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Abstract Connexins comprise gap junction channels,

which create a direct conduit between the cytoplasms of

adjacent cells and provide for intercellular communication.

Therefore, the level of total cellular connexin protein can

have a direct influence on the level of intercellular com-

munication. Control of connexin protein levels can occur

through different mechanisms during the connexin life

cycle, such as by regulation of connexin gene expression

and turnover of existing protein. The degradation of con-

nexins has been extensively studied, revealing proteaso-

mal, endolysosomal and more recently autophagosomal

degradation mechanisms that modulate connexin turnover

and, subsequently, affect intercellular communication.

Here, we review the current knowledge of connexin deg-

radation pathways.

Keywords Connexin � Degradation � Proteasome �
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Introduction

Gap junctions are plasma membrane channels that allow

the passive diffusion of molecules less than 1,000 daltons

directly between the cytoplasms of neighboring cells

(Goodenough et al. 1996). The molecules include second-

ary messengers (cAMP), small metabolites (ATP) and ions

(Ca2?). The regulation of gap junctions and gap junctional

intercellular communication (GJIC) is critical as the

channels contribute to the normal homeostasis of cells,

tissues and organs, as well as being important during

development (Vinken et al. 2006; Wei et al. 2004; White

and Paul 1999). Furthermore, misregulation of gap junc-

tions and the corresponding intercellular communication

can result in a number of human diseases, including heart

arrhythmias (Martin and Evans 2004; Severs et al. 2008;

van Veen et al. 2001), developmental diseases (Laird 2008)

and cancers (Naus and Laird 2010).

The complete gap junction channel is comprised of two

hexameric structures (connexons or hemichannels), one

contributed by each of the neighboring cells. Connexons

contain six connexin proteins that form either homomeric

oligomers or, in cells expressing more than one type of

connexin, heteromeric oligomers if the expressed connex-

ins are compatible. Connexins are four-pass transmem-

brane proteins, containing cytoplasmic N- and C-terminal

domains, two extracellular loops and one intracellular loop.

There are 21 members of the human connexin protein

family, expressed to different degrees depending on the

tissue or cell type. Of these, connexin43 (Cx43) has been

the most widely studied family member. Generally, con-

nexins are cotranslationally inserted into the endoplasmic

reticulum (ER) membrane, where they undergo proper

folding and are then transported through the Golgi network.

During the ER to Golgi transport, a number of connexins

have been demonstrated to oligomerize into hemichannels

(Das et al. 2009; Das Sarma et al. 2002; Diez et al. 1999;

Koval 2006; Maza et al. 2003, 2005). The hemichannels

are then transported to the plasma membrane to dock with

hemichannels on the neighboring cell surface to form the

V. Su (&) � K. Cochrane � A. F. Lau

Cancer Biology Program, University of Hawaii Cancer Center,

University of Hawaii at Manoa, 651 Ilalo Street, BSB 222,

Honolulu, HI 96813, USA

e-mail: vsu@cc.hawaii.edu

K. Cochrane � A. F. Lau

Department of Cell and Molecular Biology, John A. Burns

School of Medicine, University of Hawaii at Manoa,

Honolulu, HI 96813, USA

123

J Membrane Biol (2012) 245:389–400

DOI 10.1007/s00232-012-9461-3



gap junction channels. Large accretions of gap junctions

may form between cells, which are generally known as gap

junction plaques. Undocked hemichannels have more

recently been shown to have their own activity, with

important roles in cell death (Bargiotas et al. 2009;

Contreras et al. 2003; Goodenough and Paul 2003; Sato

et al. 2009; Stout et al. 2004) and tissue remodeling

(Knight et al. 2009; Siller-Jackson et al. 2008). Hemi-

channels can be opened under specific conditions, such as

membrane depolarization (Contreras et al. 2003), changes

in ionic concentrations (Gómez-Hernández et al. 2003;

Srinivas et al. 2006) and mechanical shear stress (Cherian

et al. 2005; Siller-Jackson et al. 2008). All of these con-

ditions can regulate the passage of ions and metabolites

through the hemichannels (Anselmi et al. 2008; Cherian

et al. 2005; Garré et al. 2010; Siller-Jackson et al. 2008).

From the plasma membrane, undocked hemichannels,

intact gap junctions and even large sections of gap junction

plaques are internalized and primarily degraded (Laird

2006). Remarkably, for transmembrane proteins, connexins

have a short half-life of 1.5–5 h depending on the cell type

(Beardslee et al. 1998; Darrow et al. 1995; Fallon and

Goodenough 1981; Laird et al. 1991; Musil et al. 2000).

The degradation mechanisms for connexins have been

studied for years, with reports demonstrating the involve-

ment of the proteasomal, lysosomal and autophagosomal

degradation pathways (Beardslee et al. 1998; Fong et al.

2012; Girao and Pereira 2003; Guan and Ruch 1996;

Hesketh et al. 2010; Kelly et al. 2007; Laing and Beyer

1995; Laing et al. 1997, 1998; Leithe et al. 2006; Leithe

and Rivedal 2004a, b; Li et al. 2008; Lichtenstein et al.

2011; Musil et al. 2000; Qin et al. 2003; Su et al. 2010;

Thomas et al. 2003; VanSlyke et al. 2000; VanSlyke and

Musil 2002, 2005). Proper regulation of these pathways

that are responsible for connexin turnover is essential as the

amount of connexin protein can have a direct effect not

only on the level of GJIC (Leithe et al. 2009; Leithe and

Rivedal 2004a; Musil et al. 2000; VanSlyke and Musil

2003) but also on the activities of hemichannels and other

functions of connexins, which are unrelated to intercellular

communication (Goodenough and Paul 2003; Scemes et al.

2009; Stout et al. 2004). All of these connexin activities are

critical for normal cellular and tissue functions.

Proteasomal Degradation

Protein degradation through the proteasomal pathway

typically involves the 26S proteasome holoenzyme. This

complex consists of the 20S core particle (CP) and the 19S

regulatory particle (RP) (reviewed in Voges et al. 1999).

The 20S CP consists of four rings stacked upon each other.

Each ring contains seven individual protein subunits. The

innermost two rings contain the proteolytic activity with

the b-type subunits, while the a-type subunits comprise the

outer two rings. The core is flanked on each side by one

complete 19S RP, which is made up of the base and cap,

also consisting of many protein subunits. The 19S RP

subunits are classified as either ATPases (Saccharomyces

cerevisiae Rpt proteins) or non-ATPases (S. cerevisiae Rpn

proteins) (Glickman et al. 1998). The ATPase activity of

the 19S subunit most likely is responsible for the unfolding

of substrate proteins, to allow the polypeptide chain to

enter the 20S CP for degradation.

The tag that marks a substrate for proteasomal degra-

dation is often considered to be a polyubiquitin chain.

Ubiquitin is a 76–amino acid protein that is highly con-

served and expressed in all eukaryotes. The covalent

linkage of ubiquitin to substrates occurs through a highly

regulated process that is mediated by a number of enzymes

(Fang and Weissman 2004). The E1 ubiquitin-activating

enzyme, multiple E2 ubiquitin-conjugating enzymes and

several E3 ubiquitin ligases facilitate the specific ubiqui-

tination of cellular proteins. The E1 enzyme activates

ubiquitin, enabling ubiquitin to be transferred to one of the

E2 enzymes. The ubiquitin-loaded E2 then associates with

an E3 ligase, which results in the covalent bonding of

ubiquitin to the target protein or, alternatively, to another

ubiquitin to create a polyubiquitin chain. Ubiquitination of

proteins is a mechanism that provides for the selective

degradation of cellular proteins. In fact, the 19S RP con-

tains subunits that are ubiquitin-binding proteins, such as

Rpn1, Rpn10 and Rpn13 (Deveraux et al. 1994; Elsasser

et al. 2002; Husnjak et al. 2008). Almost all proteins known

to be degraded by the 26S proteasome are ubiquitinated,

with a small number of exceptions. It should be noted,

however, that a large number of proteins, such as oxidized

proteins, are able to be degraded without ubiquitination

specifically through the 20S CP alone (Davies 2001;

Ferrington et al. 2001; Grune et al. 1997; Jariel-Encontre

et al. 2008; Orlowski and Wilk 2003; Shringarpure et al.

2003). Presumably, oxidation causes sufficient unfolding of

the target protein to allow it to directly enter the 20S CP

barrel without the unfolding activity of the ATPase activity

resident in the 19S RP.

Cx43 Proteasomal Degradation

The first documented study of the involvement of protea-

some degradation in connexin turnover came in 1995 by

Laing and Beyer, who reported that pharmacological

inhibition of proteasomal activity using ALLN resulted in

increased levels and reduced turnover of Cx43 protein in

Chinese hamster ovary (CHO) E36 and rat heart–derived

BWEM cells, respectively. In addition, the authors used the

ts20 cell line, which contains a thermolabile E1 enzyme
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and where heat treatment inactivates the E1 activity,

resulting in loss of the ubiquitination process. It was

demonstrated that Cx43 required active ubiquitination in

order to be degraded after heat treatment. Furthermore,

sequential immunoprecipitation indicated that Cx43 was

ubiquitinated. In a subsequent study, neonatal rat ventric-

ular myocytes subjected to heat treatment displayed loss of

Cx43, which was prevented with proteasomal inhibition

using ALLN or lactacystin, further supporting a role for the

proteasome in Cx43 degradation (Laing et al. 1998).

Proteasomal degradation is typically associated with

ER-associated degradation (ERAD). During ERAD, mis-

folded or unfolded proteins are dislocated out of the ER

and into the cytoplasm, where the proteins are thought to

be polyubiquitinated (Smith et al. 2011). This ubiquitina-

tion then marks these proteins for proteasomal degradation.

Studies have indicated that Cx43 can be degraded via

ERAD. Treatment of BWEM cells with the fungal

metabolite brefeldin A (BFA) to prevent transport of newly

synthesized Cx43 to the plasma membrane, with a con-

current inhibition of proteasomal degradation using ALLN,

resulted in increased intracellular pools of Cx43 (Laing

et al. 1997). With the block in transport to the membrane,

newly synthesized Cx43 would accumulate in the ER.

Simultaneously blocking proteasomal degradation would

then reveal the pool of Cx43 bound for ERAD. DTT

treatment of CHO cells to prevent formation of the intra-

molecular Cx43 disulfide bonds necessary for function (in

effect causing Cx43 to be misfolded) in combination with

ALLN blockage of proteasomal degradation resulted in a

dramatic increase of Cx43 protein levels (Musil et al. 2000).

An analysis of cellular stress on Cx43 ER dislocation and

degradation was conducted using multiple cell lines, where

DTT treatment (an ER stressor) more than doubled the

amount of cytoplasmic Cx43 present in BFA-treated cells

(VanSlyke and Musil 2002). In the absence of BFA, little

Cx43 was found in the cytoplasm, suggesting that DTT

treatment/Cx43 protein unfolding resulted in enhanced

dislocation of Cx43 from the ER. Additional proteasomal

inhibition using ALLN or epoxomicin further increased the

amount of cytoplasmic Cx43 that was reversed upon ALLN

washout, suggesting that the ER-dislocated Cx43 was

bound for proteasomal degradation and further supporting

the concept that Cx43 is subject to ERAD.

The ubiquitin-like (UbL) and ubiquitin-associated

(UBA) domain protein family has been documented to be

involved in proteasomal degradation (reviewed in Su and

Lau 2009). It is generally thought that these proteins act as

shuttle or adaptor proteins to transport their substrates from

the ER to the proteasome. The UBA domain can interact

with ubiquitin and ubiquitinated proteins. The UbL domain

of these proteins interacts with subunits of the 19S RP,

specifically Rpn1 and Rpn10. These two domains provide

these proteins with the proper interactions necessary to

function as a shuttle factor that is involved in proteasomal

degradation or ERAD. The identification of the UbL-UBA

protein CIP75, which is able to interact with Cx43, pro-

vides further insight into the mechanisms that regulate

Cx43 proteasomal degradation (Li et al. 2008). The CIP75

UBA domain interacted with a region of the Cx43

C-terminal tail, a domain that has been found to interact

with many other proteins. In human HeLa and mouse S180

cells, the interaction between CIP75 and Cx43 affected the

Cx43 half-life, where increased levels of CIP75 reduced

Cx43 half-life, while siRNA knock-down of CIP75 had the

opposite effect. The CIP75-facilitated degradation was

inhibited with MG132, which blocks proteasomal degra-

dation. Furthermore, the CIP75 UbL domain was demon-

strated to interact with the Rpn1 and Rpn10 components of

the 19S RP, supporting a role for CIP75 as an adaptor

between Cx43 and the proteasome. Finally, colocalization

of CIP75 and Cx43 at the ER indicated that the role of

CIP75 in Cx43 proteasomal degradation might involve

ERAD (Li et al. 2008). Interestingly, while almost all

substrates of the 26S proteasome have been found to be

ubiquitinated, the ubiquitination of Cx43 was demonstrated

to be nonessential for interaction with CIP75. By using a

series of Cx43 point mutants with mutations of the various

lysine residues that could potentially serve as ubiquitin

attachment sites, CIP75 was demonstrated to still be able to

interact with the mutated Cx43 (Su et al. 2010). Signifi-

cantly, this is one of the unique situations where a non-

ubiquitinated substrate undergoes 26S proteasomal

degradation as only a limited number of proteins have been

conclusively demonstrated to also undergo ubiquitin-inde-

pendent degradation by the proteasome holoenzyme

(Bercovich et al. 1989; Glass and Gerner 1987; Jariel-

Encontre et al. 1995, 2008; Murakami et al. 1992).

Proteasomal Degradation of Membrane-Localized

Cx43

Many studies using proteasomal inhibitors have reported

increased Cx43 at the plasma membrane. Treatment of

BWEM cells with the inhibitor lactacystin, ALLN or

MG132, concurrently with BFA or monensin (to disrupt

Cx43 trafficking to the plasma membrane), resulted in

increased cell surface Cx43 compared to treatment with

BFA/monensin alone (Laing et al. 1997). Furthermore,

treatment of gap junction assembly-inefficient CHO cells

or serum-starved mouse S180L cells with ALLN resulted

in the upregulation of gap junction assembly and GJIC

(Musil et al. 2000). Additional studies also employed

proteasomal inhibitors to demonstrate that proteasomal

degradation is responsible for the turnover of Cx43 from

the cell surface and the corresponding reduction in
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intercellular communication (Fernandes et al. 2004; Girao

and Pereira 2003, 2007; Kimura and Nishida 2010; Leithe

and Rivedal 2004a, b; Simeckova et al. 2009; VanSlyke

and Musil 2005). The observation of the ubiquitination of

Cx43 localized in the gap junction plaques at the cell

surface provided additional support of a role for the pro-

teasome in regulating Cx43 at the plasma membrane

(Leithe et al. 2009; Leithe and Rivedal 2004a, b; Rutz and

Hülser 2001).

A recent report, however, has provided evidence for an

indirect mechanism involving proteasomal degradation that

influences the Cx43 protein level and localization at the

plasma membrane (Dunn et al. 2012). By utilizing a Cx43

point mutant that cannot be ubiquitinated (containing

lysine to arginine mutations of all the lysine residues that

would act as ubiquitin acceptor sites), the proteasome was

demonstrated to regulate the levels of Akt/protein kinase B

which caused the resulting stabilization of Cx43 at the cell

surface. Using canine MDCK and rat NRK cells expressing

the Cx43 lysine mutant, the mutant Cx43 was found to

traffic to the plasma membrane and to participate in

channel formation and intercellular communication.

Inhibiting proteasomal degradation with MG132 elicited an

increase in Cx43 at the plasma membrane in cells

expressing either the wild-type Cx43 or lysine mutant,

which suggested a possible indirect effect on Cx43 stabil-

ization that resulted from the proteasomal inhibition. Fur-

thermore, these data demonstrate that the Cx43 that is

localized to the plasma membrane and creates gap junc-

tional channels is not necessarily ubiquitinated in order for

the channels to be functional.

Internalization of connexins has been linked to post-

translational modifications of connexins, including phos-

phorylation, ubiquitination, acetylation and SUMOylation

(Colussi et al. 2011; Kjenseth et al. 2012; Leithe et al.

2012; Locke et al. 2009; Shearer et al. 2008; Solan and

Lampe 2005, 2007, 2009; Su and Lau 2012). Cx43 phos-

phorylation at the serine255 and serine262 residues by the

MAP kinase ERK can occur in response to epidermal

growth factor (EGF) or 12-O-tetradecanoylphorbol

13-acetate (TPA) exposure, which is followed by inter-

nalization of Cx43 from the plasma membrane and sub-

sequent lysosomal degradation (Leithe et al. 2006; Leithe

and Rivedal 2004b; Sirnes et al. 2008, 2009). Akt had also

previously been demonstrated to phosphorylate Cx43 (Park

et al. 2007), and inhibition of Akt activity using Akt VIII

treatment or expression of the dominant negative Akt-

K179A mutant reduced the amount of Cx43 at the cell

surface (Dunn et al. 2012). Furthermore, closer examina-

tion of Akt revealed an increase in ubiquitinated Akt and,

in general, Akt kinase activity in response to MG132

treatment, blocking proteasomal degradation (Dunn et al.

2012), which has been demonstrated to increase Akt

translocation to the plasma membrane and increased

activity due to a phosphorylation event (Feng et al. 2004;

Sarbassov et al. 2005). Furthermore, Akt-phosphorylated

Cx43 was present at higher levels after MG132 treatment

(Dunn et al. 2012). These results suggested that proteaso-

mal degradation of ubiquitinated Cx43 at the cell surface is

not the cause for the turnover of Cx43 gap junctions.

Cx32 Proteasomal Degradation

Similar to Cx43, Cx32 is also degraded by ERAD (Fig. 1).

The degradation of Cx32 is of particular interest because of

the identification of Cx32 mutations in the human periph-

eral neuropathy X-linked Charcot-Marie-Tooth disease

(CMTX). Using rat pheochromocytoma PC12J cells stably

expressing wild-type Cx32, significantly more Cx32

accumulation was detected upon proteasomal inhibition

compared to blocking lysosomal degradation (VanSlyke

et al. 2000). In NRK fibroblasts, Cx32 was also demon-

strated to undergo ER dislocation (VanSlyke and Musil

2002), like Cx43; and accumulation of Cx32 following

DTT treatment (inducing ER stress) occurred only after

treatment with the proteasomal inhibitors epoxomicin and

ZL3VS (Kelly et al. 2007; VanSlyke and Musil 2002).

Interestingly, a study, using the prostate cancer cell line

LNCaP stably expressing exogenous wild-type Cx32, also

demonstrated that Cx32 undergoes ERAD, which occurs at

a faster rate after androgen depletion (Mitra et al. 2006).

This degradation is rescued upon exposure to androgens,

resulting in increased Cx32 trafficking to the plasma

membrane and increased intercellular communication.

Additional studies utilizing the Cx32 E208K mutant,

Fig. 1 Proteasomal degradation of connexins. During protein syn-

thesis, connexins are cotranslationally inserted into the ER mem-

brane, where the proteins undergo proper folding. Misfolded

connexins can be polyubiquitinated and degraded by the proteasome

through ERAD, as in the case of Cx32. Alternatively, nonubiquiti-

nated Cx43 interacts with the accessory factor CIP75, which

facilitates Cx43 ERAD by interacting with the proteins in the

proteasome 19S RP
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identified in CMTX patients (Fairweather et al. 1994),

enabled further observation of Cx32 ERAD. This mutant

exhibits an intracellular trafficking defect as it fails to form

connexon hexamers and does not traffic to the plasma

membrane (VanSlyke et al. 2000). Cx32 E208K localizes

to the ER, and the degradation appeared to be affected by

proteasomal inhibitors but not lysosomal inhibitors, indi-

cating that turnover occurred via ERAD. The E208K

mutant protein was detected in both polyubiquitinated and

nonubiquitinated forms (Kelly et al. 2007). Significantly

more polyubiquitinated E208K was detected than non-

ubiquitinated protein, particularly in the cytoplasm. These

data indicated that, as is the general case for 26S

proteasomal degradation, the pool of Cx32 that undergoes

ER dislocation and ERAD via the proteasome is

polyubiquitinated.

Lysosomal Degradation

While early reports suggested the involvement of protea-

somes in the turnover of connexins from the plasma

membrane, lysosomes have been demonstrated to directly

facilitate the degradation of connexins internalized from

the plasma membrane. Lysosomes are cytoplasmic mem-

brane-enclosed intracellular vesicles whose low internal

pH provides the optimal environment for acidic hydro-

lytic enzymes to function. Chloride and proton pumps

(hydrogen ion ATPases) maintain the acidic environment

by pumping H? ions into lysosomes (Saftig and Klum-

perman 2009). The hydrolytic enzymes are targeted to the

Golgi-derived lysosomes by the addition of a mannose-

6-phosphate tag following their synthesis in the ER

(González-Noriega et al. 1980; Mari et al. 2008). These

enzymes include glycosidases, proteases, lipidases, acid

phosphatases and sulfatases that degrade proteins and other

cellular debris taken up in vacuoles that fuse with lyso-

somes (Bright et al. 2005; Lubke et al. 2009). Products of

lysosomal digestion can be reused to synthesize new cel-

lular components following transport to the cytosol by

solute transporters in the lysosomal membrane (Jeyakumar

et al. 2005; Puri et al. 1999).

Endolysosomal Degradation of Cx43

Early studies identified gap junctions and, specifically,

Cx43 in endosomal and lysosomal membrane compart-

ments (Murray et al. 1981; Naus et al. 1993; Sasaki and

Garant 1986). Multiple studies provided evidence that

Cx43 at the cell surface undergoes internalization via the

endocytic pathway. In human, rat and mouse cells, intra-

cellular Cx43 was observed in endocytic compartments

through colocalization with the endosomal markers EEA1,

Rab5 and Rab7 (Boassa et al. 2010; Gilleron et al. 2008;

Govindarajan et al. 2010; Leithe et al. 2006, 2009;

Segretain et al. 2003). Furthermore, the delivery of con-

nexins to lysosomes for degradation was demonstrated to

be facilitated by interactions with proteins involved in

endocytosis and intracellular trafficking. During endocy-

tosis, clathrin is recruited to the membrane through inter-

actions between proteins at the plasma membrane and

clathrin adaptor proteins, such as adaptor protein complex-

2 (AP-2) and Disabled-2 (Dab2). After endocytic vesicles,

such as clathrin-coated pits, bud from the plasma mem-

brane, the large GTPase dynamin protein is required for the

endosome to pinch off into the cytoplasm. Cx43 colocal-

izes with clathrin, AP-2, Dab2 and dynamin2 at cell surface

gap junction plaques (Gilleron et al. 2011; Gumpert et al.

2008; Piehl et al. 2007). Additionally, the loss of dynamin

GTPase activity or the reduction of dynamin2, clathrin,

AP-2 or Dab2 proteins inhibited the internalization of Cx43

as observed by a significant decrease in the number of

annular gap junctions (AGJs). AGJs are cytoplasmically

localized double-membrane structures containing intact

gap junction channels that are derived from the membranes

of both neighboring cells. These data indicate that the

proteins involved in clathrin-mediated endocytosis are

necessary for the internalization of gap junctions, which

subsequently may be degraded by lysosomes. Additionally,

the Cx43-interacting protein of 85 kDa, CIP85, is a Rab

GTPase activating protein that was found to colocalize

with Cx43 at the plasma membrane; and the interaction

was required for Cx43 degradation by lysosomes (Lan et al.

2005).

The internalized AGJ structures and Cx43 were

observed to be fused with structures resembling lysosomes

by electron microscopy (Murray et al. 1981; Naus et al.

1993; Sasaki and Garant 1986), providing some of the

initial evidence that internalized connexins associated with

lysosomes. Laing and Beyer (1995) were the first to dem-

onstrate that pharmacological inhibition of lysosomal

function, using primaquine to treat E36 cells, resulted in a

twofold accumulation in Cx43 levels and a minor prolon-

gation of its half-life from 2.5 to 3 h. Additional studies in

rat and human cells confirmed the role of lysosomes in the

degradation of Cx43 internalized from the plasma mem-

brane. These studies observed an increased accumulation

of connexins in lysosomes and detected increased total

levels of connexins, following treatment of cells with a

wide variety of lysosomal inhibitors (Guan and Ruch 1996;

Laing et al. 1997, 1998; Leithe et al. 2006; Qin et al. 2003;

Simeckova et al. 2009; Thomas et al. 2003). Furthermore,

biotinylated cell surface Cx43 degradation was blocked in

S180 cells upon treatment with the lysosomal inhibitors

chloroquine and, to a lesser extent, leupeptin, supporting

the conclusion that intact gap junctions and undocked
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hemichannels can be internalized and subsequently degra-

ded by lysosomes (VanSlyke and Musil 2005). Other

studies have demonstrated similar mechanisms for addi-

tional members of the connexin family. Cx32 was observed

in endosome- and lysosome-containing subcellular frac-

tions of rat liver cells (Rahman et al. 1993). Following

treatment of HeLa cells with multiple lysosomal inhibitors,

accumulation of Cx31 was observed (He et al. 2005).

These results suggested that these connexins, and perhaps

others, are internalized and can be degraded by endolys-

osomal mechanisms.

One area that is still unresolved is the molecular

mechanism(s) responsible for the possible fusion of the

double membrane of internalized AGJs with single-mem-

brane endosome or lysosome compartments. Under physi-

ological conditions, there is little evidence that intact gap

junctions can be separated back into separate hemichannels

on single membranes (Ghoshroy et al. 1995; Goodenough

and Gilula 1974). However, there are electron microscopic

observations of nonjunctional membrane domains within

AGJs where the two membranes are not attached to each

other (Fong et al. 2012; Leithe et al. 2012; Piehl et al.

2007). These membrane areas may provide AGJs an

opportunity to fuse with other single-membrane vesicles.

There is also evidence that the double-membrane structure

of internalized AGJs becomes disrupted in coordination

with the formation of single membranes and intralumi-

nal vesicles. These multivesicular structures appeared to

be able to fuse with other vesicles including lysosomes

(Leithe et al. 2006, 2009).

While many reports have proposed an endocytic path-

way of Cx43 internalization from the plasma membrane to

the lysosome, an alternative mechanism for the delivery of

Cx43 to the lysosome has been reported. One study using

breast tumor cell lines found that blocking Cx43 trafficking

to the plasma membrane from the Golgi with BFA did not

affect the steady-state level of Cx43 that was otherwise

significantly decreased by inhibiting protein synthesis with

cycloheximide treatment (Qin et al. 2003). In addition,

BFA treatment did not diminish the localization of Cx43 in

lysosomal compartments. These results suggested that

Cx43 might also be delivered directly to lysosomes from

early secretory compartments (Fig. 2). A similar observa-

tion was made for the CMTX-linked Cx32 mutant R142W

in PC12J cells (VanSlyke et al. 2000). As with the E208K

mutant, the R142W Cx32 mutant does not traffic to the cell

surface, although it can pass through the secretory pathway

to reach the distal compartments of the Golgi. Inhibition of

the lysosome with leupeptin increased Cx32 R142W levels

in lysosomes despite the inability of the mutant to traffic

through to the plasma membrane, which suggested the

possibility of direct Cx32 transport from the secretory

pathway to the lysosome (VanSlyke et al. 2000).

There is evidence that Cx43 internalized from the

plasma membrane not only may be destined for lysosomal

degradation but can be recycled back to the plasma

membrane. First, dye coupling was observed to resume

independently of de novo protein synthesis following Cx43

internalization and cell uncoupling that occurred during

cytokinesis (Xie et al. 1997). Second, recycling of cell

surface Cx43 was also demonstrated in experiments where

S180 cells were first biotinylated, then treated with sodium

2-mercaptoethanesulfonate (MesNa) to strip the biotin

label from the protein that had not been internalized. After

a period of recovery, a subset of Cx43 was found to still be

sensitive to MesNa, while control cells that were not

allowed to resume vesicle-mediated recycling did not.

These data suggested the possibility that intracellularly

localized Cx43 was able to recycle back to the plasma

membrane, where it became vulnerable to MesNa treat-

ment (VanSlyke and Musil 2005). Third, using the tetra-

cysteine/biarsenical labeling system with fluorescent

FlAsH and ReAsH ligands to bind to internal tetracysteine

tags in Cx43, the return of Cx43 to the plasma membrane

after mitosis was demonstrated to result from Cx43 that

was labeled prior to the onset of mitosis, instead of newly

synthesized Cx43. This existing pool of Cx43 was

responsible for reestablishing gap junctional communica-

tion following mitosis (Boassa et al. 2010). Finally, Cx43

in AGJs and vesicles which pinched off from AGJs were

shown to colocalize with Rab11, a small GTPase involved

in the recycling pathway (Gilleron et al. 2011). Taken

together, these data indicate that not all internalized con-

nexins are destined for degradation by lysosomes. Despite

these reports, there is a general consensus that connexins

can be internalized and degraded through the endolysoso-

mal pathway (Berthoud et al. 2000; Leithe et al. 2012;

Salameh 2006; Segretain and Falk 2004).

The molecular mechanisms that dictate the fate of

connexin proteins are not clearly understood. Connexin

posttranslational modifications are known to affect conn-

exin function and localization. Of the various modifications,

ubiquitination has been proposed to function as part of the

internalization and, possibly, the subsequent intracellular

trafficking mechanism of cell surface connexins. The

ubiquitination of connexins has been discussed in depth by

three recent reviews (Kjenseth et al. 2010; Leithe et al.

2012; Su and Lau 2012). These reviews cover the initial

reports linking ubiquitination to connexin degradation

(Laing and Beyer 1995; Laing et al. 1997), as well as later

studies which revealed that connexin phosphorylation by

MAP kinases resulted in multiple monoubiquitination

events (Leithe and Rivedal 2004a, b). The monoubiquiti-

nation resulted in the targeting of Cx43 for internalization

and degradation (Leithe and Rivedal 2004a, b), which dif-

fers from polyubiquitination associated with proteasomal
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degradation. Also, Cx43 has been found to interact with the

ubiquitin-binding proteins Hrs (hepatocyte growth-factor

regulated tyrosine kinase substrate), TSG101 (tumor sus-

ceptibility gene 101) and Eps15 (epidermal growth factor

substrate 15), which mediate the ESCRT (endosomal sort-

ing complex required for transport)–dependent endolysos-

omal trafficking of proteins (Auth et al. 2009; Girao et al.

2009; Leithe et al. 2009). Interestingly, a possible recycling

of Cx43 back to the plasma membrane was observed when

Hrs and TSG101 levels were reduced in siRNA-treated cells

that were also treated with TPA to induce Cx43 internali-

zation concurrently with a block in protein synthesis (Leithe

et al. 2009). It has been proposed that Cx43 ubiquitination

and perhaps the interactions with proteins of the ESCRT

complexes dictate the trafficking of internalized Cx43, i.e.,

to the lysosome for degradation versus being recycled back

to the cell surface.

Phagolysosomal Degradation of Cx43

Autophagy has long been recognized as a part of the

connexin life cycle as a result of observations of gap

junctions in autophagic structures by electron microscopy

(Mazet et al. 1985; Sasaki and Garant 1986; Severs et al.

1989). Macroautophagy involves the degradation of cyto-

plasmic complex protein structures, where autophagic

double-membrane compartments assemble de novo around

protein complexes and engulf them along with surrounding

cytoplasm. The engulfed proteins are subsequently degra-

ded by acidic hydrolases following fusion of the outer

Fig. 2 Lysosomal degradation of connexins. Following synthesis in

the ER, some new connexins may be transported directly to

lysosomes via early secretory vesicles (1). Most connexins oligomer-

ize in the Golgi to form hemichannels that are trafficked to the plasma

membrane. Evidence suggests that nonjunctional hemichannels can

be internalized and degraded via the endolysosomal pathway (2).

Hemichannels that dock with hemichannels from adjacent cells to

form gap junction channels will be incorporated into gap junction

plaques. Phosphorylation and ubiquitination of connexins mediate

gap junction internalization, which can involve the formation of

AGJs. AGJs are internalized by a clathrin-dependent process and may

fuse directly with early endosomes that will mature into late

endosomes and fuse with lysosomes (3). Some observations suggest

that AGJs can fuse directly with lysosomes (4). The direct fusion of

AGJs with other vesicular membranes (3–4) could involve small areas

of the outer AGJ membrane not occupied by gap junctions or the

transformation of AGJs into single-membrane, multivesicular struc-

tures. Alternatively, phagophores may engulf AGJs into autophago-

somes (5), which are able to fuse with lysosomes, resulting in

degradation of their contents
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membrane of a completed phagophore with a lysosome

(Yang and Klionsky 2009). AGJs, which are composed

almost entirely of a double membrane fused by gap junc-

tions, would be considered a complex protein structure that

could be subject to macroautophagy. Despite previous

observations of gap junctions in autophagosomes, only

recently has autophagy received attention as an alternate

means of delivering complex structures containing inter-

nalized connexins to lysosomes in studies that specifically

investigated the role of autophagy degradation in the

connexin life cycle (Fong et al. 2012; Hesketh et al. 2010;

Lichtenstein et al. 2011). The most recent of these studies

suggested that autophagy may be the most common path-

way for degradation of internalized gap junctions (Fong

et al. 2012).

Autophagy of Cx43 was observed in diseased cardiac

cells (Hesketh et al. 2010). Cx43 localizes to the interca-

lated disc region of the plasma membrane in cardiomyo-

cytes under normal conditions, where intact gap junction

channels propagate the electrical signal required for the

heart rhythm. Reduced electrical signaling in the failing

heart has previously been linked to the relocalization of

Cx43 from intercalated discs, which are located in the

plasma membranes at the ends of cardiomyocytes, to lat-

eral cell membranes (Beardslee et al. 2000; Peters et al.

1993; Severs et al. 2008; Smith et al. 1991). In failing

canine heart myocardium, multilamellar membrane struc-

tures containing Cx43 were observed near the lateral

membranes through electron microscopy. These Cx43-

positive structures also colocalized with the autophago-

some marker light chain 3 (LC3) (Hesketh et al. 2010).

Another study demonstrated that internalized Cx43 and

Cx50 colocalized with cup- or ring-shaped LC3-containing

structures, which resembled autophagosomes and colocal-

ized with p62 (Lichtenstein et al. 2011), which has been

suggested to be a receptor for substrates in autophagic

degradation (Komatsu and Ichimura 2010). Treatment of

NRK and HeLa cells with the lysosomal inhibitor chloro-

quine during starvation, a condition known to induce

autophagy, resulted in increased levels of Cx43 and Cx50,

respectively, in autophagosomes (Lichtenstein et al. 2011).

Most recently, AGJs have been demonstrated to be

engulfed by autophagosomes prior to lysosomal degrada-

tion in HeLa cells (Fong et al. 2012). AGJ vesicles colo-

calized with the LC3 and p62 autophagic markers as well

as the lysosomal markers LAMP-1 and LysoTracker.

Electron microscopic studies identified the formation of

phagophores around AGJ vesicles, which were subse-

quently degraded by lysosomal mechanisms. When auto-

phagic degradation was inhibited or reduced, by treatment

with either pharmacological agents or RNAi against req-

uisite autophagic proteins, accumulation of total Cx43

protein in cells was observed (Fong et al. 2012). Thus, it

appears that connexins that are internalized in AGJ vesicles

can be targeted for degradation by autophagy. While there

is significant evidence that both endolysosomal and

phagolysosomal pathways participate in connexin degra-

dation (Fig. 2), it is unclear whether these pathways are in

fact part of the same overall mechanism that dictates the

turnover of connexins from the cell surface or whether

these pathways diverge at some point during the trafficking

of connexins from the plasma membrane.

Regulation of Connexin Levels by Degradation—

Relevance in Human Disease

There have been a number of reports suggesting that Cx43

degradation may play an important role in human diseases.

A recent study analyzed the effect of Cx43 on cancer cell

death when proteasomal degradation is inhibited (Huang

et al. 2010). The rationale of studying proteasomal degra-

dation in cancer arose from the use of the proteasomal

inhibitor bortezomib as treatment for patients with multiple

myeloma, among other cancers. Blocking degradation of

Cx43 by the proteasome with MG132 also resulted in

increased apoptosis of murine hepatoma Hepa-1c1c7 cells.

Gap junction inhibitors flufenamic acid, 18-a glycyrrheti-

nic acid and carbenoxolone reduced the cell death induced

by MG132. Using a gap junction–deficient cell line, por-

cine kidney epithelial LLC-PK1 cells, expression of wild-

type Cx43 sensitized the cells to the apoptotic effects of

MG132 that was blocked with treatment of gap junction

inhibitors. Notably, expression of the Cx43 D130–137

deletion mutant, which does not create functional gap

junctions, had the same effect as wild-type Cx43, sug-

gesting that the apoptosis induced by MG132 was inde-

pendent of the ability of Cx43 to establish GJIC. Induction

of ER stress with treatment using tunicamycin and

thapsigargin demonstrated a Cx43-dependent increase in

cell death in response to stress (Huang et al. 2010). These

observations indicated that Cx43 may have a critical role in

the induction of cell death and may be an important

component of successful cancer therapy.

Similarly, lysosomal degradation of connexins has been

implicated as a potentially important mechanism in human

cancer. The lysosome contributes to the downregulation of

gap junctions at the plasma membrane in human tumors

originating from human and mouse breast cancers, as well

as in rat keratinocytes, rat C6 glioma cells and mouse

testicular Leydig cells (Langlois et al. 2010; Naus et al.

1993; Qin et al. 2002, 2003; Segretain et al. 2003). Studies

in breast tumor cells have linked decreased expression of

Cx26 and Cx43 with increased tumor growth in mice

and demonstrated that the connexins were localized

preferentially to lysosomes in communication-deficient
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MDA-MB-231 human breast tumor cells (Qin et al. 2002).

Furthermore, delivery of Cx43 to lysosomes in MDA-MB-

231 cells contributed to the loss of Cx43 from the cell

surface, which was previously linked to tumor cell growth

and the upregulation of genes involved in tumor growth

and metastasis (Qin et al. 2003). Cx43 was also shown to

function as a tumor-suppressor in rat endothelial kerati-

nocyte cells (Langlois et al. 2010). Increased endolysoso-

mal degradation of Cx43 in rat endothelial keratinocytes,

following treatment with TPA or EGF, decreased Cx43 at

the plasma membrane. This reduced the interaction of

Cx43 with caveolin-1 and increased cell transformation

(Langlois et al. 2010). Cx43 also exhibited anticancer

activity in C6 glioma cells that express low endogenous

levels of Cx43, where the overexpression of Cx43 resulted

in reduced proliferation and tumorigenesis (Naus et al.

1993). This was linked to an increase in Cx43 and gap

junction plaques observed at the surface of Cx43-over-

expressing cells compared to untransfected cells, where

distinctive gap junctional aggregates were not observed. In

transfected as well as untransfected glioma cells, AGJs and

Cx43 were both observed in lysosomes, indicating their

involvement in Cx43 degradation (Naus et al. 1993).

Cx43 autophagy may also play an important role in

heart disease and trauma. An elevation in autophagosomes

containing Cx43 has been reported in failing canine myo-

cardium (Hesketh et al. 2010), which suggests a potential

mechanism for how Cx43 is removed from the intercalated

disc region of cardiomyocytes, an observation commonly

made in human heart disease.

Concluding Remarks

Aberrant connexin degradation clearly contributes to the

impaired regulation of connexin functions that is associated

with human diseases. These observations underscore the

importance of fully elucidating the specific mechanisms of

proteasomal, endolysosomal and phagolysosomal degrada-

tion pathways in connexin turnover. Recent studies dem-

onstrating the involvement of autophagy in the degradation

of internalized Cx43 reveal the need to reexamine the pre-

vious studies of connexin lysosomal degradation for the

possible role of autophagy. Earlier reports proposed that

lysosomal degradation occurred as part of the endosomal

trafficking of Cx43. However, since lysosomal degradation

is the end point for both endolysosomal and autophagic

degradation, it is important to clarify whether these two

pathways are separate and distinct processes or whether

they are part of the same mechanism. In addition, further

study of the factors that facilitate connexin proteasomal

degradation is required to gain a better understanding of

how the proteasome affects connexin-dependent processes

as cellular and ER stresses, which influence proteasomal

degradation, can have dramatic effects on connexin levels

and trafficking. It has become evident that connexin turn-

over is controlled by a diverse array of physiological stimuli

and posttranslational modifications. Understanding the

molecular mechanisms by which these factors target con-

nexins toward the different degradation pathways and

influence their functioning may evoke novel approaches to

restore connexin function in cells resulting from the aber-

rant degradation of connexins that can contribute to various

pathological conditions.
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González-Noriega A, Grubb JH, Talkad V, Sly WS (1980) Chloro-

quine inhibits lysosomal enzyme pinocytosis and enhances

lysosomal enzyme secretion by impairing receptor recycling.

J Cell Biol 85:839–852

Goodenough DA, Gilula NB (1974) The splitting of hepatocyte gap

junctions and zonulae occludentes with hypertonic disaccha-

rides. J Cell Biol 61:575–590

Goodenough DA, Paul DL (2003) Beyond the gap: functions of

unpaired connexon channels. Nat Rev Mol Cell Biol 4:285–294

Goodenough DA, Goliger JA, Paul DL (1996) Connexins, connexons,

and intercellular communication. Annu Rev Biochem 65:475–

502

Govindarajan R, Chakraborty S, Johnson KE, Falk MM, Wheelock

MJ, Johnson KR, Mehta PP (2010) Assembly of connexin43 into

gap junctions is regulated differentially by E-cadherin and

N-cadherin in rat liver epithelial cells. Mol Biol Cell 21:4089–

4107

Grune T, Reinheckel T, Davies KJ (1997) Degradation of oxidized

proteins in mammalian cells. FASEB J 11:526–534

Guan X, Ruch RJ (1996) Gap junction endocytosis and lysosomal

degradation of connexin43-P2 in WB-F344 rat liver epithelial

cells treated with DDT and lindane. Carcinogenesis 17:1791–

1798

Gumpert AM, Varco JS, Baker SM, Piehl M, Falk MM (2008)

Double-membrane gap junction internalization requires the

clathrin-mediated endocytic machinery. FEBS Lett 582:2887–

2892

He LQ, Cai F, Liu Y, Liu MJ, Tan ZP, Pan Q, Fang FY, de Liang S,

Wu LQ, Long ZG, Dai HP, Xia K, Xia JH, Zhang ZH (2005)

Cx31 is assembled and trafficked to cell surface by ER-Golgi

pathway and degraded by proteasomal or lysosomal pathways.

Cell Res 15:455–464

Hesketh GG, Shah MH, Halperin VL, Cooke CA, Akar FG, Yen TE,

Kass DA, Machamer CE, Van Eyk JE, Tomaselli GF (2010)

Ultrastructure and regulation of lateralized connexin43 in the

failing heart. Circ Res 106:1153–1163

Huang T, Zhu Y, Fang X, Chi Y, Kitamura M, Yao J (2010) Gap

junctions sensitize cancer cells to proteasome inhibitor MG132-

induced apoptosis. Cancer Sci 101:713–721

Husnjak K, Elsasser S, Zhang N, Chen X, Randles L, Shi Y, Hofmann

K, Walters KJ, Finley D, Dikic I (2008) Proteasome subunit

Rpn13 is a novel ubiquitin receptor. Nature 453:481–488

Jariel-Encontre I, Pariat M, Martin F, Carillo S, Salvat C, Piechaczyk

M (1995) Ubiquitinylation is not an absolute requirement for

degradation of c-Jun protein by the 26 S proteasome. J Biol

Chem 270:11623–11627

398 V. Su et al.: Connexin Degradation

123



Jariel-Encontre I, Bossis G, Piechaczyk M (2008) Ubiquitin-inde-

pendent degradation of proteins by the proteasome. Biochim

Biophys Acta 1786:153–177

Jeyakumar M, Dwek RA, Butters TD, Platt FM (2005) Storage

solutions: treating lysosomal disorders of the brain. Nat Rev

Neurosci 6:713–725

Kelly SM, VanSlyke JK, Musil LS (2007) Regulation of ubiquitin-

proteasome system mediated degradation by cytosolic stress.

Mol Biol Cell 18:4279–4291

Kimura K, Nishida T (2010) Role of the ubiquitin-proteasome

pathway in downregulation of the gap-junction protein connex-

in43 by TNF-a in human corneal fibroblasts. Invest Ophthalmol

Vis Sci 51:1943–1947

Kjenseth A, Fykerud T, Rivedal E, Leithe E (2010) Regulation of gap

junction intercellular communication by the ubiquitin system.

Cell Signal 22:1267–1273

Kjenseth A, Fykerud TA, Sirnes S, Bruun J, Kolberg M, Yohannes Z,

Omori Y, Rivedal E, Leithe E (2012) The gap junction channel

protein connexin43 is covalently modified and regulated by

SUMOylation. J Biol Chem 287:15851–15861

Knight MM, McGlashan SR, Garcia M, Jensen CG, Poole CA (2009)

Articular chondrocytes express connexin 43 hemichannels and

P2 receptors—a putative mechanoreceptor complex involving

the primary cilium? J Anat 214:275–283

Komatsu M, Ichimura Y (2010) Physiological significance of

selective degradation of p62 by autophagy. FEBS Lett 584:

1374–1378

Koval M (2006) Pathways and control of connexin oligomerization.

Trends Cell Biol 16:159–166

Laing JG, Beyer EC (1995) The gap junction protein connexin43 is

degraded via the ubiquitin proteasome pathway. J Biol Chem

270:26399–26403

Laing JG, Tadros PN, Westphale EM, Beyer EC (1997) Degradation

of connexin43 gap junctions involves both the proteasome and

the lysosome. Exp Cell Res 236:482–492

Laing JG, Tadros PN, Green K, Saffitz JE, Beyer EC (1998)

Proteolysis of connexin43-containing gap junctions in normal

and heat-stressed cardiac myocytes. Cardiovasc Res 38:711–718

Laird DW (2006) Life cycle of connexins in health and disease.

Biochem J 394:527–543

Laird DW (2008) Closing the gap on autosomal dominant connexin-

26 and connexin-43 mutants linked to human disease. J Biol

Chem 283:2997–3001

Laird DW, Puranam KL, Revel JP (1991) Turnover and phosphor-

ylation dynamics of connexin43 gap junction protein in cultured

cardiac myocytes. Biochem J 273(pt 1):67–72

Lan Z, Kurata WE, Martyn KD, Jin C, Lau AF (2005) Novel rab

GAP-like protein, CIP85, interacts with connexin43 and induces

its degradation. Biochemistry 44:2385–2396

Langlois S, Cowan KN, Shao Q, Cowan BJ, Laird DW (2010) The

tumor-suppressive function of connexin43 in keratinocytes is

mediated in part via interaction with caveolin-1. Cancer Res 70:

4222–4232

Leithe E, Rivedal E (2004a) Epidermal growth factor regulates

ubiquitination, internalization and proteasome-dependent degra-

dation of connexin43. J Cell Sci 117:1211–1220

Leithe E, Rivedal E (2004b) Ubiquitination and down-regulation of gap

junction protein connexin-43 in response to 12-O-tetradecanoyl-

phorbol 13-acetate treatment. J Biol Chem 279:50089–50096

Leithe E, Brech A, Rivedal E (2006) Endocytic processing of

connexin43 gap junctions: a morphological study. Biochem J

393:59–67

Leithe E, Kjenseth A, Sirnes S, Stenmark H, Brech A, Rivedal E

(2009) Ubiquitylation of the gap junction protein connexin-43

signals its trafficking from early endosomes to lysosomes in a

process mediated by Hrs and Tsg101. J Cell Sci 122:3883–3893

Leithe E, Sirnes S, Fykerud T, Kjenseth A, Rivedal E (2012)

Endocytosis and post-endocytic sorting of connexins. Biochim

Biophys Acta 1818:1870–1879

Li X, Su V, Kurata WE, Jin C, Lau AF (2008) A novel connexin43-

interacting protein, CIP75, which belongs to the UbL-UBA

protein family, regulates the turnover of connexin43. J Biol

Chem 283:5748–5759

Lichtenstein A, Minogue PJ, Beyer EC, Berthoud VM (2011)

Autophagy: a pathway that contributes to connexin degradation.

J Cell Sci 124:910–920

Locke D, Bian S, Li H, Harris AL (2009) Post-translational

modifications of connexin26 revealed by mass spectrometry.

Biochem J 424:385–398

Lubke T, Lobel P, Sleat DE (2009) Proteomics of the lysosome.

Biochim Biophys Acta 1793:625–635

Mari M, Bujny MV, Zeuschner D, Geerts WJ, Griffith J, Petersen

CM, Cullen PJ, Klumperman J, Geuze HJ (2008) SNX1 defines

an early endosomal recycling exit for sortilin and mannose

6-phosphate receptors. Traffic 9:380–393

Martin PE, Evans WH (2004) Incorporation of connexins into plasma

membranes and gap junctions. Cardiovasc Res 62:378–387

Maza J, Mateescu M, Das Sarma J, Koval M (2003) Differential

oligomerization of endoplasmic reticulum–retained connexin43/

connexin32 chimeras. Cell Commun Adhes 10:319–322

Maza J, Das Sarma J, Koval M (2005) Defining a minimal motif

required to prevent connexin oligomerization in the endoplasmic

reticulum. J Biol Chem 280:21115–21121

Mazet F, Wittenberg BA, Spray DC (1985) Fate of intercellular

junctions in isolated adult rat cardiac cells. Circ Res 56:195–204

Mitra S, Annamalai L, Chakraborty S, Johnson K, Song XH, Batra

SK, Mehta PP (2006) Androgen-regulated formation and deg-

radation of gap junctions in androgen-responsive human prostate

cancer cells. Mol Biol Cell 17:5400–5416

Murakami Y, Matsufuji S, Kameji T, Hayashi S, Igarashi K, Tamura

T, Tanaka K, Ichihara A (1992) Ornithine decarboxylase is

degraded by the 26S proteasome without ubiquitination. Nature

360:597–599

Murray SA, Larsen WJ, Trout J, Donta ST (1981) Gap junction

assembly and endocytosis correlated with patterns of growth in a

cultured adrenocortical tumor cell (SW-13). Cancer Res 41:

4063–4074

Musil LS, Le AC, VanSlyke JK, Roberts LM (2000) Regulation of

connexin degradation as a mechanism to increase gap junction

assembly and function. J Biol Chem 275:25207–25215

Naus CC, Laird DW (2010) Implications and challenges of connexin

connections to cancer. Nat Rev Cancer 10:435–441

Naus CC, Hearn S, Zhu D, Nicholson BJ, Shivers RR (1993)

Ultrastructural analysis of gap junctions in C6 glioma cells

transfected with connexin43 cDNA. Exp Cell Res 206:72–84

Orlowski M, Wilk S (2003) Ubiquitin-independent proteolytic

functions of the proteasome. Arch Biochem Biophys 415:1–5

Park DJ, Wallick CJ, Martyn KD, Lau AF, Jin C, Warn-Cramer BJ

(2007) Akt phosphorylates connexin43 on Ser373, a ‘‘mode-1’’

binding site for 14–3-3. Cell Commun Adhes 14:211–226

Peters NS, Green CR, Poole-Wilson PA, Severs NJ (1993) Reduced

content of connexin43 gap junctions in ventricular myocardium

from hypertrophied and ischemic human hearts. Circulation

88:864–875

Piehl M, Lehmann C, Gumpert A, Denizot JP, Segretain D, Falk MM

(2007) Internalization of large double-membrane intercellular

vesicles by a clathrin-dependent endocytic process. Mol Biol

Cell 18:337–347

Puri V, Watanabe R, Dominguez M, Sun X, Wheatley CL, Marks DL,

Pagano RE (1999) Cholesterol modulates membrane traffic

along the endocytic pathway in sphingolipid-storage diseases.

Nat Cell Biol 1:386–388

V. Su et al.: Connexin Degradation 399

123



Qin H, Shao Q, Curtis H, Galipeau J, Belliveau DJ, Wang T, Alaoui-

Jamali MA, Laird DW (2002) Retroviral delivery of connexin

genes to human breast tumor cells inhibits in vivo tumor growth by

a mechanism that is independent of significant gap junctional

intercellular communication. J Biol Chem 277:29132–29138

Qin H, Shao Q, Igdoura SA, Alaoui-Jamali MA, Laird DW (2003)

Lysosomal and proteasomal degradation play distinct roles in the

life cycle of Cx43 in gap junctional intercellular communication-

deficient and -competent breast tumor cells. J Biol Chem 278:

30005–30014

Rahman S, Carlile G, Evans WH (1993) Assembly of hepatic gap

junctions. Topography and distribution of connexin 32 in

intracellular and plasma membranes determined using

sequence-specific antibodies. J Biol Chem 268:1260–1265

Rutz ML, Hülser DF (2001) Supramolecular dynamics of gap

junctions. Eur J Cell Biol 80:20–30

Saftig P, Klumperman J (2009) Lysosome biogenesis and lysosomal

membrane proteins: trafficking meets function. Nat Rev Mol

Cell Biol 10:623–635

Salameh A (2006) Life cycle of connexins: regulation of connexin

synthesis and degradation. Adv Cardiol 42:57–70

Sarbassov DD, Guertin DA, Ali SM, Sabatini DM (2005) Phosphor-

ylation and regulation of Akt/PKB by the rictor-mTOR complex.

Science 307:1098–1101

Sasaki T, Garant PR (1986) Fate of annular gap junctions in the

papillary cells of the enamel organ in the rat incisor. Cell Tissue

Res 246:523–530

Sato M, Jiao Q, Honda T, Kurotani R, Toyota E, Okumura S, Takeya

T, Minamisawa S, Lanier SM, Ishikawa Y (2009) Activator of G

protein signaling 8 (AGS8) is required for hypoxia-induced

apoptosis of cardiomyocytes: role of G betagamma and connexin

43 (Cx43). J Biol Chem 284:31431–31440

Scemes E, Spray DC, Meda P (2009) Connexins, pannexins, innexins:

novel roles of ‘‘hemi-channels.’’. Pflugers Arch 457:1207–1226

Segretain D, Falk MM (2004) Regulation of connexin biosynthesis,

assembly, gap junction formation, and removal. Biochim

Biophys Acta 1662:3–21

Segretain D, Decrouy X, Dompierre J, Escalier D, Rahman N, Fiorini

C, Mograbi B, Siffroi JP, Huhtaniemi I, Fenichel P, Pointis G

(2003) Sequestration of connexin43 in the early endosomes: an

early event of Leydig cell tumor progression. Mol Carcinog

38:179–187

Severs NJ, Shovel KS, Slade AM, Powell T, Twist VW, Green CR

(1989) Fate of gap junctions in isolated adult mammalian

cardiomyocytes. Circ Res 65:22–42

Severs NJ, Bruce AF, Dupont E, Rothery S (2008) Remodelling of

gap junctions and connexin expression in diseased myocardium.

Cardiovasc Res 80:9–19

Shearer D, Ens W, Standing K, Valdimarsson G (2008) Posttransla-

tional modifications in lens fiber connexins identified by off-line-

HPLC MALDI-quadrupole time-of-flight mass spectrometry.

Invest Ophthalmol Vis Sci 49:1553–1562

Shringarpure R, Grune T, Mehlhase J, Davies KJ (2003) Ubiquitin

conjugation is not required for the degradation of oxidized

proteins by proteasome. J Biol Chem 278:311–318

Siller-Jackson AJ, Burra S, Gu S, Xia X, Bonewald LF, Sprague E, Jiang

JX (2008) Adaptation of connexin 43-hemichannel prostaglandin

release to mechanical loading. J Biol Chem 283:26374–26382

Simeckova P, Vondracek J, Andrysik Z, Zatloukalova J, Krcmar P,

Kozubik A, Machala M (2009) The 2,20,4,40,5,50-hexachlorobi-

phenyl-enhanced degradation of connexin 43 involves both

proteasomal and lysosomal activities. Toxicol Sci 107:9–18

Sirnes S, Leithe E, Rivedal E (2008) The detergent resistance of

connexin43 is lost upon TPA or EGF treatment and is an early

step in gap junction endocytosis. Biochem Biophys Res Com-

mun 373:597–601

Sirnes S, Kjenseth A, Leithe E, Rivedal E (2009) Interplay between

PKC and the MAP kinase pathway in connexin43 phosphory-

lation and inhibition of gap junction intercellular communica-

tion. Biochem Biophys Res Commun 382:41–45

Smith JH, Green CR, Peters NS, Rothery S, Severs NJ (1991) Altered

patterns of gap junction distribution in ischemic heart disease.

An immunohistochemical study of human myocardium using

laser scanning confocal microscopy. Am J Pathol 139:801–821

Smith MH, Ploegh HL, Weissman JS (2011) Road to ruin: targeting

proteins for degradation in the endoplasmic reticulum. Science

334:1086–1090

Solan JL, Lampe PD (2005) Connexin phosphorylation as a

regulatory event linked to gap junction channel assembly.

Biochim Biophys Acta 1711:154–163

Solan JL, Lampe PD (2007) Key connexin 43 phosphorylation events

regulate the gap junction life cycle. J Membr Biol 217:35–41

Solan JL, Lampe PD (2009) Connexin43 phosphorylation: structural

changes and biological effects. Biochem J 419:261–272

Srinivas M, Calderón DP, Kronengold J, Verselis VK (2006)

Regulation of connexin hemichannels by monovalent cations.

J Gen Physiol 127:67–75

Stout C, Goodenough DA, Paul DL (2004) Connexins: functions

without junctions. Curr Opin Cell Biol 16:507–512

Su V, Lau AF (2009) Ubiquitin-like and ubiquitin-associated domain

proteins: significance in proteasomal degradation. Cell Mol Life

Sci 66:2819–2833

Su V, Lau AF (2012) Ubiquitination, intracellular trafficking, and

degradation of connexins. Arch Biochem Biophys 524:16–22

Su V, Nakagawa R, Koval M, Lau AF (2010) Ubiquitin-independent

proteasomal degradation of endoplasmic reticulum–localized

connexin43 mediated by CIP75. J Biol Chem 285:40979–40990

Thomas MA, Zosso N, Scerri I, Demaurex N, Chanson M, Staub O

(2003) A tyrosine-based sorting signal is involved in connexin43

stability and gap junction turnover. J Cell Sci 116:2213–2222

van Veen AA, van Rijen HV, Opthof T (2001) Cardiac gap junction

channels: modulation of expression and channel properties.

Cardiovasc Res 51:217–229

VanSlyke JK, Musil LS (2002) Dislocation and degradation from the

ER are regulated by cytosolic stress. J Cell Biol 157:381–394

VanSlyke JK, Musil LS (2003) Degradation of connexins from the

plasma membrane is regulated by inhibitors of protein synthesis.

Cell Commun Adhes 10:329–333

VanSlyke JK, Musil LS (2005) Cytosolic stress reduces degradation of

connexin43 internalized from the cell surface and enhances gap

junction formation and function. Mol Biol Cell 16:5247–5257

VanSlyke JK, Deschenes SM, Musil LS (2000) Intracellular transport,

assembly, and degradation of wild-type and disease-linked

mutant gap junction proteins. Mol Biol Cell 11:1933–1946

Vinken M, Vanhaecke T, Papeleu P, Snykers S, Henkens T, Rogiers

V (2006) Connexins and their channels in cell growth and cell

death. Cell Signal 18:592–600

Voges D, Zwickl P, Baumeister W (1999) The 26S proteasome: a

molecular machine designed for controlled proteolysis. Annu

Rev Biochem 68:1015–1068

Wei CJ, Xu X, Lo CW (2004) Connexins and cell signaling in

development and disease. Annu Rev Cell Dev Biol 20:811–838

White TW, Paul DL (1999) Genetic diseases and gene knockouts

reveal diverse connexin functions. Annu Rev Physiol 61:

283–310

Xie H, Laird DW, Chang TH, Hu VW (1997) A mitosis-specific

phosphorylation of the gap junction protein connexin43 in

human vascular cells: biochemical characterization and locali-

zation. J Cell Biol 137:203–210

Yang Z, Klionsky DJ (2009) An overview of the molecular

mechanism of autophagy. Curr Top Microbiol Immunol 335:

1–32

400 V. Su et al.: Connexin Degradation

123


	Degradation of Connexins Through the Proteasomal, Endolysosomal and Phagolysosomal Pathways
	Abstract
	Introduction
	Proteasomal Degradation
	Cx43 Proteasomal Degradation
	Proteasomal Degradation of Membrane-Localized Cx43
	Cx32 Proteasomal Degradation

	Lysosomal Degradation
	Endolysosomal Degradation of Cx43
	Phagolysosomal Degradation of Cx43

	Regulation of Connexin Levels by Degradation---Relevance in Human Disease
	Concluding Remarks
	Acknowledgements
	References


