all eukaryotes, from yeast to humans. In ubiquitination, an ubiquitin moiety is
covalently attached to target substrates through a series of enzymatic events (reviewed in
[46]), which begins with the E1 ubiquitin-activating enzyme forming a high-energy thioester
bond with ubiquitin, activating ubiquitin. The activated ubiquitin is then loaded onto an E2
ubiquitin-conjugating enzyme, which will associate with an E3 ubiquitin ligase. The E3
ligase facilitates the covalent linkage of ubiquitin with either the target substrate at lysine
residues, or with another ubiquitin forming a polyubiquitin modification. The creation of the
polyubiquitin chains has been observed /n vivoto attach at the lysine29, lysine48, and
lysine63 residues in ubiquitin [46]. While lysine48 linkages are believed to function as the
proteasomal degradation tag, lysine63 linkages are proposed to act as internalization signals
during endocytosis [47, 48]. This review will focus primarily on the studies of the
ubiquitination of Cx43, the most studied connexin regarding connexin ubiquitination.

Cx43 Ubiquitination

The earliest reports of Cx43 ubiquitination arose from studies of Cx43 degradation. The first
report of Cx43 ubiquitination was from Laing and Beyer in 1995 [30]. A cell line expressing
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thermo-labile E1 enzyme was used to study Cx43 ubiquitination and degradation in the
absence of E1 activity. Loss of the E1 ubiquitin activation at the restrictive temperature
resulted in the stabilization of Cx43 protein, which was presumed to be caused by the loss of
ubiquitination and thus, the targeting of Cx43 to the proteasome for degradation.
Additionally, sequential immunoprecipitations (first of Cx43, followed by ubiquitin)
detected higher molecular weight Cx43 protein that was not detected in the presence of
competing free ubiquitin [30]. These data suggested that Cx43 exists in cells with
covalently-attached ubiquitin moieties, and perhaps, that ubiquitination is important for
regulating Cx43 protein levels.

Subsequent studies reported that Cx43 ubiquitination could result from the cellular exposure
to epidermal growth factor (EGF) and the phorbol ester 12- O-tetradecanoylphorbol 13-
acetate (TPA) [33, 34]. Use of ubiquitin antibodies that had different specificities to mono-
and polyubiquitin indicated that Cx43 was monoubiquitinated at multiple lysine sites in
response to TPA [33]. Cx43 multi-monoubiquitination was confirmed in untreated
conditions [49], which is significant because monoubiquitination is believed to be involved
in proteasome-independent processes, such as internalization and localization [48, 50]. A
decrease in the amount of Cx43 at the plasma membrane was also observed in response to
both EGF and TPA treatments [33, 34].

The presence of ubiquitinated Cx43 in actual gap junction plaques at areas of cell-cell
contact was captured in an immunoelectron microscopy study using freeze-fracture followed
by immunogold labeling [51]. Using the fungal metabolite brefeldin A (BFA) to block the
transport of Cx43 from the Golgi to the plasma membrane, a high amount of plaques were
observed to be ubiquitinated (50%), which dropped to only 14% after a one hour wash-out
of BFA. A reduction in GJIC was also observed with the BFA block that was reversed upon
BFA wash-out [51]. These data indicated that ubiquitination might occur as a natural part of
the Cx43 life cycle, where it may have a role in the trafficking of older gap junctions from
the plasma membrane.

One key, but unknown, component in the process of Cx43 ubiquitination was the identity of
the E3 ligase that was responsible for the ubiquitination. Nedd4 was the first E3 ligase
identified initially as a Cx43 binding partner that appeared to be required for Cx43
internalization, as loss of Nedd4 by siRNA resulted in the accumulation of Cx43 gap
junction plaques at the plasma membrane [52]. Further studies on Nedd4 reported that the
presence of Nedd4 was required for Cx43 ubiquitination [49]. Other groups have observed
the interaction of Cx43 with additional E3 ligases, another member of the Nedd4 family
WWP1, and the RING E3 ligase, TRIM21. TRIM21 and WWP1 appear to have active roles
in Cx43 ubiquitination (V. Chen, personal communication and L. Matesic, personal
communication, respectively).

Internalization, endocytic trafficking, and lysosomal degradation

Cx43 internalization from the plasma membrane and subsequent trafficking through the
endocytic pathway to the lysosome for degradation has been extensively studied. TPA and
EGF cause a reduction in Cx43 levels at the plasma membrane [33, 34, 53], and are known
to induce Cx43 internalization through the MAPK signaling pathway [33, 34, 54, 55]. Cx43
turnover following TPA treatment appeared to be due to both lysosomal and proteasomal
degradation [33]. Since Cx43 monoubiquitination, and not polyubiquitination, was detected
after TPA treatment, the proteasomal degradation data was surprising as monoubiquitination
is not normally observed in proteasomally-degraded substrates. However, it was thought that
the proteasomal inhibitors might have an indirect effect on Cx43 levels in the TPA response
[33, 56]. Further work found that the subset of Cx43 localized to plaques in the plasma
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membrane was ubiquitinated in response to TPA treatment [56]. EGF treatment also causes
Cx43 internalization and ubiquitination [34]. The type of Cx43 ubiquitination that occurs in
response to EGF has not been analyzed and, therefore, it is unclear whether Cx43 is
polyubiquitinated (such as by lysine48 linkages) for proteasomal degradation after EGF
treatment or monoubiquitinated, as in the case of TPA treatment. In addition, a recent study
of ubiquitinated Cx43 proposed that Cx43 may undergo a non-canonical internalization that
is mediated by an unidentified ubiquitin modification that is not dependent on the Y XX@
tyrosine-sorting signal previously identified to be required for membrane Cx43
internalization [57]. These data suggest that Cx43 ubiquitination is a determinant for the
specific cellular internalization mechanism or pathway.

The previous studies of EGF and TPA-induced Cx43 internalization and ubiquitination also
provided evidence of proteasomal involvement in the mechanism of Cx43 turnover [33, 34].
However, TPA induced the monoubiquitination of Cx43, which is not typically the ubiquitin
tag that leads to proteasomal degradation [33]. In addition, it appeared that EGF stimulated
Cx43 proteasomal degradation, because treatment with proteasomal inhibitors, but not
lysosomal inhibitors, alleviated the EGF-induced reduction of Cx43 [34]. One possible
explanation for these results is that another protein was more directly responsible for Cx43
internalization and turnover, and that the activity of this protein was somehow regulated by
proteasomal degradation. A recent study using a Cx43 mutant that cannot be ubiquitinated
suggested that proteasomal degradation is an indirect stimulator of Cx43 membrane
localization [58]. This Cx43 ubiquitination mutant contained a series of point mutations
where all the lysine residues (ubiquitin acceptor sites) were mutated to arginine residues. In
the absence of ubiquitination, Cx43 was still trafficked to the plasma membrane and formed
functional channels, although initial studies suggested the possibility that the gap junctional
communication might not be efficient as gap junctions formed with wild-type Cx43. Akt/
protein kinase B (PKB) was identified as the link between ubiquitination and the effect of
proteasomal inhibition on Cx43 membrane stabilization. Akt has previously been
demonstrated to phosphorylate Cx43 [59], and Akt phosphorylation of Cx43 in the cell
membrane stabilized Cx43 in the membrane. Akt ubiquitination and subsequent degradation
is one mechanism to regulate its activities, so disruption of Akt turnover by blocking its
proteasomal degradation increases the amount of active kinase available to stabilize Cx43.
Thus, Akt ubiquitination and degradation by the proteasome indirectly affects Cx43 levels at
the plasma membrane [58]. However, the effects of complete loss of Cx43 ubiquitination on
internalization and subsequent intracellular trafficking is unclear.

Biochemical fractionation identified the presence of ubiquitinated Cx43 in both the double
membrane plaques (previously described as the TritonX-100 insoluble fraction [60]) and the
soluble protein fraction, suggesting that the intracellular endocytosed Cx43 was also or still
ubiquitinated [33]. Ubiquitination has been proposed to modulate the endocytic trafficking
of Cx43 from gap junction plaques. Interestingly, presumably ubiquitinated Cx43 was
observed to colocalize with two known ubiquitin-binding proteins, hepatocyte growth
factor-regulated tyrosine kinase substrate (Hrs) and tumor susceptibility gene 101 (Tsg101)
[56]. Both proteins are involved in the ESCRT (endosomal sorting complex required for
transport) machinery for endocytic trafficking and reportedly mediate the trafficking of
ubiquitinated growth factor receptors from the endosome to lysosomes [61]. Upon first
glance, depletion of Hrs and/or Tsg101 by siRNA appeared to have little effect on Cx43, as
membrane localization and GJIC are not significantly affected [56]. However, prolonged
induction of internalization with TPA in concert with a block of protein synthesis in the
SiRNA-treated cells resulted in increased Cx43 levels at the plasma membrane and enhanced
GJIC. This study proposes that Hrs and Tsg101 are responsible for directing Cx43 towards
lysosomal degradation by sorting Cx43 at the early endosome, instead of possibly being
recycled back to the plasma membrane. Cx43 recycling has previously been demonstrated
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during cellular stress situations [37] or mitosis [62]. Furthermore, prolonged (3 hours or
more) induction of Cx43 internalization by TPA treatment in cells depleted for Hrs and
Tsg101 by siRNA resulted in increased Cx43 localization at the plasma membrane,
increased amounts of phosphorylated Cx43, and increased levels of GJIC compared to a
shorter time point of 1.5 hours [56]. This strongly suggested that the Hrs and Tsg101
ubiquitin-binding proteins were necessary to dictate the movement of Cx43 towards
lysosomal degradation, instead of being recycled back to the plasma membrane to again
contribute to GJIC. Additionally, the loss of both Hrs and Tsg101 resulted in the increased
amounts of ubiquitinated Cx43 and the ubiquitination of Cx43 at the membrane was
observed to be dependent on the proteasome. This effect was thought to result from the
depletion of intracellular pools of ubiquitin when proteasomal degradation is blocked, which
would result in a reduction in the amount of ubiquitin available for conjugation [56]. The
Hrs/Tsg101 study was followed shortly by the report of an interaction between ubiquitinated
Cx43 and epidermal growth factor receptor substrate 15 (Eps15), another ubiquitin-binding
domain-containing protein that is a part of the ESCRT machinery [49]. These studies
suggested that a highly-regulated mechanism mediates Cx43 internalization from the plasma
membrane, trafficking through the endo-lysosomal pathway, and ending with Cx43
degradation. The internalization and trafficking of the previously discussed lysine mutant
form of Cx43 from the plasma membrane has not yet been extensively studied so it is not
known how the loss of Cx43 ubiquitination affects the trafficking of Cx43 through the endo-
lysosomal pathways as the interactions with the ubiquitin-binding proteins Hrs, Tsg101, and
Eps15 are likely to be affected.

Autophagy

Besides direct lysosomal degradation, autophagy is a degradation pathway that utilizes
lysosomes for the ultimate step of proteolysis, but is distinct from the endo-lysosomal
degradation pathway (reviewed in [63]). Ubiquitination has not been demonstrated to be a
requirement for autophagy; however, an ubiquitin-binding protein, p62/SQSTM1, is a
substrate that is degraded via autophagy. p62 contains the ubiquitin-associated (UBA)
ubiquitin-binding domain which has been demonstrated to regulate the turnover of
ubiquitinated proteins (reviewed in [64]). A growing body of work suggests that p62 is a
receptor for ubiquitinated proteins that can contribute to the autophagic degradation of its
substrates (reviewed in [65]).

The involvement of autophagy in regulating Cx43 was not recognized until recently, when
two studies identified Cx43-containing autophagosome structures [38, 39]. In the heart,
Cx43 is normally localized to the intercalated disc regions of the plasma membrane in
cardiomyocytes where functional gap junctions are responsible for propagating the electrical
signal required for the normal cardiac rhythm. In heart disease, Cx43 is relocalized away
from the intercalated discs to the lateral membranes of the cardiomyocyte cells [66—69].
Electron microscopy studies of failing canine heart myocardium showed Cx43-containing
multilamellar membrane structures near the lateral membranes that morphologically
resembled autophagosomes [39]. To further test the theory that internalized Cx43 gap
junctions were in, or associated with, autophagosomes, the colocalization of Cx43 with a
marker for autophagosomes, GFP-LC3 (microtubule-associated protein light chain 3), was
examined in transfected HeLa cells. Colocalization of Cx43 and LC-3 was observed. This
study also analyzed the targeting of Cx43 to lipid rafts, which has been previously reported
[70-72]. It was suggested that the observed multilamellar structures might contain Cx43
targeted to lipid rafts [39]. Using TritonX-100 solubility fractions, two fractions of Cx43
were identified: one fraction that also contained lipid raft markers such as the sphingolipid
GM1 and caveolin-3, and a denser, less buoyant fraction. There was an increase in the
amount of Cx43 in the lipid raft fractions in the failing heart tissues, as well as an increase in
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the amount of the autophagy marker LC3-I1, which is a cleaved form of LC3-1 that results
with the onset of autophagy [39]. One suggestion is that in diseased heart tissue, Cx43 is
removed from the intercalated disc area, processed through lipid raft areas of the plasma
membrane as a part of the degradation machinery that would involve autophagosomes [39].
A relationship between lipid rafts and autophagosomes has not yet been established and
thus, will require more evidence to confirm. In a subsequent study, using cultured cells, the
involvement of autophagy in Cx43 degradation was observed in cells subjected to starvation
conditions, which induces autophagy [38]. Cx43 was found to localize to cytoplasmic
structures surrounded by LC3, and blocking autophagic degradation with a lysosomal
inhibitor or siRNA of the autophagy-related Atg proteins (Atg5) prevented the starvation-
induced loss of Cx43 protein as well as increased the colocalization of Cx43 with GFP-LC3.
Electron microscopy detected the double membrane structures that are characteristic of
autophagosomes. p62, which has been implicated in the autophagy of ubiquitinated proteins,
also colocalized with Cx43 [38]. However, it is still unclear what role the ubiquitination of
Cx43 has on Cx43 autophagy. Since p62 has the UBA ubiquitin-binding domain, this may
serve as the mechanism that targets ubiquitinated Cx43 to the autophagosome.

The involvement of autophagy in the turnover of gap junction plaques from the plasma
membrane has also been recently reported where internalized intact annular gap junctions
colocalized with LC3, p62, and other autophagy-related proteins. In addition, inhibition of
autophagy by siRNA knock-down of the Atg proteins, Atg6 (beclin-1), or Atg8 (LC3)
reduced Cx43 turnover, resulting in the accumulation of cytoplasmic annular gap junctions
(M. Falk, personal communication). In light of the recent data suggesting that ubiquitination
of Cx43 has an effect on the post-internalization trafficking of Cx43 from the plasma
membrane, it would be interesting to determine whether the p62 ubiquitin-binding protein is
part of the mechanism that determines the fate of internalized and ubiquitinated Cx43 gap
junctions.

Proteasomal degradation

Like lysosomal degradation, there is extensive evidence of a role for proteasomal
degradation in the Cx43 life cycle. The proteasomal degradation pathway is regulated by a
multitude of proteins that result in the trafficking of target substrates to the 26S proteasome
holoenzyme complex. This complex is comprised of two subunits, the 20S core particle (CP)
and the 19S regulatory particle (RP) (reviewed in [73]). The 20S CP consists of four rings
containing seven subunits that are stacked on one another. The p-type subunits comprise the
inner two rings and are proteolytically active, while the a-type subunits comprise the
outermost rings. The 19S RP, or cap complex, consists of a base and lid, and flank the core,
with one RP on each end of the 20S CP. Several proteins associated with the 19S RP, such
as Rpnl and Rpn10, are able to bind ubiquitinated proteins [74-78].

The study that initially identified Cx43 ubiquitination pointed to a role for ubiquitin-
mediated proteasomal degradation as a major process of Cx43 turnover [30]. Additional
studies using proteasomal inhibitors further implicated the proteasome in regulating Cx43
levels at the plasma membrane and the corresponding effect on GJIC [9, 32, 36]. Two
reasons for this effect have been proposed: first, by blocking proteasomal degradation, Cx43
in the ER has more time to fold properly and to traffic to the membrane, resulting in more
Cx43 gap junctions. Or, alternatively, the proteasome has an immediate effect on
membrane-localized Cx43, either by facilitating the degradation of that subset of Cx43
directly, or indirectly, by facilitating the degradation of another protein involved in Cx43
localization or trafficking.
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The degradation of Cx43 through the process of ER-associated degradation (ERAD) has
been demonstrated through a series of studies. Increasing the amount of Cx43 in the ER by
blocking trafficking to the cell membrane using BFA, plus a concurrent block of
proteasomal degradation, elevated Cx43 protein levels [32], which was suggestive of
ERAD. Further studies using ER stress inducers, such as DTT, which prevents the disulfide
bond formation in mature Cx43 protein, revealed enhanced dislocation from the ER into the
cytoplasm and elevated proteasomal degradation in response to the ER stress [9, 36], again
supporting a role for ERAD in Cx43 degradation. While proteasomal degradation and
ERAD are typically associated with ubiquitinated substrates, the ubiquitination state of
Cx43 undergoing ERAD has not been studied in depth.

Our laboratory identified a novel Cx43-interacting protein through a yeast two-hybrid screen
that we called CIP75 for Cx43-interacting protein of 75 kDa [79]. CIP75 is a member of the
ubiquitin-like (UbL)-UBA domain family of ubiquitin-binding proteins. With an N-terminal
UbL domain, and one or more UBA domains at the C-terminus, this family of proteins has
been demonstrated to bind to ubiquitin and ubiquitinated proteins via the UBA domain, as
well as subunits of the proteasome via the UbL domain (reviewed in [64]). Our initial
studies suggested that CIP75 was involved in facilitating Cx43 proteasomal degradation, as
overexpression of CIP75 reduced the half-life of Cx43 and the knock-down of CIP75 by
siRNA had the opposite effect of significantly increasing the Cx43 half-life [79]. Use of a
proteasomal inhibitor indicated that this effect was via the proteasomal degradation
pathway. Proteins that are targeted for degradation by the proteasome are typically marked
for degradation by the covalently-attached ubiquitin tag so the ubiquitination state of the
subset of Cx43 that specifically interacted with CIP75 was examined. Prior reports of Cx43
ubiquitination and ubiquitination of proteasome substrates suggested that the Cx43
interacting with CIP75 would be ubiquitinated [30, 33, 34, 46]. Surprisingly, extensive work
demonstrated that while CIP75 is indeed an ubiquitin-binding protein, which was capable of
binding both monoubiquitin and lysine48-linked tetraubiquitin, as well as ubiquitinated
proteins, the subset of Cx43 that interacted with CIP75 did not appear to be ubiquitinated
[80]. Our initial experiments included biochemical immunoprecipitations that failed to
detect interacting ubiquitinated Cx43. We subsequently generated a series of three lysine to
arginine Cx43 point mutants in an attempt to eliminate any covalent ubiquitin modification.
The specific lysines that are ubiquitinated in Cx43 have not been identified so we mutated
the lysines in or near the CIP75 binding domain in mutant 1, all the lysines in the C-terminal
tail, which contains the CIP75 binding region, in mutant 2, and, all 27 lysines in Cx43 in
mutant 3. In all cases, CIP75 was able to interact with Cx43, indicating that Cx43
ubiquitination is not a requirement for interaction with CIP75 [80]. While this result was
unexpected, structural NMR data supported this conclusion [81]. An analysis of the binding
region of the CIP75 UBA domain for the C-terminal tail of Cx43, as well as for ubiquitin,
determined that both Cx43 and ubiquitin interact with overlapping regions of CIP75. This
suggested a mechanism involving the competition between ubiquitin or ubiquitinated
proteins and the non-ubiquitinated Cx43 C-terminus, which may be indicative of the
regulation of CIP75 function and activity. Significantly, these data point to an uncommon
situation of a non-ubiquitinated substrate that undergoes proteasomal degradation by the 26S
proteasome. While many substrates have been identified as undergoing ubiquitin-
independent proteasomal degradation [82], it should be noted that the bulk of these
substrates have been demonstrated to undergo degradation by the 20S core proteasomal
subunit, not the 26S proteasome holoenzyme complex. For example, extensive work has
conclusively demonstrated that oxidized proteins do not require ubiquitination and are
degraded specifically by the 20S CP [83-87]. This is thought to occur because oxidation
may cause some conformational changes in the proteins that allow them to directly enter the
20S CP, instead of requiring the ATP-dependent activity of the 19S regulatory particle that
typically is given credit for unfolding proteins to be able to enter the 20S CP barrel. Only a
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limited number of substrates have been identified that also have ubiquitin-independent
degradation through the 26S proteasome [82, 88], the best known and most conclusively
studied substrate being the enzyme ornithine decarboxylase [89-91].

Cx32 ERAD

Because Cx32 is linked to the causation of the X-linked Charcot-Marie Tooth disease
(CMTX), a human peripheral neuropathy [92-94], there has been much interest in
elucidating the regulation of Cx32, including its ubiquitination, as it may provide insight
into the basis of CMTX. As for Cx43, Cx32 degradation is also mediated by both lysosomal
and proteasomal degradation, although the bulk of the studies have focused on the
degradation of Cx32 by the proteasome. One of the mutants that has been identified in
CMTX patients is the Cx32 E208K point mutant [95], which exhibits an intracellular
trafficking defect such that it remains in the ER. Use of this mutant has been particularly
useful in studying Cx32 ubiquitination and ERAD. The Cx32 E208K mutant does not
oligomerize into connexons and is not transported to the plasma membrane to form
functional gap junction channels [35]. ER stress, induced by DTT treatment, triggers the
dislocation of wild-type Cx32 from the ER into the cytoplasm where it undergoes
proteasomal degradation, as was seen with Cx43 [29, 36]. The ER-localized Cx32 E208K
mutant was observed in both non-ubiquitinated and polyubiquitinated states [29]. There was
significantly more polyubiquitinated Cx32 E208K protein versus non-ubiquitinated in the
cytoplasm than in the ER membrane, which could only be observed upon inhibition of the
proteasome. The extent of polyubiquitination was decreased in response to cellular stresses
such as a heat shock or oxidative stress. After cellular stress, there was a decrease in Cx32
polyubiquitination, particularly in the cytoplasm [29]. This indicated that, unlike Cx43,
Cx32, which is dislocated from the ER into the cytoplasm for ERAD, is polyubiquitinated,
as is the case for almost all proteins that undergo 26S proteasomal degradation.

Cx43 degradation and disease

The regulation of connexins and their function is known to be crucial for normal cell
homeostasis. An increasing body of work argues for the importance of connexins in human
diseases as well. As previously mentioned, Cx32 has been linked to the human CMTX
disease. Connexin defects have also been discovered in other diseases including
oculodentaldigital dysplasia (ODDD), deafness, cataracts, and skin disorders (reviewed in
[28, 93]). A role for connexins in cancer has also been pursued (reviewed in [96]). A recent
study analyzed the mechanisms by which proteasomal inhibition effects cell death in cancer
cells [97], which is the reason for the use of the proteasomal inhibitor, bortezomib
(commercially marketed as VVelcade), as a cancer therapeutic in multiple myeloma and more.
Using the proteasomal inhibitor, MG132, the study demonstrated that a long-term block of
proteasomal degradation triggered cell apoptosis after induction of ER stress with
tunicamycin or thapsigargin. Interestingly, overexpression of Cx43 can increase the
apoptotic response to MG132, as well as sensitizing cells to apoptosis brought on by ER
stress. While inhibition of proteasomal degradation has consistently been proven to increase
GJIC, this study reported that the increased apoptotic sensitivity due to Cx43 overexpression
did not appear to be dependent on the ability of Cx43 to create functional gap junctions [97].
Other studies have also implicated a GJIC-independent function for connexins [98, 99].
Thus, the regulation of connexins, either dependent or independent of their communication
abilities, may have important consequences for a vast array of cellular and tissue processes
and pathways.

Arch Biochem Biophys. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suand Lau Page 9

Concluding Remarks

It is evident from a growing body of work that connexins have critical functions not only in
normal cell and tissue function and homeostasis, but also in human diseases under aberrant
conditions. Altered gene and protein expression, and protein trafficking/localization have
been observed in a number of disease states. These observations clearly demonstrate the
necessity for a better understanding of the regulation of the connexin life cycle. One
component that has commanded attention is the mechanisms that regulate connexin
turnover. With such a short half-life of 1.5 to 5 hours, the cell must tightly regulate the
processes that mediate connexin degradation. Lysosomal, and perhaps, autophagic actions
appear to have an important role in regulating the turnover of ubiquitinated connexins that
are internalized from gap junctions at the cell membrane. Proteasomal degradation, mediated
by ERAD, acts in the turnover of both ubiquitinated and non-ubiquitinated connexins from
the ER and may function as part of the cellular stress response which determines cell
survival. With new tools and innovative techniques available to examine the role of
ubiquitination in mediating connexin degradation, the processes that contribute to the
regulation of connexin protein levels and GJIC will be elucidated, which will hopefully
provide better insight into the mechanisms underlying disease pathologies.

Highlights
Connexin43 ubiquitin modification affects intracellular trafficking and degradation
Monoubiquitination affects connexin43 internalization and endosomal trafficking
Ubiquitination is involved in connexin32 proteasomal degradation

Ubiquitination is not required for CIP75-mediated connexin43 proteasomal degradation
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Figure 1. Regulation of the degradation of connexin proteinsvia proteasomal, lysosomal, and
autophagic pathways

During protein synthesis, connexins are co-translationally inserted into the ER membrane.
Upon proper folding, connexins are subsequently trafficked to the Golgi apparatus and trans
Golgi network where the individual proteins oligomerize into hexameric connexons.
Misfolded connexins can be ubiquitinated and degraded by the proteasome through ERAD,
as in the case of Cx32. Alternatively, non-ubiquitinated Cx43 interacts with the accessory
factor, CIP75, which facilitates Cx43 ERAD. Connexons are trafficked to the plasma
membrane on microtubules, where the hexamers dock with connexons on neighboring cells,
across the intercellular space. Intact gap junctions are internalized as the double membrane
annular junctions. Individual connexons may also undergo endocytosis. Annular junctions or
internalized connexons may enter the endo-lysosomal pathway leading to the degradation of
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the connexin proteins. Ubiquitination of connexins by E3 ligases may occur either at the
plasma membrane or after internalization from the membrane. The ubiquitin-interacting
proteins (Eps15, Hrs, and Tsg101) may act to sort the ubiquitinated connexins through the
endocytic pathway, until the connexins are ultimately degraded in the lysosome. Autophagy
of connexins or connexons is another emerging mechanism for degradation.
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Table 1

Summary of factors involved in connexin ubiquitination and degradation

Nedd4 family of E3 ligases  Ubiquitin ligases possibly responsible for connexin ubiquitination at the plasma membrane [49, 52]

Hrs Tsg101 Eps15

EGF TPA

Akt
CIP75

Ubiquitin-binding proteins required for Cx43 internalization and downregulation of intercellular communication
[49, 56]

Activates MAPK signaling which results in increased Cx43 ubiquitination, internalization, and degradation [33,
34, 54-56]

Serine protein kinase that phosphorylates Cx43 to stabilize membrane-localized Cx43 [58]

Mediates ubiquitin-independent proteasomal degradation of Cx43 [79-81]
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