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Connexin-43 (Cx43, also known as GJA1) is the most ubiqui-
tously expressed connexin isoform in mammalian tissues. It
forms intercellular gap junction (GJ) channels, enabling adja-
cent cells to communicate both electrically and metabolically.
Cx43 is a short-lived protein which can be quickly degraded
by the ubiquitin-dependent proteasomal, endolysosomal, and
autophagosomal pathways. Here, we report that the ubiquitin-
specific peptidase 8 (USP8) interacts with and deubiquitinates
Cx43. USP8 reduces both multiple monoubiquitination and
polyubiquitination of Cx43 to prevent autophagy-mediated
degradation. Consistently, knockdown of USP8 results in decre-
ased Cx43 protein levels in cultured cells and suppresses inter-
cellular communication, revealed by the dye transfer assay. In
human breast cancer specimens, the expression levels of USP8
and Cx43 proteins are positively correlated. Taken together,
these results identified USP8 as a crucial and bona fide deubiq-
uitinating enzyme involved in autophagy-mediated degradation
of Cx43.

The connexins represent a family of transmembrane pro-
teins that form the intercellular gap junction (GJ)3 channels at
the plasma membrane of cell– cell contacts between adjacent
cells, enabling direct intercellular exchange of low-molecular-
weight molecules which include nucleotides, amino acids, sug-
ars, and signaling mediators such as inositol trisphosphate (IP3)
and cAMP (1, 2). Intercellular communication via GJ channels
plays an essential role in coordinating activities of individual
cells in tissues. Its dysfunction has been implicated as a causa-

tive factor in many human diseases including heart failure, neu-
ropathology, deafness, skin disorders, and cataracts (3). In
humans, there are 21 known members of the connexin family
protein, of which the best-characterized member is con-
nexin-43 (Cx43, also known as GJA1) (4). Cx43 is ubiquitously
expressed in many tissues, and Cx43-containing GJ channel is
critical for various physiological functions such as cardiac excit-
ability. Aberrant Cx43 expression is found in several types of
tumors including liver, breast, and prostate, and has been sug-
gested to play important role in tumor genesis, tumor cell pro-
liferation, differentiation, and metastasis (5, 6). However, the
molecular mechanism underlying the deregulated Cx43 expre-
ssion in the malignant cells remains elusive.

GJ channels are highly dynamic, and the connexins are short-
lived proteins with a half-life of only 1–5 h in cultured cells and
in most types of tissues (7). The connexins including Cx43 have
long been found to be posttranslationally regulated by the ubiq-
uitin (Ub) system (8, 9). The conjugation of ubiquitin chains to
Cx43 targets the protein for degradation through the protea-
somal, endolysosomal, and autophagosomal pathways (10 –12).
Many earlier studies using proteasome inhibitors showed that
Cx43 is degraded by proteasome (13, 14). However, recent
studies confirmed that only the endoplasmic reticulum–
dislocated unfolded Cx43 is subjected to degradation by pro-
teasome (15). The proteasome inhibitor modulates Cx43 pro-
tein level and location at the plasma membrane mostly via
indirect mechanisms. There is increasing evidence showing
that cells appear to continuously internalize and turn over their
GJs via a combined endocytic/exocytic process which utilizes
clathrin-mediated endocytosis components (16). The endocy-
tosed GJs form a double-membrane vacuole called annular gap
junction (AGJ) or connexosome (17, 18). The AGJ may be recy-
cled to the cell surface, or destined for degradation through the
endolysosomal and/or autophagosomal pathways (19, 20).
Ubiquitination of Cx43 may occur at several subcellular loca-
tions and is involved in multiple stages of degradation. At first,
ubiquitination serves as a main signal for endocytosis of Cx43-
based GJs from the plasma membrane and for the formation of
cytoplasmic AGJs (18, 21). In addition, ubiquitination pro-
motes Cx43 to be sorted into lysosomes or to be fused to
autophagosomes (11, 17, 19, 22). The latter is eventually fused
with lysosomes where the contents are degraded. Cx43 ubiq-
uitination was reported to be regulated by several E3 ubiquitin
ligases including NEDD4 (20), WWP1 (23), and TRIM21 (24).
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They may act at different stages/levels in the regulation of the
intracellular trafficking and degradation of Cx43-containing
GJs. For example, NEDD4 promotes endocytosis of Cx43, and
controls its degradation via either the endolysosomal or
autophagosomal pathway (20, 21).

Ubiquitination is a reversible posttranslational modification,
and deubiquitination of proteins is catalyzed by a family of pro-
tein consisting of �100 enzymes known as deubiquitinases
(DUBs) in human (25). Recently, the associated molecule with
the Src homology 3 domain (AMSH ) of the signal transducing
adapter molecule (STAM), an endosome-associated DUB, was
found to be capable of removing lysine 63–linked polyubiquitin
chains from Cx43 to regulate the internalization and degrada-
tion of Cx43-containing GJ channels (26). However, other
DUBs potentially involved in modulating the ubiquitination
level and degradation of Cx43 need to be further elucidated.

USP8, also known as UBPY, is another endosome-associated
DUB that belongs to the ubiquitin-specific protease (USP) fam-
ily and plays an important role in the endosomal sorting of
many proteins (27–31). USP8 can remove Lys48-, Lys63-, and
Lys6-linked ubiquitin chains (32, 33). More recently, we and
others reported that USP8 gene is recurrently mutated in
human pituitary corticotrophin adenomas, and USP8 mutation
causes disease via up-regulation of EGFR (34, 35).

Here, we show evidences that Cx43 protein levels are directly
regulated by USP8. USP8 modulates multi-monoubiquitina-
tion as well as Lys48- and Lys63-linked polyubiquitination of
Cx43 to prevent it from autophagy-mediated degradation.
USP8 expression positively correlates with Cx43 expression in
human breast cancers.

Results

USP8 interacts with Cx43

The ubiquitin-dependent degradation of Cx43 involves the
endolysosomal and autophagosomal pathways, suggesting that
endosomal DUBs may play a crucial role in controlling this
process. We reasoned that USP8, an endosomal DUB, may reg-
ulate the ubiquitination and degradation of Cx43. We first
examined whether USP8 could interact with Cx43. To this end,
we transfected FLAG-USP8 or control vector into HEK293T
cells which expresses endogenous Cx43 and USP8. We found
that endogenous Cx43 was co-immunoprecipitated with anti-
HA antibody only in HA-USP8 transfected cells (Fig. 1A). Sim-
ilarly, endogenous USP8 was co-immunoprecipitated with
anti-FLAG antibody only in FLAG-Cx43 transfected cells (Fig.
1B). Furthermore, endogenous USP8 was specifically immuno-
precipitated by anti-Cx43 antibody but not control IgG (Fig.
1C). These results suggest that USP8 interacts with Cx43 in the
cells. To determine which domain of USP8 interacts with Cx43,
we constructed a panel of GFP-tagged USP8 deletion mutants,
including the N-terminal MIT and Rhod domain (amino acids
(aa) 1–313), central domain (aa 313–776 ), and C-terminal USP
domain (aa 776 –1131) mutants. We co-introduced GFP-USP8
or its deletion mutants with Cx43 into HEK293T cells, and per-
formed immunoprecipitation assay (Fig. 1D, top panel). We
found that the central domain of USP8 was necessary and suf-
ficient for binding to Cx43 (Fig. 1D, lane 4). To test which

domain of Cx43 interacts with USP8, we then constructed a
panel of GFP-tagged Cx43 deletion mutants (Fig. 1E, top panel).
We co-expressed GFP-Cx43 or its deletion mutants together
with USP8 into HEK293T cells and performed immunoprecipi-
tation assay. We found that the first and second transmem-
brane (TM) domains (TM1–2) of Cx43 were not required for
interacting with USP8 (Fig. 1E). However, either the third and
fourth transmembrane domains (TM3– 4) or the C-terminal
domain of Cx43 was indispensable, but not sufficient for the
interaction with USP8 (Fig. 1E).

USP8 deubiquitinates and stabilizes Cx43

USP8 is a cysteine protease, which directly deubiquitinates
and stabilizes many substrates. We next examined whether
USP8 regulates the ubiquitination of Cx43. To this end, we
performed an in vivo ubiquitination assay and found that USP8
significantly reduced the levels of ubiquitinated species of Cx43
(Fig. 2A). This effect required the DUB activity of USP8, as the
catalytic inactive mutant (USP8C786A) failed to reduce the ubiq-
uitination of Cx43 (Fig. 2A). To determine whether USP8
directly deubiquitinates Cx43 in vitro, we purified ubiquiti-
nated Cx43 from HEK293T cells co-transfected with HA-Cx43
and His-ubiquitin using affinity purification with anti-HA aga-
rose beads and HA-peptide elution. FLAG-USP8 or USP8C786A

was purified from HEK293T cells transfected with FLAG-USP8
or USP8C786A expression vectors using affinity purification
with anti-FLAG agarose beads and FLAG-peptide elution. The
ubiquitinated Cx43 was incubated with purified WT USP8 or
USP8C786A for indicated times, followed by immunoblotting
with anti-ubiquitin antibody. As shown in Fig. 2B, WT USP8,
but not the C786A mutant, markedly reduced the ubiquitinated
species of Cx43, indicating that USP8 directly deubiquitinates
Cx43. We next asked whether USP8 is able to regulate the pro-
tein level of Cx43. We found that overexpression of USP8
increased the levels of endogenous Cx43 in HEK293T cells. Of
note, the C786A mutant suppressed the protein levels of endog-
enous Cx43, suggesting a domain-negative effect of this mutant
(Fig. 2C). The central domain of USP8 is necessary for its inter-
action with Cx43 (Fig. 1D). USP8 mutant which lacks the cen-
tral domain failed to deubiquitinate and stabilize Cx43 (Fig. S1).
Furthermore, knockdown of endogenous USP8 in MEF cells
significantly reduced Cx43 protein expression and enhanced its
ubiquitination level (Fig. 2, D and E). USP8 knockdown also
decreased Cx43 protein levels in two human cells lines (Fig.
2D). These results reveal that USP8 is a bona fide Cx43
deubiquitinase.

USP8 protects Cx43 from autophagy-mediated degradation

Based on the fact that Cx43 protein has a short half-time, and
USP8 knockdown led to reduction of endogenous Cx43 protein
levels, we proposed that USP8 could control the stability of
Cx43 protein. To test this hypothesis, we treated control or
USP8 knockdown MEF cells with a protein synthesis inhibitor
cycloheximide (CHX). As shown in Fig. 3A, USP8 knockdown
remarkably shortened the half-time of Cx43 protein. The sim-
ilar results were observed in MDA-MB-231 cells (Fig. S2A).
These results demonstrate a critical role of USP8 in maintain-
ing the stability of Cx43 protein. Degradation of Cx43 in MEFs
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has previously been ascribed mainly to the autophagosomal
pathway (19). Indeed, we found that treatment with bafilo-
mycin A1 (BAF), an inhibitor which blocks the lysosome/
autophagosome fusion and thereby prevents the autophagic
degradation pathway, completely blocked the degradation of
Cx43 protein in MEFs in the present of CHX. The lysosome
inhibitor chloroquine was also effective, although to a lesser
extent, in inhibiting Cx43 degradation (Fig. 3B). On the con-
trary, the proteasome inhibitor bortezomib failed to prevent
Cx43 degradation (Fig. 3B). Furthermore, we found that BAF
treatment significantly slowed down the degradation of
Cx43 in USP8 knockdown MEFs (Fig. 3C). In MDA-MB-231

cells, we also found that Cx43 degradation was blocked by
BAF, and BAF prevented Cx43 degradation caused by USP8
knockdown (Fig. S2, B and C). These results indicate that
USP8 knockdown promotes the autophagosomal degrada-
tion of Cx43. To further confirm this idea, we examined the
effect of USP8 knockdown on Cx43 protein levels in Atg7-
null MEFs, which are deficient in autophagy. We found that
USP8 knockdown did not lead to reduction of Cx43 protein
in autophagy-deficient MEFs (Fig. 3D). Taken together,
these results demonstrate that Cx43 is degraded mainly via
the autophagic degradation pathway in MEFs and USP8 reg-
ulates this process.

Figure 1. USP8 interacts with Cx43. A, HEK293T cells were transfected with HA-USP8 expression or control vectors, immunoprecipitated with HA beads and
immunoblotted with antibodies against Cx43 and HA. B, HEK293T cells were transfected with FLAG-USP8 expression or control vector, immunoprecipitated
with FLAG beads and immunoblotted with antibodies against USP8 and FLAG. C, HEK293T cells were immunoprecipitated with anti-Cx43 antibody, and the
precipitated complex was immunoblotted with antibodies against USP8 and Cx43. D, schematic representation of GFP-USP8 or its deletion mutants (top panel).
HEK293T cells were co-transfected with Cx43 and GFP-USP8 or its deletion mutants, immunoprecipitated with GFP beads, and immunoblotted with antibodies
against GFP and Cx43. E, schematic representation of GFP-Cx43 or its deletion mutants (top panel). HEK293T cells were co-transfected with USP8 and GFP-Cx43
or its deletion mutants, immunoprecipitated with GFP beads, and immunoblotted with antibodies against GFP and USP8.
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USP8 reduces multi-monoubiquitination and
polyubiquitination of Cx43

Autophagy modulates the dynamics of Cx43 at the plasma
membrane in an ubiquitin-dependent manner. We next atte-
mpted to determine which types of ubiquitin moieties are

attached to Cx43 and modified by USP8. It is generally thought
that monoubiquitination, multi-monoubiquitination (monou-
biquitination at multiple sites), and Lys63-linked polyubiquitin
chains are responsible for the internalization and endocytic
sorting of plasma membrane proteins (36), whereas Lys48-

Figure 2. USP8 deubiquitinates Cx43 and increases its protein level. A, HEK293T cells were co-transfected with His-Cx43, HA-ubiquitin (Ub), and FLAG-USP8
or FLAG-USP8C786A. After 48h, the cells were subjected to pulldown using the Ni2�-NTA beads under denaturation conditions, followed by immunoblotting. B,
ubiquitinated FLAG-Cx43 was incubated with HA-USP8 or USP8C786A purified from HEK293T cells for indicated times. The reaction mixture was analyzed by
immunoblotting using antibodies against Ub and USP8. C, immunoblotting of Cx43 and USP8 in HEK293T cells transfected with HA-USP8 or HA-USP8C786A expression
vector. D, immunoblotting of USP8 and Cx43 in indicated cell lines stably transfected with scramble and USP8 shRNA. E, MEFs stably transfected with scramble or USP8
shRNA were immunoprecipitated with anti-Cx43 antibody and immunoblotted with antibodies against Cx43 and Ub.
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linked polyubiquitin chains target proteins for proteasome-me-
diated degradation (37). However, both Lys63- and Lys48-linked
polyubiquitin chains can be recognized by the autophagy adap-
tor p62/SQSTM1 via its UBA-domain, leading to delivery of
endocytosed polyubiquitinated protein complexes to the auto-
phagic degradation pathway (38).

It was reported that Cx43 can be modified with Lys63-linked
polyubiquitin chains, and to a lesser extent, Lys48-linked polyu-
biquitin chains (26). We first tested the effect of USP8 on Lys48-
and Lys63-linked polyubiquitination of Cx43. To this end, we
transfected His-Cx43, HA-ubiquitin, and FLAG-USP8 into
HEK293T cells. His-Cx43 was purified using Ni2�-nitrilotri-
acetic acid (Ni2�-NTA) at the stringent condition to ensure
no other protein was retained, and the attached ubiquitin
chains were probed using antibodies specific for Lys63- or
Lys48-linked polyubiquitin chain. We found that overexpres-
sion of FLAG-USP8 led to a significant reduction of Cx43
modified with Lys63- or Lys48-linked polyubiquitin chains
(Fig. 4A). To further determine whether USP8 was able to

remove Lys48- or Lys63-linked polyubiquitin chains from
Cx43, endogenous Cx43 immunopurified from MEFs stably
transfected with scramble or shUSP8 was probed with anti-
bodies specific for Lys63- or Lys48-linked polyubiquitin
chains. As shown in Fig. 4B, USP8 knockdown resulted in a
robust accumulation of Cx43 modified with Lys63- and
Lys48-linked polyubiquitin chains.

To determine whether Cx43 could be monoubiquitinated,
FLAG-Cx43 was coexpressed with a HA-tagged mutant form of
ubiquitin with all lysine residues mutated to arginine (HA-
Ubk0) in HEK293T cells. In this case, addition of HA-Ubk0 pre-
vents the formation of polyubiquitin chains, generating modi-
fied proteins with one or more sites monoubiquitinated. As
shown in Fig. 4C, FLAG-Cx43 can be monoubiquitinated at
multiple sites by HA-Ubk0. Importantly, the incorporation of
HA-Ubk0 into FLAG-Cx43 was significantly reduced in cells
co-transfected with USP8, suggesting that USP8 regulates mul-
tiple monoubiquitination of Cx43 (Fig. 4C). Collectively, these
results demonstrate that Cx43 can be modified with multi-

Figure 3. USP8 protects Cx43 from autophagy-mediated degradation. A, immunoblotting of Cx43 and USP8 protein in scramble or shUSP8-infected MEFs
in the presence of CHX (50 mg/ml). B, immunoblotting of Cx43 protein in MEFs treated with bortezomib (BTZ) (50 nM), BAF (200 nM), or chloroquine (CQ) (50 �
m) for 6 h in the presence of CHX (50 mg/ml). C, immunoblotting of Cx43 protein in scramble or shUSP8-infected MEFs treated with BAF (200 nM) for indicated
times. A–C, quantification of the immunoblots comes from three independent experiments (mean � S.D.) and shown at the right. D, immunoblotting of Cx43
and USP8 protein in WT and Atg7-null MEFs stably infected with indicated lentivirus expressing scramble or USP8 shRNA.
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monoubiquitination and polyubiquitination, and both modifi-
cations can be regulated by USP8.

USP8 knockdown impairs intercellular communication via GJ

Cx43 is the most abundant connexin isoform expressed in
multiple cell types including MEFs, and the levels of intercellu-
lar communication via GJs relies largely on the amount of Cx43
at the plasma membrane. Consistent with previous results that
USP8 stabilizes Cx43 protein in MEFs, Triton X-100 fraction-
ation assay showed that the levels of Cx43 incorporated into GJs
decreased (Fig. S3). It is expected that USP8 knockdown could
impair intercellular communication via GJs. We next com-
pared GJ permeability between control and USP8 knockdown
MEFs. GJ permeability was determined by the diffusion of a
low-molecular-weight dye permeable through GJ channels,
which was measured by the flow cytometry. USP8 knockdown
in MEFs significantly reduced dye migration (Fig. 5), indicating
USP8 is important for the intercellular communication via GJs.

USP8 positively correlates with Cx43 protein levels in human
breast tumors

Cx43 is a prevalent connexin in breast tissues, and its aber-
rant expression has been implicated in multiple stages of
human breast cancers including initiation, development, and
metastasis (6). However, the molecular basis underlying the
aberrant regulation of Cx43 remains elusive. The identification
of key deubiquitinases in regulating Cx43 protein levels in
human breast tumors will be valuable for understanding the
pathogenesis of this disease.

To determine the relevance of Cx43 regulation by USP8 in
these patients, we performed immunohistochemical staining of
USP8 and Cx43 proteins on human breast tumor samples. As
expected, Cx43 protein levels were heterogeneous in these
samples. Very interestingly, a significant positive correlation
(r � 0.485; p � 0.01; Pearson score relation analysis) between
USP8 and Cx43 protein levels was observed in these breast car-

cinomas (Fig. 6), suggesting that deregulation of USP8 may
contribute to the aberrant expression of Cx43.

Discussion

Ubiquitination of Cx43 has long been known to modulate the
internalization and degradation of Cx43-containing GJs (8).
However, the DUBs which specifically deubiquitinate Cx43 and
reverse its degradation pathway remain elusive. AMSH is the
only DUB reported to deubiquitinate Cx43 and regulate its deg-
radation (26). In the current work, we demonstrate that USP8
interacts with and deubiquitinates Cx43. USP8 cleaves not only
monoubiquitin at multiple sites, but also Lys63- and Lys48-
polyubiquitin chains from Cx43. USP8 knockdown results in
accumulation of ubiquitinated Cx43, promoting Cx43 degra-
dation and thereby inhibiting intercellular communication via
GJs. Consistent with other previous reports that Cx43 deg-
radation is mainly mediated by autophagy in resting cells
(19), USP8 knockdown accelerated the autophagy-mediated
degradation of Cx43. Finally, USP8 positively correlates with
Cx43 protein levels in human breast tumors. Taken together,
this study identifies USP8 as a novel DUB involved in regu-
lating the ubiquitination and degradation of Cx43. This find-
ing may have important implications for our understanding
of the molecular mechanism underlying the aberrant expres-
sion of Cx43 during the pathogenesis of some Cx43-associ-
ated human diseases.

The importance of ubiquitination in controlling the endo-
cytosis and degradation of Cx43 has been well-established.
However, the types of ubiquitin moieties conjugated to Cx43
remains poorly understood. Here, we provide the evidence
that Cx43 can be both multi-monoubiquitinated and polyu-
biquitinated. Multi-monoubiquitination is generally beli-
eved to be responsible for the internalization and clathrin-
mediated endocytosis of membrane receptors (36). Using
overexpression system in cells, we observed that exogenous
Cx43 can be multi-monoubiquitinated, and this kind of

Figure 4. USP8 regulates multi-monoubiquitination and polyubiquitination of Cx43. A, HEK293T cells were co-transfected with His-Cx43, HA-Ub, and
FLAG-USP8, immunoprecipitated with Ni2�-NTA beads and immunoblotted antibodies against Cx43, Lys48- or Lys63-linked polyubiquitin chains. B, MEFs
transfected with scramble or shUSP8 were immunoprecipitated with anti-Cx43 antibody and immunoblotted with antibodies against Cx43, Lys48- or Lys63-
linked polyubiquitin chains. C, HEK293T cells were co-transfected with His-Cx43, HA-UbK0, and FLAG-USP8, immunoprecipitated with Ni2�-NTA beads and
immunoblotted with antibodies against Cx43 and HA.
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modification was counteracted by USP8. Although we did
not exclude the possibility that this effect is artificial, it is
likely that USP8 prevents internalization of Cx43-containing
GJs through inhibiting multi-monoubiquitination of Cx43.
Further study is demanded to determine whether the endog-
enous Cx43 could be multi-monoubiquitinated and the
exact positions of target lysines. Of note, it is possible that
USP8 regulates the endocytosis of other receptors such as
EGFR via a similar mechanism.

Cx43 undergoes modifications with Lys63- and Lys48-linked
polyubiquitin chains in vivo, and AMSH is reported to specifi-
cally remove Lys63-linked polyubiquitin chains. Here, we find
that USP8 is able to remove both Lys63- and Lys48-linked polyu-
biquitin chains from Cx43. Lys48-linked polyubiquitination pri-
marily targets proteins for proteasome-mediated degradation.
However, similar to Lys63-ubiquitin linkage, Lys48-ubiquitin
linkage is also able to provide signals for the targets to be sorted
to the lysosome. Moreover, both Lys63- and Lys48-polyubiqui-
tin linkages can be recognized by the autophagy adaptor p62/
SQSTM1, via its UBA-domain, to trigger autophagy-mediated
degradation. It is well-established that endocytosed Cx43-con-
taining GJs are degraded through the endolysosomal and
autophagosomal pathways (19, 20). Therefore, it is expected
that USP8 can prevent endocytosed Cx43-containing GJs from
entering these two degradation pathways via removing both
Lys63- and Lys48-polyubiquitin chains. In this study, we find
that Cx43 protein is constitutively degraded mainly through the
autophagosomal pathway in resting MEFs and USP8 inhibits this
process. However, it is absolutely possible that USP8 can also
inhibit the degradation of Cx43 mediated by the endolysosomal
pathway in other cell types or under other conditions. Therefore,
USP8 may act at different stages/levels in the regulation of the
intracellular trafficking and degradation of Cx43-containing GJs.
Further studies are needed to reveal these processes.

Figure 5. USP8 knockdown significantly reduced intercellular communication via GJs. A, flow cytometric analysis of unlabeled (top) and calcein
AM–labeled (bottom) scramble or shUSP8-infected MEFs. B, unlabeled MEFs were co-cultured with calcein AM–labeled MEFs (1:1) for 3 h to allow the dye
transfer between two populations, and then subjected for the flow cytometric analysis. In mixed culture, 50% cells with low fluorescence intensity present
unlabeled population (top panel). The relative mean fluorescence intensity (MFI) of unlabeled cells in shUSP8-infected MEFs was calculated and normalized to
that in scramble-infected MEFs (bottom panel). Each circle, square, or triangle represents one experiment. The data are shown as mean � S.D. from four
independent experiments. *, p � 0.05; Student’s t test.

Figure 6. USP8 positively correlates with Cx43 protein levels in human
breast cancer. A, representative primary human breast tumor specimen
stained for USP8 and Cx43. Case 1 is strongly positive for both USP8 and Cx43;
Case 2 is negative for both proteins. B, USP8 and Cx43 expression score are
calculated as described in method. Pearson correlation between USP8 and
Cx43 expression score in 34 human breast cancer samples is shown.
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USP8 knockdown significantly reduced the intercellular
communication via GJ. GJs are composed of different types of
connexins and the ubiquitin system plays a crucial role in reg-
ulating the turnover of these connexin members (22). In addi-
tion to Cx43, other connexins might be deubiquitinated and
stabilized by USP8. It is likely that USP8 promotes intercellular
communication via GJ through modulating multiple connexin
proteins.

Finally, USP8 positively correlates with Cx43 protein levels in
human breast cancers, suggesting that aberrant expression of
Cx43 in these tumors is in part caused by the deregulation of
USP8. USP8 may play a very important role in the pathogenesis
of human breast.

Experimental procedures

Cell culture and transfection

HEK293T, MDA-MB-231, HeLa, WT, and Atg7KO MEF cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum and antibiotics (100
units/ml penicillin, 100 g/ml streptomycin) and maintained at
37 °C under 5% CO2. Transient transfections of cells were per-
formed with PEI (Polysciences, Inc.) according to manufactu-
rer’s recommendations. All constructs were described in sup-
porting information and the sequence of primers used to
generate these constructs was listed in Table S1.

Immunoprecipitation, Triton X-100 fractionation assay, and
immunoblotting

Immunoprecipitation experiments were carried out in
HEK293T cells. In brief, cells were transfected with the indi-
cated expression vector for 48 h and then lysed in a cell lysate
buffer (20 mM Tris-HCL, 150 mM NaCL, 1% Nonidet P-40, 0.5
mM EDTA, protease inhibitor mixture) (Roche). After centrif-
ugation, the supernatant was pulled down by the indicated anti-
bodies and then analyzed by immunoblotting. The Triton
X-100 fractionation assay was performed as described previ-
ously by others (26). Whole cell lysates were prepared in RIPA
and proteins were resolved by SDS-PAGE and immunoblotted
using indicated antibodies. The antibodies used were as follows:
anti-Cx43 (Santa Cruz Biotechnology, sc-271837), anti-USP8
(Sigma, SAB4200527), anti-Ub (Abcam, ab7254), anti–Lys63-Ub
(Abcam, ab179434), anti–Lys48-Ub (Abcam, ab140601), anti-GFP
(Abmart, M20004S), and anti-tubulin (Proteintech Group,
10094–1-AP), anti-FLAG (Sigma, F102204), anti-HA (Sigma,),
anti-FLAG resin (Sigma, M8823), and anti-HA resin (Sigma,
IP0010).

In vivo ubiquitination assay

Cells were transfected with indicated plasmids and harvested
at 48 h after transfection, 20% of the cells were used for direct
immunoblotting and the rest of cells were harvested in a dena-
turation buffer (6 M guanidine-HCl, 0.1 M Na2HPO4/NaH2PO4,
and 10 mM imidazole). The lysates were incubated with Ni2�-
NTA–agarose beads (Qiagen) for 3 h, followed by four times of
washing with denaturation buffer and two times of washing
with a low-salt buffer (25 mM Tris-HCl and 20 mM imidazole).
Bead-bound proteins were eluted by boiling SDS sample buffer

in the presence of 200 mM imidazole. After centrifugation, the
supernatants were analyzed by immunoblotting.

In vitro ubiquitination assay

Ubiquitinated Cx43 was generated from HEK293T cells
transfected with FLAG-Cx43 and His-Ub and purified using
anti-FLAG affinity purification. HA-USP8 and its C786A
mutant proteins were expressed in HEK293T cells and purified
using the anti-HA affinity purification. The ubiquitinated Cx43
was then incubated with purified HA-USP8 (WT or the C786A
mutant) in deubiquitination buffer consisting of 50 mM Tris-
HCl, pH 8.0, and 10 mM DTT at 37 °C for indicated times. The
reactions were analyzed by immunoblotting.

Lentivirus-mediated gene knockdown

Lentivirus vectors encoding shRNA against USP8 were gen-
erated using the pLKO.1 vector with puromycin selection
marker (Addgene). The shRNA sequences for mouse USP8
are 5�-TCAAGCAACAGCAGGATTATT-3� (shUSP8 –1) and
5�-CTCACATCTAATGCTTACAA-3� (shUSP8 –2). The
shRNA sequences for human USP8 are 5�-TCAAGCAACAG-
CAGG ATTATT-3� (shUSP8 –1) and 5�-GCTGTGTTAC-
TAGCACTATAT-3� (shUSP8 –2). To make a virus, targeting
vectors were packaged with the helper plasmids dR8.9 and
VSVG. After centrifugation, the virus supernatant was col-
lected and used to infect MEFs. Three days post infection,
MEFs were selected in the present of puromycin (1 �g/ml)
for 5 days. USP8 knockdown in MEFs was confirmed by
immunoblotting.

Flow cytometric measurement of fluorescent dye transfer

Intercellular communication via GJs was measured by dye
transfer assay described previously with modifications (40). In
brief, MEF cells were labeled with 1 �M calcein AM (Invitrogen)
for 20 min. After washing, labeled cells were mixed with unla-
beled cells at the ratio of 1:1 and co-cultured on the dishes for
3 h, and then the dye transfer was analyzed by flow cytometry.

Immunochemistry and quantification

Immunohistochemical staining was performed as described
previously (39). 6-�m paraffin-embedded sections were rou-
tinely deparaffinized with xylene, rehydrated through a graded
alcohol series, and incubated in 3% (v/v) hydrogen peroxide to
block endogenous peroxidase activity. After antigen retrieving,
sections were incubated with 10% (v/v) normal goat serum to
block nonspecific staining. Sections were incubated with a pri-
mary antibody (USP8, 1:200; Cx43, 1:500) at 4 °C in a humidi-
fied chamber overnight, followed by incubation for 1 h with
biotin-conjugate secondary antibody (Jackson Immuno-
Research Laboratories). After that, streptavidin– horseradish
peroxidase was added, followed by incubation for 30 min.
Horseradish peroxidase activity was detected with a DAB kit
(Vector Laboratories). Images were captured with a FSX100
microscope equipped with a digital camera system (Olympus).
Samples were examined using the German semi-quantitative
scoring method. Each specimen was scored for staining inten-
sity (no staining � 0; weak staining � 1; moderate staining � 2;
strong staining � 3) and for extent of stained cells (0% � 0;
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1–24% � 1; 25– 49% � 2; 50 –74% � 3; 75–100% � 4). Tissue
sections were viewed with a light microscope (Axioskop 2; Carl
Zeiss Microscopy, Thornwood, NY) using Plan-Neofluar lens
at a 4�/0.50 air objective or 20�/0.50 air objective. Images
were taken using a color camera (Axiocam; Carl Zeiss Micros-
copy) and were analyzed using Axiovision software (Carl Zeiss
Microscopy).

Statistical analysis

Student’s t test was used for statistical analysis. p � 0.05 was
considered significant.
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