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ABSTRACT Different pathways contribute to the turnover of connexins, the main structural
components of gap junctions (GJs). The cellular pool of connexins targeted to each pathway
and the functional consequences of degradation through these degradative pathways are
unknown. In this work, we focused on the contribution of macroautophagy to connexin deg-
radation. Using pharmacological and genetic blockage of macroautophagy both in vitro and
in vivo, we found that the cellular pool targeted by this autophagic system is primarily the
one organized into GJs. Interruption of connexins’ macroautophagy resulted in their reten-
tion at the plasma membrane in the form of functional GJs and subsequent increased GJ-
mediated intercellular diffusion. Up-regulation of macroautophagy alone is not sufficient to
induce connexin internalization and degradation. To better understand what factors deter-
mine the autophagic degradation of GJ connexins, we analyzed the changes undergone by
the fraction of plasma membrane connexin 43 targeted for macroautophagy and the se-
quence of events that trigger this process. We found that Nedd4-mediated ubiquitinylation
of the connexin molecule is required to recruit the adaptor protein Eps15 to the GJ and to
initiate the autophagy-dependent internalization and degradation of connexin 43. This study
reveals a novel regulatory role for macroautophagy in GJ function that is directly dependent
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on the ubiquitinylation of plasma membrane connexins.

INTRODUCTION

Intercellular communication is essential in pluricellular organisms to
facilitate the flow of information among neighboring cells. Meta-
bolic and electric cellular coupling are achieved through gap junc-
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tions (GJs), a highly conserved communication system that allows
for the diffusion of molecules smaller than 1 kDa (Kumar and Gilula,
1996). GJs are exceptionally differentiated domains in the plasma
membrane containing multiple-span membrane proteins called
connexins. In contrast to other membrane proteins, all members of
the connexin (Cx) family display remarkably short half-lives. Regu-
lated turnover of Cx is crucial for maintaining the activity and stabil-
ity of GJs. In fact, altered degradation of Cx has been shown to un-
derlie the basis of different pathologies (VanSlyke et al., 2000;
Berthoud et al., 2003). Both the ubiquitin—proteasome system and
lysosomes have been described as participating in degradation of
GJ plaques and their individual components. We previously showed
that ubiquitinylation of Cx43 incorporated into hemichannels trig-
gers internalization and degradation of GJs by a mechanism that
requires the endocytic adaptor Eps15 (Girao et al., 2009; Catarino
et al., 2011). The present work focuses on the contribution of au-
tophagy to the regulation of three well-characterized Cx—namely
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Cx43, 26, and 32—and on the role of ubiquitin in this regulation, by
using Cx43 as a model.

Among the mechanisms for the degradation of intracellular com-
ponents in lysosomes or autophagy, the most quantitatively impor-
tant form is macroautophagy, which involves the formation of a
double-membrane vesicle (autophagosome) through the elongation
of a de novo formed membrane that seals on itself, sequestering
cargo inside. This double-membrane vesicle fuses with lysosomes,
thus acquiring proteolytic enzymes to form a mixed compartment, or
autophagolysosome, where the cargo is ultimately degraded. The
participation of lysosomes in the degradation of GJ channels was
proposed >30 years ago based on elegant ultrastructural studies.
For a long time, however, this connection with lysosomes was pro-
posed to occur solely through endocytic delivery of plasma mem-
brane regions to lysosomes (Ginzberg and Gilula, 1979; Pfeifer,
1980). On the basis of biochemical and structural approaches, recent
studies now support the involvement of autophagy in connexin deg-
radation (Hesketh et al., 2010; Lichtenstein et al., 2011). However,
the reasons for the redundancy of proteolytic systems in connexin
turnover, the pool of connexin (intracellular or GJ) targeted for deg-
radation through each pathway, the molecular markers that trigger
delivery of Cx to autophagosomes, and the consequences of changes
in autophagy on Cx function are for the most part unknown.

In this study, we characterized the involvement of macroau-
tophagy in the turnover of GJs by analyzing in vitro and in vivo the
effects of changes in the activity of this pathway on the levels, cel-
lular distribution, and function of three different Cxs. We provide
evidence for a novel role of macroautophagy on the regulation of
plasma membrane levels of Cxs and consequently in modulating
the communication among adjacent cells. Furthermore, our studies
dissect the early events that trigger GJs for macroautophagic deg-
radation and reveal a previously unknown interplay between the
ubiquitin system and autophagy in the regulation of functional GJs.

RESULTS

Connexins associate with autophagic compartments

in a nutrient-regulated manner

Recent studies revealed the contribution of macroautophagy to Cx
degradation (Hesketh et al., 2010; Lichtenstein et al., 2011). How-
ever, the origin of the degraded Cx—intracellular compartments or
GJs at the plasma membrane—and whether or not autophagic deg-
radation affects GJ functionality remain unclear. To gain further in-
sights into Cx autophagy, we first confirmed the presence of differ-
ent Cxs in autophagic vacuoles in the two experimental systems
used in this study, rodent liver and different cell types in culture. Im-
munoblot of mouse liver subcellular fractions for three of the Cxs
expressed in this tissue—Cx43, Cx32, and Cx26—revealed the pres-
ence of these three proteins in secondary lysosomes and at higher
levels in autophagosomes and autophagolysosomes (Figure 1A;
total levels in homogenate and enrichment of autophagic/lysosomal
markers in this fractions are shown in Figure 1E and Supplemental
Figure S1A). Immunofluorescence analysis of these same fractions
isolated from mice expressing green fluorescent protein (GFP) fused
to LC3 (a well-established autophagosome marker; Kabeya et al.,
2000) confirmed that Cx indeed colocalized with GFP-LC3-positive
vesicles, thus discarding possible contamination of other Cx-con-
taining structures in this preparation (Supplemental Figure S1B). Im-
munogold staining of isolated lysosomes and autophagosomes for
the different Cxs (Figure 1B and Supplemental Figure S1C) and im-
munofluorescence confocal microscopy for LC3 and Cxs in cultured
cells (Figure 1C) also confirmed the presence of the three Cxs in
vesicles from the autophagic system.
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Association of connexins with compartments of the
autophagic/lysosomal system is modulated by starvation.
(A) Immunoblot for the indicated Cx of subcellular fractions
(100 pg of protein/lane) isolated from 6-h-starved mice liver. APG,
autophagosomes; APL, autophagolysosomes; CYT, cytosol; ER,
endoplasmic reticulum; HH, heart homogenate run as positive
control for Cx43; LYS, lysosomes; Homogenates are shown in E.
(B) Immunogold for the indicated Cxs in lysosomes and
autophagosomes isolated from fed mouse liver (complete field images
are shown in Supplemental Figure S1C). (C) Immunofluorescence for
LC3 and the indicated Cxs in MEF cells. Individual channels, merge,
and colocalization regions are shown. Right, a higher-magnification
inset; arrows indicate colocalization. (D, E) Immunoblots for the
indicated Cxs of autophagic vacuoles (D; APG, autophagosomes; APL,
autophagolysosomes) and lysosomes (E; 50 pg of protein/lane)
isolated from livers of fed or 6-h-starved (Stv) mice. Controls for purity
in each fraction include ER marker (BiP), lysosomal hydrolase (cathepsin
B), autophagosomal marker (LC3), and LAMP1.

We then determined the effect of up-regulating macroau-
tophagic activity on the levels of Cxs associated with the autophagic
compartments. We used starvation, one of the best-characterized
physiological stimuli for triggering macroautophagy. Immunoblot
for the three Cxs in autophagosomes and lysosomes isolated from
starved mouse livers revealed higher enrichment for the three pro-
teins in these compartments upon starvation (Figure 1, D and E, and
Supplemental Figure S1D). In fact, we found about a twofold in-
crease in the amount of total cellular Cx recovered in these compart-
ments when isolated from animals starved for 6 h (Supplemental
Figure S1D). Similar increase in the abundance of Cxs in autophagic
compartments could be reproduced in cultured cells upon serum
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Degradation of connexins is compromised by blockage of macroautophagy.
(A) Kinetics of fluorescence decay in wild-type and Atg7-knockdown NIH3T3 cells transfected
with a vector expressing Dendra fused to the indicated Cx imaged at different times after
photoactivation. The ratio of red to green fluorescence was calculated at each time point.
Values are expressed as percentage of the ratio at time 0 and are mean = SEM (n = 3).
(B, C) MEFs from wild-type and Atg5-null mice (Atg5~~; B) or NIH3T3 fibroblasts (C)
transfected with the same constructs as in A were incubated after photoactivation in the
presence or absence of serum and 3MA as labeled. Quantification of red fluorescence decay
by FACS analysis calculated as the percentage of total red fluorescence in each sample
normalized against the total number of cells expressing Dendra-Cx. Values are mean = SEM
(n = 3). Significant differences with wild-type cells are indicated. (See representative scatterdot
plot for each different condition in Supplemental Figure S2.) (D) COS-7 cells transfected with
RFP-Cx43 and GFP-LC3 were maintained in the presence or absence of serum and treated or
not with chloroquine as labeled. Immunofluorescence for p62 (blue) and the fluorescence in
the red (Cx43) and green (LC3) channels is shown. Right, a merged image; inset shows detail
at higher magpnification. (E) Immunoblot for Cx43 and the indicated Atg in MEFs from
wild-type or Atg5-null mice or in NIH3T3 fibroblasts control or knocked down for Atg7
maintained in the presence or absence of serum for 8 h. (F, G) Immunoblots for Cx43 of
NIH3T3 cells incubated in the presence (S+) or absence of serum and treated for 8 h with two
different proteasome inhibitors (MG132 or lactacystin [Lact]), 3MA, and a combination of
leupeptin and ammonium chloride (L/N). Top, representative immunoblots. Bottom, changes
in Cx43 levels calculated by densitometric quantification of blots like the ones shown here.
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removal (Supplemental Figure S2; note the
increased colocalization with LC3-positive
compartments and further increase in colo-
calization when degradation in the lyso-
somal compartment was prevented by
chloroquine).

In summary, in agreement with previous
reports (Lichtenstein et al., 2011), we dem-
onstrate, using biochemical and image-
based procedures, the association of Cxs to
autophagic compartments and an increase
in the delivery of Cxs to autophagic vacu-
oles upon macroautophagy activation.

Inhibition of macroautophagy slows
down degradation of connexins

We next analyzed the effect that blocking
macroautophagy had on the degradation of
Cxs in cultured cells. To this purpose, we
transfected wild-type cells and cells with
compromised macroautophagy (knocked
down for the essential autophagy gene
ATG?7) with vectors coding for the photo-
switchable fluorescent protein Dendra in-
frame with the full-length sequence of each
of the Cxs of interest. Photoconversion of
Dendra from green to red fluorescence al-
lows for tracking the kinetics of degradation
of the pool of photoconverted protein with-
out the need to block protein synthesis, as
the de novo synthesized protein will fluo-
resce in green (Supplemental Figure S3A).
As shown in Figure 2A, we found similar ki-
netics for the degradation of the three Den-
dra-Cxs upon serum removal in wild-type
cells, and, in all cases their degradation was
compromised in Atg7-knockdown cells,
supporting the contribution of macroau-
tophagy to their normal turnover. Of inter-
est, the effect of macroautophagy blockage
was more pronounced in the degradation of
Cx43 when compared with Cx32 or Cx26
(Figure 2A), which points to a differential
contribution of macroautophagy to the deg-
radation of different Cxs. Similar results were
observed after FACS analysis (Figure 2B and
S3B, C). In this case, cells were scored as
positive for red fluorescence after threshold-
ing for detected fluorescence in untrans-
fected cells or cells transfected but not pho-
toconverted (Supplemental Figure S3A).
Fluorescence-activated cell sorting (FACS)
analysis of photoconverted mouse embry-
onic fibroblasts (MEFs) from mice null for

Values are expressed as percentage of Cx43
present in cells maintained in serum-
supplemented media and are mean £ SEM
(n = 3). *p < 0.05. Significant differences
with respect to control, wild type, or
serum-+.
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ATG5, another essential autophagy gene, confirmed that complete
genetic blockage of macroautophagy also resulted in severe com-
promise of the serum-induced degradation of all three Cxs (Figure
2B and Supplemental Figure S3, B and C; 69% blockage in degra-
dation of Cx43 compared with 48 and 50% for Cx32 and Cx26, re-
spectively). As in the other cell types, Cx43 degradation was faster
than that of Cx32 and Cx26 in MEFs, and genetic blockage of mac-
roautophagy had a more prominent effect on Cx43 kinetics even in
serum-supplemented cells (Supplemental Figure S3B; 66% block-
age in degradation of Cx43 compared with 20 and 26% for Cx32
and Cx26, respectively).

To further validate the contribution of macroautophagy to Cx
degradation, we examined the effect of acutely blocking this cata-
bolic pathway by pharmacological treatment with the PI3K inhibitor
3-methyladenine (3MA), which is well established to inhibit autopha-
gosome formation (Seglen and Gordon, 1982). We found slowdown
in the decay of red fluorescence induced by serum removal in the
cells treated with 3MA for all three Cxs (Figure 2C and Supplemen-
tal Figure S3B). This effect was less evident when cells were main-
tained in the presence of serum during the whole experiment
(Supplemental Figure S3B), which supports a predominant role of
macroautophagy in the degradation of Cxs in response to nutritional
stress. As with the genetic manipulations, Cx43 degradation was
more severely affected by the treatment with 3MA than were the
other Cxs (Figure 2C and Supplemental Figure S3B; 48% blockage
in degradation of Cx43 compared with 28 and 25% for Cx32 and
Cx26, respectively). MEFs from mice null for ATG5 displayed loss
of their sensitivity to 3MA, confirming that the effect of the inhibi-
tor was due to its ability to block macroautophagy (Supplemental
Figure S3, B and C).

Fluorescence analysis of cells expressing a red fluorescent pro-
tein (RFP) fused in the N-terminus of Cx43 (RFP-Cx43) revealed that,
upon serum removal, Cx43 relocalized from the plasma membrane
to intracellular vesicles positive for LC3 and p62, a structural compo-
nent and a common cargo protein in autophagosomes, respectively
(Figure 2D). Blockage of lysosomal degradation by treatment with
the pH-neutralizing agent chloroquine enhanced the content of
Cx43 in the LC3/p62—positive compartments, supporting its degra-
dation by macroautophagy (Figure 2D).

Although the recombinant proteins were expressed at very low
levels to avoid accelerated degradation due to overexpression, to
eliminate the possibility that the changes in degradation were intrin-
sic to the exogenously expressed protein, we then compared the
effect of manipulations in macroautophagic activity on the intracel-
lular levels of endogenous Cx43. This is the most ubiquitously ex-
pressed Cx and, in addition, of the three Cxs analyzed it seemed the
most dependent on macroautophagy for its degradation. Removal
of serum for 8 h was enough to reduce the endogenous intracellular
levels of Cx43 by 50% in MEFs and by 78% in NIH3T3 cells (Figure
2E). This starvation-induced decrease in Cx43 levels was not elimi-
nated, but it was reduced 30-45% in Atg5-knockout MEFs or after
Atg7 knockdown in NIH3T3 (Figure 2E).

Because the ubiquitin—proteasome system is involved in the
basal degradation of different Cxs (Leithe et al., 2009), we then ana-
lyzed the contribution of the two main proteolytic systems to the
degradation of Cx43 in response to nutrient deprivation. Treatment
of cells with two widely used proteasomal inhibitors (MG132 or lac-
tacystin) did not result in significant decrease in the starvation-in-
duced degradation of Cx43, nor did they have an additive effect
when administered together with 3MA (Figure 2F). In contrast,
blockage of lysosomal proteolysis by a combination of ammonium
chloride and leupeptin had a similar effect to that observed with
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3MA, supporting once again that the effect of this kinase inhibitor
was at the level of macroautophagy (Figure 2G). Taken together, our
results support that macroautophagy is primarily responsible for the
starvation-induced degradation of Cxs and in particular of Cx43.

Connexin43 localized at the plasma membrane is the main
target of macroautophagy-dependent degradation

Previous studies described that monomers or oligomers of Cxs can
be directly targeted to lysosomes from early secretory compart-
ments and that Cxs at the plasma membrane (hemichannels or GJs)
can also end up in lysosomes after internalization via endocytosis
(VanSlyke et al., 2000; Qin et al., 2003).

To elucidate the pool of cellular Cx43 subjected to the macroau-
tophagic process described in the previous sections, we first per-
formed biotinylation assays to evaluate the levels of Cx43 localized
at the plasma membrane. As shown in Figure 3A, removal of serum
induced a marked decrease in the amount of Cx43 localized at the
cell surface. Consistently, inhibition of macroautophagy by 3MA re-
sulted in a marked increase of Cx43 at the plasma membrane, both
under control conditions and especially in response to starvation. To
further evaluate the effect of starvation on Cx43 localized specifi-
cally at the GJ plaques, we separated Cx43 into Triton X-100-solu-
ble and Triton X-100-insoluble fractions, which were shown previ-
ously to be enriched in non—gap junctional and gap junctional Cx43,
respectively (VanSlyke et al, 2000; Govindarajan et al, 2010;
Catarino et al., 2011). Comparison of the kinetics of degradation of
Cx43 in both fractions upon blockage of protein synthesis with cy-
cloheximide revealed that removal of serum particularly accelerated
degradation of Cx43 localized at GJs (Figure 3, B and C). Indeed,
whereas the stability of the Triton-soluble Cx43 was not significantly
altered by starvation, the half-life of Cx43 localized at GJs decreased
from more than 6 h to 3 h upon serum removal (Figure 3C). Addition
of the inhibitor of lysosomal proteolysis (chloroquine or ammonium
chloride/leupeptin) and of 3MA to inhibit macroautophagy revealed
that most Cx43 localized at GJs was degraded by macroautophagy
upon serum removal, whereas macroautophagy contributed to only
20% of the degradation of this protein under normal conditions
(Figure 3D). Chloroquine had a very discrete stabilizing effect on
detergent-soluble Cx43, and the effect of 3MA on this fraction of
Cx43 was negligible both in the presence or absence of serum
(Figure 3D). Taken together, the foregoing results support that it is
Cx43 that is present at plasma membrane and, in particular, at GJs
that is targeted for degradation by macroautophagy.

To further confirm the preferential macroautophagy of Cx43 at
the plasma membrane, we used confocal microscopy to analyze the
effect of pharmacological and/or genetic blockade of macroau-
tophagy on intracellular and plasma membrane levels of Cx43. As
shown in Figure 3E, addition of 3MA prevented the disappearance
of Cx43 from the plasma membrane induced by serum deprivation
in cells expressing GFP-Cx43. This treatment was also effective in
blocking the marked decrease in endogenous Cx43 immunoreactiv-
ity at the plasma membrane observed in wild-type NIH3T3 cells
upon serum removal (Figure 3F; note that we used reverse contrast
images here to better contrast Cx43 located at the plasma mem-
brane against the higher intracellular content of Cx43 observed in
NIH3T3 cells). Consistent with these findings, we observed a marked
increase in the number of Cx43-positive fluorescent puncta in cells
knocked down for Atg7, and removal of serum in the presence or
absence of 3MA did not have a significant effect on Cx43 content in
these cells (Figure 3, F and G). Similar results were observed in MEFs
from Atg5-null mice, with a marked increase in the immunoreactivity
at the plasma membrane of these cells even under basal conditions,
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beads. Precipitates were then analyzed by Western blot using polyclonal antibodies against
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(N/L) was added to the incubation media during the chase. (C) The kinetics of degradation of

Cx43 in each condition was calculated by densitometry of immunoblots like the one shown and

plotted in a graph. (D) Inhibitory effect of CQ and 3MA in the degradation of Cx43 in each
fraction calculated by densitometric quantification of blots like the ones in A. Values are
expressed as percentage of inhibition and are mean + SEM (n = 3). (E) Confocal microscopy of

cells expressing GFP-Cx43 maintained in the presence or absence of serum and supplemented
with 3MA as indicated. (F) Immunofluorescence (inverted grayscale images) of Cx43 in NIH3T3
cells control or knocked down for Atg7 (left) and in MEFs from wild-type or Atg5-null mice (right)
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as indicated. (G) Quantification of number of Cx43-positive fluorescent puncta per cell. Values
are mean = SEM (n = 3; >45 cells counted per experiment). (H) Immunofluorescence for Cx43

and B-catenin in NRK cells control, knocked down for Atg7, or exposed to 10 mM 3MA for 8 h.
Individual channels and merged channel images are shown. Right, higher-magnification of insets.

*p < 0.05. Significant differences with respect to control or serum+.
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which remained unchanged upon serum re-
moval or treatment with 3MA (Figure 3, F
and G). Costaining for Cx43 and the bona
fide membrane marker B-catenin confirmed
that Cx43 was indeed retained at the plasma
membrane upon treatment with 3MA or
knockdown for Atg7 (Figure 3H shows
costaining in normal rat kidney [NRK] cells).
Overall, our data suggest that changes in
macroautophagic activity have a marked ef-
fect on the levels of Cx43 in GJs.

Macroautophagic blockage

increases gap junction

intercellular communication

To determine whether the changes ob-
served in the intracellular levels and distribu-
tion of Cx43 upon blockage of macroau-
tophagy also occurs in vivo when considering
awhole organ, we crossed ATG7"f mice with
mice expressing Cre recombinase under the
control of the albumin promoter to generate
mice with compromised macroautophagy in
the liver (Alb-Cre-ATG7%:; Atg7~). Immuno-
blot in livers of these animals revealed a
marked increase in total levels of Cx43 in the
knockout mice (approximately fivefold)
when compared with wild-type littermates
(Figure 4A). Immunohistochemical analysis
of the Alb-Cre-ATG7" livers confirmed the
higher content of Cx43 in the livers of these
mice (Figure 4B). Whereas in wild-type mice
Cx43 was mainly diffuse in the cytosol and
to a lesser extent in the plasma membrane,
livers of Alb-Cre-ATG7%f mice showed in-
tense Cx43 signal preferentially at the
plasma membrane (Figure 4B). These data
support the notion that compromise of mac-
roautophagy in vivo results in remarkable
qualitative and quantitative changes in he-
patic GJs, which could have a marked effect
on the intercellular communication in this
tissue.

To further explore whether the increase
in Cx43 at the plasma membrane observed
both in vitro and in vivo upon blockage of
macroautophagy had a functional impact
on intercellular communication or whether
it just represented nonfunctional Cx43 that
accumulated in this compartment, we com-
pared GJ permeability between control
cells and cells with compromised macroau-
tophagy. We used the standard scrape-
loading assay that allows visualization of the
diffusion of a low-molecular weight dye
permeable through Cx channels. Quantifi-
cation of the distance from the scrape line
reached by the fluorescent dye provides a
good assessment of Cx-mediated intercel-
lular communication (el-Fouly et al., 1987).
Chemical blockage of macroautophagy
with 3MA in NIH3T3 cells increased dye
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FIGURE 4: Blockage of macroautophagy increases the content of functional GJs. (A) Immunoblot
for the indicated proteins of homogenates (50 pg of protein/lane) from livers of fed or
6-h-starved wild-type and Alb-Cre-ATG7" mice. Bottom, quantification of enrichment of Cx43
calculated by densitometry of blots like the ones shown here. Values are mean + SEM (n = 3-5).
Significant differences with wild type are indicated. (B) Immunostaining for Cx43 of frozen liver
sections from the same mice. Bottom, inverted grayscale images to better visualize GJs. Right,
Quantification of changes in fluorescence intensity for Cx43 in the liver sections expressed as
fold the intensity in wild type. Values are mean £ SEM (n = 3). (C, D) Scrape loading assay with
sulforhodamine B in NIH3T3 cells control or knocked down for Atg7 (C) and MEFs from wild-type
mice or mice null for Atg5 (D) incubated in the presence or absence of serum and 10 mM 3MA
for 8 h. Histograms at the bottom show the fluorescent area in each condition quantified using
Scion Image software relative to the area in control conditions. Values are mean + SEM (n = 3,
with 45 cells counted). *p < 0.05. Significant differences with respect to control.

migration when compared with untreated cells both under basal
conditions and, more pronouncedly, upon serum removal (Figure
4C; 48% decrease of migration upon serum removal in untreated
cells vs. 12% decrease in migration in 3MA-treated cells). Treatment
with 3MA did not affect dye migration in cells knocked down for
Atg7, confirming that the drug was acting through blockage of mac-
roautophagy (Figure 4C). In fact, removal of serum in Atg7-knock-
down cells did not associate with the reduction of dye migration
observed in the control cells. We obtained similar results in MEFs
from Atg5-null mice, in which dye migration remained unchanged
upon treatment with 3MA or serum removal, in clear contrast to the
60% decrease observed in the wild-type cells (Figure 4D). These
results support that the GJs remaining at the plasma membrane
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ward the plasma membrane or reduced
Cx43 internalization. To distinguish be-
tween these two possibilities, we examined
the effect of known inducers of Cx43 inter-
nalization in macroautophagy-impaired
cells. Exposure of wild-type MEFs to lin-
dane (y-hexachlorocyclohexane), which is
known to induce plasma membrane Cx43
internalization and degradation (Guan and
Ruch, 1996; Defamie et al., 2001), reduced
total cellular levels of Cx43 to 50% after
12 h of treatment under basal conditions
(Figure 5A). This effect was completely
blocked when 3MA was added to the cul-
ture media (Figure 5A). In fact, immunoflu-
orescence analysis confirmed a time-de-
pendent redistribution of most of the
cellular Cx43 from the plasma membrane
to perinuclear vesicular structures at early
times after treatment with lindane followed
by its intracellular degradation (Figure 5B
and Supplemental Figure S4A). These
vesicles were negative for Golgi or early
endosome markers but were highlighted
with the late endosomal/lysosomal marker
lysosome-associated membrane protein
type 1 (LAMP-1), supporting their later
degradation in this compartment (Supple-
mental Figure S4B). The Cx43-positive
vesicles were no longer evident upon
3MA treatment (Supplemental Figure
S4A) or upon genetic blockage of mac-
roautophagy (MEFs from Atg5-null mice; Figure 5B and Supple-
mental Figure S4A), conditions in which most Cx43 remained at
the plasma membrane.

To further demonstrate the interdependence between Cx43 in-
ternalization and macroautophagy, we transfected COS-7 cells with
an endocytic-impaired form of Cx43 (Cx43Y286A) mutated in the
tyrosine sorting signal (Thomas et al., 2003; Catarino et al., 2011). In
contrast to the marked decrease of wild-type Cx43 in response to
serum removal, the endocytic mutant Cx43 was resistant to mac-
roautophagy-dependent degradation under these conditions
(Figure 5C). The accumulation of slower-migrating bands in the mu-
tant Cx43Y286A, corresponding to previously described hyperphos-
phorylated forms of the protein (Leithe and Rivedal, 2004), suggests
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Blockage of macroautophagy prevents internalization and degradation of Cx43.
(A) Immunoblot (100 pg of protein/lane) for Cx43 in MEFs treated with 100 pM lindane (Lind) for
12 h in presence or absence of 10 mM 3MA. Top, representative immunoblot. Bottom,
quantification of total levels of Cx43 relative to values in untreated cells. Values are mean + SEM
(n = 5). Significant differences with respect to untreated cells are indicated. (B)
Immunofluorescence for Cx43 in MEFs from wild-type and Atg5-null mice at the indicated times
after treatment with lindane. Right, quantification of the decay of signal for Cx43 in both cell
types. Values are mean = SEM (n = 3). Significant differences with respect to untreated cells are
indicated. (C) Immunoblot for Cx43 of COS-7 cells transfected with Cx43 wild type (wt) or
mutated at tyrosine 286 (Cx43Y286A) and maintained in the presence or absence of serum as
indicated. (D) Immunofluorescence for Cx43 of COS-7 transfected with plasmids coding for wt
and endocytic mutant (Y286A) Cx43 and maintained in the presence or absence of serum as
labeled. Left, representative images. Right, quantification of the integrated density of the signal
for Cx43 in both cell types. Values are mean + SEM (n = 3). Significant differences with respect to
cells maintained in serum supplemented media are indicated. (E) NIH3T3 cells incubated in the
presence or absence of serum and treated for 8 h with 3MA or rapamycin (Rapa). Top,
representative immunoblot. Bottom, changes in Cx43 levels calculated by densitometric
quantification of blots like the one shown here. Values are expressed as percentage
of Cx43 present in untreated cells maintained in serum-supplemented media and are
mean + SEM (n = 3). Significant differences with respect to untreated serum+ are indicated.
(F) Immunofluorescence for Cx43 and E-cadherin in cells maintained in the presence or absence
of serum and treated or not with rapamycin (Rapa). Merged channels are shown. Right, similar
staining in cells knocked down for Atg7. *p < 0.05. Significant differences with respect to
control.

its accumulation at the plasma membrane, as the immunofluores-
cence analysis also confirmed (Figure 5D). We found that the exog-
enous GFP-tagged wild-type Cx43 displayed behavior similar to that
observed for the endogenous Cx43, in which serum removal induced
its internalization and rapid degradation. In clear contrast, GFP-
Cx43Y286A remained at GJs in the plasma membrane (Figure 5D).
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These results support the idea that the
recruitment of Cx43 for degradation by mac-
roautophagy requires the prior internaliza-
tion of the protein. In fact, we found that al-
though blockage of macroautophagy results
in retention of Cx43 at the plasma mem-
brane, up-regulation of macroautophagy
per se under basal conditions in different cell
types such as fibroblasts and hepatocytes is
not enough to trigger internalization/degra-
dation of Cx43. Thus treatment of these
cells with rapamycin, a well-characterized ac-
tivator of macroautophagy, by blocking the
inhibitory effect of mTOR on this pathway,
did not reduce intracellular levels of Cx43 in
basal conditions nor did it enhance the deg-
radation of this Cx upon serum removal
(Figure 5E). Similarly, levels of Cx43 at the
plasma membrane remained unchanged
upon rapamycin treatment both in wild-type
and in Atg7-knockdown cells (Figure 5F),
suggesting that events upstream of mac-
roautophagic activation are required to reg-
ulate the internalization/degradation of
Cx43 by this pathway.

Macroautophagy of GJ connexin43
requires Nedd4-mediated
ubiquitinylation

Posttranslational modifications such as ubig-
uitinylation and phosphorylation have been
shown to modulate the internalization of
GJs by endocytosis (Laing and Beyer, 1995;
Berthoud et al., 2004; Leithe et al., 2009). To
elucidate the mechanisms that trigger mac-
roautophagy-dependent internalization of
Cx43 from the plasma membrane, we first
compared the isoelectric profile of Cx43 by
bidimensional gel electrophoresis in cells
maintained in the presence or absence of
serum under basal conditions, Cx43 iso-
forms distribute as an acidic subpopulation
preferentially in the 43-kDa region of the gel
and a weakly basic subgroup of isoforms
with very high molecular weight (Supple-
mental Figure S5). On serum deprivation,
added to the expected decrease in total
Cx43 signal we observed a marked decrease
in the molecular weight of the basic form of
Cx43 toward the 43-kDa region (Supple-
mental Figure S5).

The higher-molecular weight variants of
Cx43 could result, among others, from hy-
perphosphorylation or ubiquitinylation. Be-
cause phosphorylation would shift the iso-
electric point toward more acidic variants,

we focused on the analysis of polyubiquitinylation as a possible
trigger of macroautophagy-mediated Cx43 internalization. We pre-
viously showed that the ubiquitin ligase Nedd4 mediates the ubig-
uitinylation of Cx43 and that the incorporation of ubiquitinylated
Cx43 in hemichannels induces the internalization and degradation
of GJs by recruiting the endocytic protein epidermal growth factor
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Macroautophagy of Cx43 in GJs requires its prior
ubiquitinylation. (A) COS-7 cells expressing Cx43 untreated (none)
or treated with 10 mM 3-methyladenine or 10 mM chloroquine and
maintained in the presence or absence of serum were subjected to
immunoprecipitation for Cx43 and immunoblotted for Cx43 or
ubiquitin (exposure time on the right has been selected to equal the
intensity of the Cx43 bands and enable better appreciation of the
differences in intensity of ubiquitinylation). (B) COS-7 cells
transfected with Cx43 alone or together with siRNA for Nedd4 were
maintained in the presence or absence of serum. Lysates were
subjected to extraction with 1% Triton X-100, and soluble and
insoluble fractions were processed for immunoblot against the
indicated proteins. (C) COS-7 cells transfected with wild-type Cx43
(Cx43WT) or the mCherry-Cx43-Ub plasmid alone or together with
siRNA for Nedd4 were maintained in the presence or absence of
serum and treated with 3MA where indicated and subjected to
immunoblot for Cx43. (D) Immunofluorescence for Cx43 and
B-catenin in NRK cells transfected with plasmids coding for wild-type
(wt), ubiquitin tagged (-Ub), and endocytic mutant (Y286A) Cx43.
Individual channels and merged images are shown. Bottom, insets at
higher magnification. (E) Immunostaining for LC3 in NRK cells
expressing wild-type GFP-Cx43 or ubiquitin-tagged mCherry-Cx43
maintained in the presence of serum. Merged channels are shown.
(F) Immunostaining for p62 of COS-7 cells transiently expressing
mCherry-Cx43-Ub and GFP-LC3 and maintained in the presence or
absence of serum. Merged channels are shown. (G) Lysates of COS-7
cells transfected with Cx43 and maintained in the presence or
absence of serum were subjected to extraction with 1% Triton
X-100, and the soluble fraction was subjected to
immunoprecipitation for Cx43 and immunoblotted for p62 and
Cx43. Levels of p62 in the input are also shown. (H) Lysates from
COS-7 cells transfected with Cx43 and/or mCherry-Cx43-Ub,
maintained in the absence of serum and treated or not with 10 mM
3MA or 50 pM chloroquine (CQ), were immunoprecipitated with
polyclonal antibodies directed against Cx43 and the precipitates
immunoblotted for p62 or Cx43.
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receptor substrate 15 (Eps15; Girao et al., 2009). To directly analyze
possible changes in ubiquitinylation of Cx43 upon macroautophagy
activation, we first pulled down Cx43 in cells maintained in serum-
supplemented or serum-deprived media to activate macroau-
tophagy, and we immunoblotted for ubiquitin. As shown in Figure
6A, once normalized for the amount of Cx43 pulled down, we found
a threefold increase in the level of ubiquitinylation of Cx upon se-
rum removal (note that previous studies demonstrated that the
ubiquitin laddering in Cx43 results from multiple monoubiquitinyla-
tion). These differences become more evident when lysosomal
degradation was prevented (Figure 6A). Of interest, blockage of
initiation of the autophagic process did not prevent the starvation-
induced ubiquitinylation of Cx43, suggesting that this modification
occurs before the sequestration in autophagosomes (Figure 6A).

Using similar procedures in cells expressing Cx43Y286A, we
found that this mutant protein displayed compromised ubiquitinyla-
tion when compared with the wild-type protein, and starvation failed
to induce an increase in the ubiquitinylation of this mutant protein
(Supplemental Figure S6A). Besides the critical role of tyrosine 286
as part of the YXX@ internalization domain on Cx43, this residue is
also part of the PY motif used for binding of the ubiquitin ligase
Nedd4. We previously showed that Nedd4 mediates the ubiquitiny-
lation of Cx43 required for the internalization and degradation of GJ
by recruiting the endocytic protein Eps15 (Girao et al., 2009). Con-
sequently, to further evaluate the role of ubiquitin in macroau-
tophagy of GJ, we knocked down Nedd4 and analyzed changes in
Cx43 levels upon induction of macroautophagy. Depletion of Nedd4
resulted in almost complete blockage of the degradation of Cx43
induced by starvation, which mainly affects the population of Cx43
localized at GJs (Figure 6B).

To demonstrate that ubiquitinylation of Cx43 was directly re-
sponsible for inducing its macroautophagic degradation, we used
cells expressing a mCherry-Cx43-Ub fusion protein, previously
shown to incorporate in GJs and mediate their degradation even in
the absence of Nedd4 (Catarino et al., 2011). This form of Cx43
(Cx43-UbK48R) has a single molecule of ubiquitin that is mutated in
its lysine 48 to prevent assembly of additional ubiquitin moieties
and the formation of polyubiquitin chains. As observed for the wild-
type protein, removal of serum increased the degradation of
mCherry-Cx43-Ub, and it was possible to block this degradation by
treatment with 3MA (Figure 6C). However, whereas knockdown of
Nedd4 prevented the decrease in wild-type Cx43 observed after
removal of serum in the control cells, part of mCherry-Cx43-Ub was
still degraded when the Nedd4-deficient cells were deprived of se-
rum (Figure 6C). The fact that this degradation of mCherry-Cx43-Ub
was still sensitive to 3MA supports the idea that it took place by
macroautophagy. Image analysis confirmed that in contrast to wild-
type Cx43 and Cx43Y286A, which can be detected, for the most
part, at the plasma membrane, Cx43-Ub localized in intracellular
compartments (Figure 6D) that labeled positive for the autophago-
somal marker LC3 (Figure 6E and Supplemental Figure S6D). Chem-
ical (Supplemental Figure S6B) or genetic blockage of autophagy
(Supplemental Figure S6C shows cells knocked down for Atg7) pre-
vented mCherry-Cx43-Ub internalization and its association with
autophagosomes. These results support the idea that fully func-
tional macroautophagy is required for the rapid internalization and
degradation of the constitutively ubiquitinylated form of Cx43.

Degradation of ubiquitinylated proteins by macroautophagy of-
ten requires participation of cargo-recognition molecules that bind
both ubiquitin and LC3 to facilitate autophagosome formation
around the cargo. The most common of these cargo recognition mol-
ecules is p62 (Pankiv et al., 2007). We found that Cx43 colocalized
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Degradation of GJ channels via macroautophagy requires binding of Eps15 to Cx.
(A) COS-7 cells maintained in the presence (+) or absence (-) of serum and treated with 10 mM
3MA were subjected to immunoprecipitation for Cx43, followed by immunoblot for Cx43 and
Eps15. Levels of Eps15 and Cx43 in the input fractions are also shown. (B) Immunoblot for Cx43
and Eps15 of COS-7 cells transfected with a control (CT) siRNA or siRNA for Eps15 and
maintained in the presence or absence of serum as labeled. (C) Immunofluorescence for Cx43
(red) and Eps15 (green) in the same cells maintained in the presence or absence of serum as
labeled. Single and merged channels are shown. Arrows point to the presence of Cx in the
plasma membrane. (D) Immunofluorescence for Cx43 and Eps15 in NRK cells control or
knockdown for Atg7 cells incubated in presence or absence of serum for 4 h. Right, higher-
magnification images. (E) Immunoblot for Eps15 and Cx43 of immunoprecipitates for Cx43 in
livers of wt or Alb-Cre-ATG7"f (Atg7~") mice. (F) Immunoblot for the indicated proteins in cells
transfected with a control (CT) siRNA or siRNA for Nedd4 maintained in the presence or
absence of serum and treated with 3MA as labeled. Bottom, levels of Eps15 in immuno-
precipitates for Cx43 in the same cells. (G) Immunoblot for the indicated proteins in
immunoprecipitates for LC3 in starved rat liver. (H) Immunoblot for the indicated proteins in
immunoprecipitates for Eps15 in serum-deprived cells. Inputs (I), immunoprecipitates (IP), and
flowthrough fraction (FT).

between pé2 and Cx43 significantly in-
creased in cells expressing Cx43-Ub. Taken
together, these data suggest that Nedd4-
mediated ubiquitinylation of Cx43 is required
to initiate the degradation of GJ Cx43 by
macroautophagy.

Contribution of Eps15 to the early
steps in macroautophagy of GJ
connexin43

We analyzed the possible relationship be-
tween the previously described interaction
of Cx43 with Eps15 and macroautophagy of
GJ Cx43 (Girao et al., 2009). We first as-
sessed whether the interaction between
Eps15 and Cx43 was altered during starva-
tion. Cx43 immunoprecipitation in cells de-
prived of serum revealed a higher level of
interacting Eps15 (relative to the amount of
Cx43 pulled down) than in cells maintained
in serum-supplemented media (Figure 7A).
Enhanced interaction between Cx43 and
Eps15 was even more apparent when mac-
roautophagy of Cx43 was prevented by
treatment with 3MA (Figure 7A). To deter-
mine whether the observed interaction with
Eps15 was required for Cx43 degradation
by macroautophagy, we knocked down
Eps15. As shown in Figure 7B, we found
that starvation-induced degradation of Cx43
was prevented in Eps15-deficient cells. Im-
munofluorescence analysis corroborated
that in the absence of Eps15, most Cx43 re-
mained at the plasma membrane even when
serum was removed from the culture media
(Figure 7C).

The formation of the Cx43/Eps15 com-
plex was not disrupted if macroautophagy
was prevented. In fact, in macroautophagy-
compromised cells, the association of Eps15
with Cx at the plasma membrane was al-
ready very high under basal conditions and
was not affected by the removal of serum
(Figure 7D). Coimmunoprecipitation of
Eps15 with Cx43 from livers of Atg7~~ mice
(Figure 7E) or from MEFs from Atg5~~ mice
(Supplemental Figure S7A) also confirmed
higher interaction of both proteins in the
autophagy-defective cells.

Then we explored whether the interac-
tion of Cx43 with Eps15 in the early steps of
the autophagic process was still dependent
on the ubiquitinylation of Cx43. The previ-

with pé2 in the autophagosomal compartment (Figure 6F) and that,
in fact, Cx43 interacts with p62. As shown in Figure 6G, pé2 coim-
munoprecipitated with Cx43, and starvation further increased the in-
teraction between the two proteins. The amount of pé2 that coim-
munoprecipitated with Cx43 diminished in cells depleted of Nedd4,
in further support of the hypothesis that ubiquitinylation of Cx43 is
required to recruit p62. We further demonstrated by coimmunopre-
cipitation assays that degradation of the fusion protein Cx43-Ub also
promotes its interaction with p6é2. As shown in Figure éH, interaction
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ous pull-down studies for the endocytic mutant Cx43Y286A sup-
ported this hypothesis, as we confirmed that Eps15 no longer inter-
acted with this mutant of Cx43, which also shows defective
ubiquitinylation (Supplemental Figure S6A). Using cells knocked
down for Nedd4, we found that Cx43 was no longer interacting with
Eps15, not even when serum was removed or macroautophagy ac-
tivation was prevented by treatment with 3MA (Figure 7F). These
data support the idea that the association of Eps15 to Cx43 during
macroautophagy is modulated by the ubiquitinylation state of Cx43
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and that formation of this complex occurs prior to the recruitment of
the macroautophagic machinery.

Last, we considered the possibility that Eps15 was acting as a
novel autophagy cargo recognition molecule. A distinctive feature
of this family of receptors is that they all interact simultaneously with
LC3 and with cargo components (such as, e.g., ubiquitin moieties).
Analysis of LC3 pull-downs revealed that a fraction of cellular Eps15
can be coimmunoprecipitated with this autophagosome marker, as
is the case for p62 (Figure 7G and Supplemental Figure S7B). How-
ever, p62 and Eps15 do not seem to be part of the same complex
with LC3, as in pull-down experiments with Eps15 we were able to
retrieve LC3-Il and Cx43 but not p62 (Figure 7H and Supplemental
Figure S7B). These data support the idea that Eps15 acts as an inter-
mediate bridge molecule between ubiquitinylated Cx43 and the
autophagy machinery and opens up the possibility that Eps15 could
be an autophagic adaptor for the degradation of GJ Cx43.

Overall our studies reveal a role for macroautophagy in the turn-
over of GJs that is interdependent with the internalization of Cxs
from these regions of the plasma membrane. Ubiquitinylation of Cxs
is necessary and sufficient to trigger the macroautophagy-depen-
dent internalization of these constituents of the GJs and their subse-
quent turnover.

DISCUSSION

Degradation of structural components of GJs has been recognized
as a regulatory mechanism for these structures (Musil et al., 2000),
and, in fact, in recent years strong evidence in support of the contri-
bution of the ubiquitin—-proteasome system, endolysosomes, and
the autophagic system in this degradation has been presented
(Laing et al., 1997; Musil et al., 2000; Qin et al., 2003; Berthoud
et al., 2004, Leithe and Rivedal, 2004; Kelly et al., 2007). In this work,
we investigated the role of macroautophagy in the degradations of
different Cxs and found that the autophagic system preferentially
targets Cxs present at the plasma membrane and acts in fact as a
modulator of the membrane content of Cxs under physiological
conditions. This function becomes particularly relevant in response
to nutritional stress, when a marked reduction in intercellular com-
munication is normally observed.

Previous reports showed that Cx43 can undergo degradation in
lysosomes by macroautophagy (Hesketh et al., 2010; Lichtenstein
et al., 2011); however, the cellular pool of Cx43 targeted for mac-
roautophagy and the molecular determinants that regulate this pro-
cess were unknown. In this report, we show preferential macroau-
tophagy of Cx43 present in GJs and demonstrate that targeting of
GJ Cxs for macroautophagy is triggered by Nedd4-mediated ubig-
uitinylation of this protein. This modification recruits Eps15, a mol-
ecule that acts as an intermediate between Cxs and the autophagy
machinery. Although most membrane proteins undergo degrada-
tion by endocytosis, as is also the case for a fraction of membrane
Cxs, degradation of membrane proteins by macroautophagy is not
without precedent, as several transmembrane proteins were re-
ported to undergo degradation mediated by this autophagic path-
way (Rowland et al., 2006; Sanjuan et al., 2007). In some of these
cases the participation of only specific components of the au-
tophagic machinery, such as LC3, rather than the whole autophagic
process was described. However, we do not think that this is the
case for Cx, because blockage of two different autophagy essential
genes, Atg7 and Atg5, and chemical blockage of the kinase activity
of Vps34 as part of the autophagy nucleation complex all had similar
effect on Cx turnover and in its retention at the plasma membrane.
Although the highest increase in Cxs upon macroautophagic block-
age was observed at the plasma membrane, considering the marked
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reduction in total content of Cxs upon serum removal, we cannot
eliminate the possibility that other sources of Cxs, such as secretory
vesicles carrying Cxs toward the plasma membrane (VanSlyke et al.,
2000; Qin et al., 2003), may also undergo degradation through
macroautophagy.

An interesting aspect of our study, in light of the higher content
of plasma membrane Cxs that we identified in cells with compro-
mised macroautophagy even under basal conditions, is that mac-
roautophagy may contribute to the continuous turnover of Cxs and
thus to modulate intercellular connectivity under normal conditions.
In fact, Cxs can even be detected in autophagosomes isolated from
cells maintained under normal nutritional conditions. However, de-
spite complete blockage of macroautophagy, some degradation
still occurs, supporting the existence of overlapping mechanisms for
Cx degradation. Some level of endocytic degradation of Cxs may
still occur in most cells, and this pathway may be the one responsi-
ble for the small fraction of Cxs still degraded in cells with defective
macroautophagy. The organization of Cxs at the plasma membrane
(as monomers, hemichannels, or GJs) and the different posttransla-
tional modifications that they undergo in this compartment might
determine their degradation through one or another pathway.

Although transcripts for Cx43 can be detected in liver, overall
levels of this Cx in hepatocytes are very low, as also confirmed by
our immunochemistry analysis of wild-type mouse liver (Vinken
et al., 2008). In contrast, livers of Atg7-knockout mice display a dra-
matic increase in the content of Cx43. Considering the proposed
function of Cx43 in controlling tissue volume (Rossello et al., 2009),
the high levels of expression of Cx43 in liver of Atg7-deficient mice
could explain, in part, the hepatomegaly phenotype observed in
these animals (Komatsu et al., 2005). Although the increase in Cx43
in these animals could indirectly result as a response to the stress
that cells with compromised macroautophagy undergo, the marked
effect on Cx degradation observed in vitro makes it more likely that
the high content of Cx43 in Atg7-deficient mice results from its com-
promised degradation. In this respect, it seems that most of Cx43
produced in hepatocytes is rapidly degraded, although the reasons
for such an accelerated continuous turnover require further
investigation.

The fact that Cx43 mutants that cannot be internalized are also
resistant to degradation upon activation of macroautophagy (being
retained at plasma membrane) supports the notion that internaliza-
tion of Cx43 is, to a large extent, coupled to its degradation by
macroautophagy. Data presented in this study are consistent with a
model in which a cooperative mechanism involving both activation
of macroautophagy and internalization participate in degradation of
Cx43 at plasma membrane.

Phosphorylation and ubiquitinylation have been suggested to
regulate the trafficking of Cxs from the plasma membrane to the lyso-
somes (Laing and Beyer, 1995; Berthoud et al., 2004; Leithe et al.,
2009). We propose that part of this trafficking, initially attributed to
classic endocytosis, instead takes place via macroautophagy. Ubiquit-
inylation is important for targeting of soluble cytosolic cargo to au-
tophagosomes (Kirkin et al., 2009), but this is the first report of its
contribution to targeting of a membrane protein to this compartment.
Our work supports the idea that ubiquitinylation of Cx43 appears to
be an early event in this process and, according to our data, is re-
quired for the recruitment of the adaptor protein Eps15 facilitating
interaction with the autophagy machinery. Of interest, proteins carry-
ing Eps15-homology domains have been proposed to participate in
macroautophagy in yeast and flies (Bugnicourt et al., 2008; Csikos
et al., 2009). Although we cannot eliminate the possibility of some
level of cooperation between Eps15 and the well-characterized
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FIGURE 8: Degradation of GJ channels via macroautophagy requires
Nedd4 mediated ubiquitinylation. GJ channels contribute to the
metabolic and electrical coupling among adjacent cells. Starvation
induces degradation of GJ connexins by macroautophagy and
reduces intercellular communication. Macroautophagy of connexins is
triggered by their ubiquitinylation by the ubiquitin ligase Nedd4 (step
1). Eps15 associates with the highly enriched ubiquitinylated GJ
domains (step 2) and favors recruitment of the autophagic machinery
(step 3), leading to connexin internalization and lysosomal
degradation (step 4).

autophagic receptor p62, under our experimental conditions, they do
not form part of the same Cx complex. The fact that we did not find
p62 associated to the plasma membrane and that its colocalization
with Cx43 mainly occurred in intracytoplasmic vesicles (Supplemental
Figure S2B) supports that the observed interaction between pé2 and
Cx43 (Figure 6G) may be a postinternalization event. The presence of
p62 in the Cx43-containing autophagosomes detected inside the
cells could indicate the need for this receptor protein in the degrada-
tion of intracellular Cx43 by macroautophagy. Future studies are
needed to determine whether p62 is solely required for degradation
of de novo synthesized Cx43, as part of cellular quality control, or
whether it also participates in the degradation of plasma membrane
Cx43, but only once GJs have been internalized into the cytosolic
compartment in a Eps15-dependent manner.

The canonical view for internalization of Cx43 involves formation
of a large structure called an annular gap junction, which results
from the internalization of both sides of the plaque by one of the
two adjacent cells. It is possible thus that Eps15 may act as a pre-
adaptor in the early stages of internalization of this annular structure,
favoring docking of autophagy-related proteins. Conformational
changes undergone by Cx43 later, after internalization, may be rec-
ognized by p62 and favor Cx43/pé2 interaction. Although further
studies are needed, we propose an additional level of complexity in
the process of maturation of these structures of degradation emerg-
ing from the plasma membrane that involves a stepwise association
of autophagic receptors (Figure 8).

The novel regulatory role for macroautophagy in cell intercon-
nectivity proposed in this study may have physiological relevance
under those conditions in which changes in the cell-to-cell interac-
tion is required. Changes in macroautophagic activity in different
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pathologies or with age could thus alter cellular permeability and
their ability to modulate cellular communication with the environ-
ment and neighboring cells. It is thus possible that altered
autophagic activity underlies the basis of some of the severe Cx-
associated pathologies, including cardiovascular disease, ocular dis-
eases, diabetes, or cancer, as autophagic compromise has been
described in all of these conditions (Mizushima et al., 2008).

MATERIALS AND METHODS

Animals and cells

Adult male GFP-LC3, Alb-Cre-ATG7%f (Komatsu et al., 2005), and
C57BL/6 mice were used in our study for subcellular fractionation
under an animal study protocol approved by the Institutional Animal
Care and Use Committee of the Albert Einstein College of Medi-
cine. Where indicated, animals were starved for 6 h before organelle
isolation by completely removing food but maintaining water supply
ad libitum. NRK cells, COS-7 cells, and mouse fibroblasts (NIH3T3)
from the American Type Culture Collection (Manassas, VA) and MEFs
derived from wild-type and Atg5~~ mice (Kuma et al., 2004) were
maintained in DMEM (Sigma-Aldrich, St. Louis, MO) containing 10%
fetal bovine serum, 50 pg/ml penicillin, and 50 pg/ml streptomycin
at 37°C with 5% CO,. When indicated, cells were washed three
times with Hank’s balanced salt solution (HBSS; Invitrogen, Carlsbad,
CA) and placed in fresh medium without serum to activate the au-
tophagic process. Lysosome-dependent degradation was inhibited
by addition of 20 mM NH4Cl and 100 uM leupeptin or 50 uM chlo-
roquine and macroautophagy-dependent degradation by addition
of 10 mM 3MA in the incubation media (Kaushik and Cuervo, 2009).
Rapamycin 100 nM was added to stimulate macroautophagy and
50 mg/ml cycloheximide to stop protein synthesis.

Antibodies and chemicals

Materials were as described before (Singh et al., 2009; Koga et al.,
2010; Martinez-Vicente et al., 2010) or obtained from the following
sources: antibodies against Cx43, B-catenin, and a-tubulin were
from Sigma-Aldrich and against Cx43, Cx32, and Cx26 from Invitro-
gen; the antibody against BiP/GRP78, E-cadherin, and hsc70 (clone
13D3) were from BD Biosciences (San Diego, CA), against LAMP1
(clone 1D4B), from the Developmental Hybridoma Bank (University
of lowa, lowa City, |A), against glyceraldehyde-3-phosphate dehy-
drogenase, Nedd4, Eps15, and actin from Abcam (Cambridge, MA),
against LC3 from Cell Signaling Technology (Beverly, MA), and
against cathepsin B and p62 from Santa Cruz Biotechnology (Santa
Cruz, CA); the antibodies against Atg5 and Atg7 were from Novus
Biologicals (Littleton, CO); and the monoclonal P4D1 antibody
(which recognizes both polyubiquitin and monoubiquitin residues)
was from Covance (Berkeley, CA) and the monoclonal FK1 antibody
(which recognizes only K48 chains) was from Biomol International
(Enzo Life Sciences, Plymouth, PA). All secondary antibodies for im-
munofluorescence were from Molecular Probes (Invitrogen). Form-
aldehyde and paraformaldehyde were from PerkinElmer Life and
Analytical Sciences (Waltham, MA). Rapamycin, lindane, sulforhod-
amine B, and 3-methyladenine were from Sigma-Aldrich.

RNA interference and cell transfection

Cells were transfected with cDNA constructs encoding Dendra-Cx
using Lipofectamine 2000 reagent (Invitrogen) according to manu-
facturer's instructions. The vector expressing GFP-LC3 was kindly
provided by Tamotsu Yoshimori (Osaka University, Osaka, Japan). To
generate the mCherry-Cx43-UbK48R(AA) construct, we subcloned
Cx43-UbK48R(AA) cDNA into pcDNAENTR BP mCherry C1 (Catarino
et al, 2011). Plasmids expressing GFP-Cx43 and RFP-Cx43 were
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generated by cloning the appropriate cDNA into pENTR vectors
containing either GFP or RFP.

Knockdown was performed by transfection with small interfering
RNA (siRNA) against Nedd4 (s9416; GGAAGAUCCAAGAUU-
GAAAL) or s9417 (GGCGAUUUGUAAACCGAAULY), obtained from
Ambion (Austin, TX; Silencer Select Pre-designed siRNA), or by cell
transduction with lentivirus carrying short hairpin RNA construct
against Atg7 (5-GACTGCAGTGCAGATGA-3" and 5"-AAGCACCA-
TCATGCTGGATAT-3’), packed in 293T packing cells transfected by
the calcium phosphate protocol. Supernatants containing viral par-
ticles were harvested after 72 h, and 1 ml of the supernatant was
used for cell transduction after incubation in the presence of poly-
brene as described (Massey et al., 2008).

Isolation of subcellular fractions from mouse liver
Autophagosomes (APGs), autophagolysosomes (APLs), and lyso-
somes were isolated from liver of fed or 6-h-fasted mice by centrifu-
gation in a discontinuous metrizamide density gradient as described
previously (Marzella et al., 1982). Fractions were recovered from the
different metrizamide interfaces (APG in 20-15%, APL in 20-24%,
and lysosomes in the 26-24%) and washed by centrifugation in
0.25 M sucrose. Cytosolic fractions were prepared by centrifugation
of the 17,000 x g supernatant at 100,000 x g for 1 h. The pellet of
this centrifugation was used as the endoplasmic reticulum-enriched
fraction.

Electrophoresis and immunoblot

Cell lysates were prepared by solubilization in RIPA buffer (1%
Triton-X 100, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl,
0.01 M sodium phosphate, pH 7.2) containing protease inhibitors
and phosphatase inhibitors. The solubilized fraction was recovered
in the supernatant after centrifugation at 12,000 x g for 30 min, and
protein concentration was determined by the Lowry method using
bovine serum albumin (BSA) as a standard (Lowry et al., 1951). Total
cellular lysates were subjected to immunoblot according to conven-
tional procedures (Towbin et al., 1979). Briefly, samples were run on
SDS-PAGE gels, transferred to polyvinylidene fluoride or nitrocel-
lulose membranes, and, after blockage with low fat-milk, incubated
with primary antibodies in 3% BSA. The proteins of interest were
visualized by chemiluminescence using peroxidase-conjugated sec-
ondary antibodies in an LAS-3000 Imaging System (Fujifilm, Tokyo,
Japan). Densitometric quantification was performed in unsaturated
images using ImageJ (National Institutes of Health, Bethesda, MD).
For samples run in differentimmunoblots a line containing the same
sample was used in all of them and served for normalization of the
densitometries of the different membranes. For bidimensional elec-
trophoresis, isoelectric focusing was done using the Protean IEF Cell
(Bio-Rad, Hercules, CA) at 20°C with rapid ramping to voltage
10,000 V at a current limit of 50 pA using ReadyStrip IPG Strips with
a nonlinear 3-10 pH range (Bio-Rad).

Immunoprecipitation

Cells were rinsed with phosphate-buffered saline (PBS) at 4°C, re-
suspended in lysis buffer (190 mM NaCl, 50 mM Tris-HCI, 6 mM
EDTA, 1% Triton X-100, pH 8.3) supplemented with a protease in-
hibitor cocktail (Roche, Indianapolis, IN), 2 mM phenylmethylsulfo-
nyl fluoride (PMSF), and 10 mM iodoacetamide, and incubated on
ice for 10 min. The samples were then centrifuged at 10,000 x g for
10 min and the supernatants used for immunoprecipitation. Briefly,
protein A was incubated with polyclonal antibodies directed against
Cx43. Nonspecific antibodies were used as controls. Incubations
proceeded for 1 h at 4°C, followed by incubation with supernatants
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for 3 h at 4°C. The samples were then centrifuged, and the protein
A-Sepharose sediments washed three times in an appropriate wash-
ing buffer (500 mM NaCl, 50 mM Tris-HCI, 6 mM EDTA, 1% Triton
X-100, pH 8.3), resuspended in Laemmli buffer, and denatured at
100°C for 5 min.

Triton X-100 extraction

The detergent solubility assay with 1% Triton X-100 was performed
as described previously (VanSlyke and Musil, 2000). Cells were re-
suspended in lysis buffer (190 mM NaCl, 50 mM Tris-HCl, 6 mM
EDTA, 1% Triton X-100, pH 8.3) supplemented with protease inhibi-
tor cocktail (Roche), 2 mM PMSF, and 10 mM iodoacetamide. Sam-
ples were then ultracentrifuged at 100,000 x g for 50 min and the
supernatant recovered (Triton X-100-soluble fraction). The deter-
gent-insoluble pellets were resuspended in lysis buffer supple-
mented with 0.1% SDS (Triton X-100-insoluble fraction) and soni-
cated. Laemmli buffer was then added to the Triton X-100-soluble
and Triton X-100-insoluble fractions and denatured at 100°C for
5 min before SDS-PAGE and immunoblot analysis.

Biotinylation of cell surface proteins

COS-7 cells grown on 60-mm culture dishes were rinsed twice with
5 ml of ice-cold PBS containing 0.5 mM MgCl, and 1 mM CaCl,,
followed by the addition of 1.5 ml of the same ice-cold solution
containing 1 mg/ml of freshly added Sulfo-NHS-SS-biotin (Pierce,
Rockford, IL). After 30 min at 4°C, to stop subcellular trafficking, the
medium was discarded and the plates were washed three times with
PBS containing 0.5 mM MgCl,, 1 mM CaCl,, and 100 mM glycine.
The cells were scraped in RIPA buffer (50 mM Tris-HCI, 150 mM
NaCl, 5 mM ethylene glycol tetraacetic acid, containing 1% Triton
X-100, 0.5% deoxycholate, and 0.1% SDS and supplemented with
protease inhibitor cocktail [Roche], 2 mM PMSF, and 10 mM iodoac-
etamide, pH 7.5). After 15 min on ice the cells were sonicated,
and the homogenates were centrifuged at 14,000 rpm for 10 min.
Samples were then transferred to 1.5-ml Eppendorf microfuge tubes
containing 100 pl of NeutrAvidin beads (Pierce). After 2 h of incuba-
tion at 4°C under agitation, the beads were washed four times with
RIPA buffer. The final pellets were resuspended in 75 pl of 2x Laem-
mli buffer and denatured at 100°C for 5 min. The beads were pel-
leted, and the solubilized proteins were separated by SDS-PAGE,
transferred to nitrocellulose membranes, and probed with antibod-
ies directed against Cx43.

Immunofluorescence staining and image analysis

Indirectimmunofluorescence was performed following conventional
procedures. Cells were grown on coverslips, fixed for 10 min in ei-
ther ice-cold methanol or 4% formaldehyde in PBS, blocked and
permeabilized (1% BSA, 2% new-born calf serum, 0.01% Triton
X-100), and then incubated with the primary and corresponding Al-
exa 488- or cyanine 5-conjugated secondary antibodies as de-
scribed previously (Kaushik et al., 2006). After immunostaining, cells
were rinsed with PBS and mounted for microscopy using Fluoro-
mount-G (SouthernBiotech, Birmingham, AL). Images were col-
lected using either an Axiovert 200 fluorescence microscope (Carl
Zeiss, Jena, Germany) equipped with a 63x objective and 1.4 nu-
merical aperture and subjected to deconvolution with the manufac-
turer’s software or a confocal microscope Leica SP5Il AOBS (Leica,
Wetzlar, Germany) equipped with 60x objective. In the case of iso-
lated APGs, APLs, or lysosomes, vesicles were incubated for 10 min
at room temperature with primary antibodies, followed by incuba-
tion with fluorescence-conjugated secondary antibodies for an ad-
ditional 10 min as previously described (Koga et al., 2010). Labeled
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vesicles were recovered by centrifugation and spotted on a glass
slide, fixed with 8% formaldehyde in 0.25 M sucrose for 15 min, and
visualized with a 100x objective and 1.4 numerical aperture in the
Axiovert 2000 fluorescence microscope. For quantitative analysis,
number of fluorescent particles per cell was determined using the
Analyze Particles function of ImageJ after applying a fixed threshold
to all images. Percentage of colocalization was calculated using the
JACoP plug-in in this software.

Electron microscopy and immunogold

Isolated organelles were pelleted, fixed in 4% paraformaldehyde/0.1%
gluteraldehyde in 0.1 M sodium cacodylate, pH 7.43, dehydrated,
and embedded in Lowicryl. Immunogold labeling was performed on
ultrathin sections as described (Kaushik et al., 2006). Briefly, each grid
was washed in 50 mM glycine in phosphate-buffered saline, blocked,
and incubated with the primary antibody and gold-conjugated sec-
ondary antibodies for 2 h each. After extensive washing, samples
were fixed a second time for 5 min in 2% gluteraldehyde, washed,
and negatively stained with 1% uranyl acetate for 15 min. Control
grids were incubated with either an irrelevant immunoglobulin G and
the secondary antibody under the same conditions or only with the
secondary antibody. All grids were viewed on a JEOL 100CX Il trans-
mission electron microscope at 80 kV (JEOL, Peabody, MA).

Degradation analysis by image-based procedures
Degradation of Cxs in cultured cells was determined using the pho-
toswitchable protein Dendra, which can be subjected to irreversible
photoconversion from a green to a red fluorescent form. Cells ex-
pressing Dendra-Cx constructs for 2 4h were photoactivated by ex-
posure to a 3.5-mA (current constant) light-emitting diode (405 nm;
Norlux, Carol Stream, IL) for 10 min. At the desired times after pho-
toconversion, cells were fixed in 4% paraformaldehyde, and images
were captured with an Axiovert 200 fluorescence microscope. Quan-
tification of total intensity was performed in individual frames using
ImageJ in a minimum of 20 cells per condition. In other experi-
ments, cells were harvested 8 h after photoconversion and analyzed
by FACS to identify cells containing red and/or green fluorescence
in 30,000 events. The decay of red fluorescence was used as an in-
dicator of Cx degradation.

Gap junction permeability assay

Scrape-loading dye transfer technique was performed as described
previously (Lai et al., 2006). Briefly, cells were grown in six-well plates
to confluence, washed three times with HBSS, and scratched with a
sterile, broken razor blade. After incubation with (1.5 mg/ml) sulfo-
rhodamine B in HBSS for 3 min, cells were rinsed and fixed in 4%
paraformaldehyde. Images were collected with an Axiovert 2000
fluorescence microscope with a 20x objective. A dye with red fluo-
rescence emission was used for these studies because Atg7-knock-
down cells coexpress GFP. To quantify dye transfer, the size of the
fluorescence-occupied area was analyzed using Scion Image soft-
ware in 40 fields per condition in at least three independent
experiments.

Statistical analysis

All numerical results are reported as the mean + SEM from a mini-
mum of three independent experiments. GraphPad InStat software
(GraphPad, La Jolla, CA) was used for analysis of statistical signifi-
cance. For multiple comparisons a one-way analysis of variance
followed by post hoc Tukey’s test was used, and two-tailed
Student'’s t test for unpaired data was used to evaluate single com-
parisons between different experimental groups. Differences were
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considered statistically significant for a value of p < 0.05 (denoted
by an asterisk).
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