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Abstract
The degradation of connexin43 (Cx43) has been reported to involve both lysosomal and proteasomal
degradation pathways; however, very little is known about the mechanisms regulating these Cx43
degradation pathways. Using yeast two-hybrid, glutathione S-transferase pull-down, and co-
immunoprecipitation approaches, we have identified a novel Cx43-interacting protein of ~75 kDa,
CIP75. Laser confocal microscopy showed that CIP75 is located primarily at the endoplasmic
reticulum, as indicated by the calnexin marker, with Cx43 co-localization in this perinuclear region.
CIP75 belongs to the UbL (ubiquitin-like)-UBA (ubiquitin-associated) domain-containing protein
family with a N-terminal UbL domain and a C-terminal UBA domain. The UBA domain of CIP75
is the main element mediating the interaction with Cx43, whereas the CIP75-interacting region in
Cx43 resides in the PY motif and multiphosphorylation sites located between Lys264 and Asn302.
Interestingly, the UbL domain interacts with the S2/RPN1 and S5a/RPN10 protein subunits of the
regulatory 19 S proteasome cap subunit of the 26 S proteasome complex. Overexpression
experiments suggested that CIP75 is involved in the turnover of Cx43 as measured by a significant
stimulation of Cx43 degradation and reduction in its half-life with the opposite effects on Cx43
degradation observed in small interference RNA knockdown experiments.

Gap junctions are plasma membrane channels constructed of connexins, which mediate the
direct cell to cell communication of small molecules of <1000 Da, such as ions and regulatory
molecules like Ca2+, inositol 1,4,5-trisphosphate, and cAMP (1,2). Cx433 is one of the most
ubiquitously expressed connexins, and Cx43 gap junctions are critical to various physiological
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functions, such as rhythmic myocardial contractions (1,3,4), nerve and pancreas function (5),
oocyte maturation (6), and development (7).

Unlike most membrane proteins, connexins exhibit an exceptionally high metabolic lability
with half-lives ranging from 1.5 to 5 h (8–10). The rapid turnover of connexins has been
observed in a wide variety of cultured mammalian cells (10,11), whole organs (12), and intact
animals (13). Therefore, an efficient and highly regulated degradation mechanism is necessary
to control the dynamic turnover of connexins. Both lysosome and proteasome proteolytic
pathways have been implicated in connexin turnover in a variety of cell types (14–18) and
under various pathological conditions (19,20); however, a clear understanding of specific
mechanisms that may regulate the degradation of connexins by these two distinct pathways is
limited. The proteasome degrades cytosolic and nuclear proteins with high turnover rates and
plays a role in the ER-associated degradation (ERAD) of proteins. Pulse-chase analysis has
revealed that proteasome inhibitors decrease the turnover rate of Cx43 in tissue culture cells
(16,17) and in whole organs (12). It has also been shown that the ubiquitin proteasome pathway
is involved in the degradation of Cx43 (15,18). Ubiquitinated Cx43 has been identified (21),
and the ubiquitination of Cx43 has been found to affect Cx43 turnover and stability (16,18,
22,23). However, no connexin-specific ubiquitin ligase or the direct involvement of
ubiquitination in ERAD of connexin has been reported.

Several proteins that interact with connexins have been reported to contribute to the regulation
of gap junction assembly and turnover. The tight junction-associated protein, ZO-1, was
implicated in the regulation of gap junction assembly by facilitating the formation of connexon
hemichannel pairing (24,25). ZO-1 has also been reported to stabilize gap junctions possibly
by interconnecting them with the actin cytoskeleton. Cx43 turnover was increased if Cx43 no
longer interacted with ZO-1 (26). Cx43 can also interact directly with the actin cytoskeleton
(27), which may play a role in the turnover of Cx43. Finally, we reported that a novel Rab
GAP-like protein, CIP85, could interact with Cx43 and regulate its degradation, which
appeared to be lysosome-dependent (28). Taken together, these data demonstrated that
connexin-interacting proteins may be involved in the regulation of gap junction assembly,
stabilization, and turnover.

Members of the UbL-UBA domain-containing protein family have been implicated in different
biological functions, such as nucleotide excision repair (29,30), spindle pole body duplication
(31), and protein degradation (32–34). Notably, the Rad23 and PLIC2 proteins have been
reported to interact with the S2/RPN1 or S5a/RPN10 components of the 19 S subunit of the
26 S proteasome complex via their UbL domains (30,35,36). Moreover, the UBA domain can
interact with monoubiquitin (37,38), multiubiquitin chains (34,36), and multiubiquitinated
proteins (39,40). These data suggest that some UbL-UBA proteins might function as
proteasome-substrate adaptors or carriers. The mechanism of Cx43 proteasomal degradation
is poorly understood, and Cx43 has not been reported to interact directly with components of
the proteasome. However, it has been suggested that adaptor proteins might be involved in the
proteasomal degradation of Cx43 (18,23). A key attribute of a putative adaptor protein is the
ability to bind both Cx43 and at least one proteasomal component; however, such possible
adaptors have not been identified so far. Cx43 located in the ER can be dislocated from the ER
and degraded by the proteasome through ERAD, which can be inhibited by cytosolic stressors,
such as hyperthermia or sodium arsenite (23). It is not known if an adaptor protein or the 26 S
proteasome itself is involved in the dislocation process for connexins.

In this work, we report the identification and characterization of a novel Cx43-interacting
protein, CIP75, which contains an UbL-domain at its N terminus and an UBA domain at its C
terminus. CIP75 also contains a PEST sequence and a heat shock chaperonin-binding domain.
Significantly, CIP75 interacts with S2/RPN1 and S5a/RPN10 subunits of the 19 S proteasome
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complex, and the UbL domain of CIP75 is essential for this interaction. The UBA domain of
CIP75 interacts with Cx43 and this interaction appears to play a role in regulating the turnover
of Cx43. These results suggest that CIP75 functions as an adaptor in the degradation of Cx43
via the proteasomal pathway.

EXPERIMENTAL PROCEDURES
Cell Culture and Transfection

Human embryonic kidney HEK293, human cervical carcinoma HeLa cells without endogenous
Cx43 or stably infected with Cx43 (HeLa-Cx43), canine kidney epithelial MDCK with
(MDCK-Cx43) or without endogenous Cx43, Cx43 knockout mouse fibroblasts (Cx43-KO),
normal rat kidney (NRKe), and mouse sarcoma S180 cells with or without stably transfected
L-cadherin (S180L) were cultured in high glucose Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum, 20 mM L-glutamine, 100 units/ml
penicillin, and 100 μg/ml streptomycin at 37 °C with 5% CO2. Lipofectamine 2000
(Invitrogen), Effectene (Qiagen, Valencia, CA), or the Nucleofector (Amaxa, Gaithersburg,
MD) was used for the transient expression of FLAG-CIP75 and/or Cx43 in HEK293, HeLa-
Cx43, NRKe, and S180 cells. Transfected cells were harvested 24 or 48 h after transfection.

Plasmids and Antibodies
PCR-amplified FLAG-CIP75wt and its in-frame deletion mutants, FLAG-CIP75ΔUbL
(deletion of the first 89 amino acid residues from the N terminus), and FLAG-CIP75ΔUBA
(deletion of the last 44 amino acid residues from the C terminus) were cloned into the vectors
pcDNA3.1 and pET28a (Invitrogen). PCR-amplified FLAG-UBA and FLAG-UbL were also
cloned into the pET28a vector. To express glutathione S-transferase (GST)-Cx43 fusion
proteins, Cx43CT and its deletion mutants were amplified by PCR and cloned into pGEX-KG
at the BamHI and EcoRI sites. The accuracy of all constructs was verified by DNA sequencing.
The following plasmids were also used in this study: pGEX-2TK-RPN10/S5a (Daniel Finley,
Harvard Medical School, Boston, MA) and GST-RPN1/S2 (Youming Xie, Wayne State
University). The following antibodies were used in this study: mouse anti-FLAG (Sigma); rat
anti-FLAG (David Huang, The Walter and Eliza Hall Institute of Medical Research, Victoria,
Australia); mouse anti-GST (Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-actin
(Sigma); mouse anti-human proteasome subunit S2 (Calbiochem, San Diego, CA); and mouse
anti-Cx43 clones P2D12 and P4G9 (Paul Lampe, Fred Hutchinson Cancer Research Center,
Seattle, WA). A rabbit antibody against the synthetic peptide
(496PRTSVPLAGSNSGSSA511) of CIP75 (Washington Biotechnology, Simpsonville, MD)
was developed. The synthetic peptide was identified as a highly antigenic region of CIP75 by
using the Epitope Bioinformatics program. Antibody specificity was confirmed in peptide-
blocking Western blots and immunoprecipitations. Additional reagents used were MG-132 and
N-acetyl-Leu-Leu-norleucinal (ALLN) (Sigma) at a final concentration of 40 μM.

In Vitro GST/His Pull-down Assays
GST, GST-Cx43CT, GST-Cx43CT deletion mutants, GST-RPN1/S2, GST-RPN10/S5a,
FLAG-CIP75, FLAG-CIP75ΔUbL, FLAG-CIP75ΔUBA, FLAG-UBA, and FLAG-UbL
proteins were expressed in Escherichia coli BL21 cells grown to log phase. After induction
with 2 mM isopropyl 1-thio-β-D-galactopyranoside for 3 h, the cells were harvested,
resuspended in PBS supplemented with 2 mM PMSF, sonicated on ice six times for 25 s each,
and lysates were clarified by centrifugation. For GST pull-down assays, lysates were incubated
with glutathione-agarose beads, and the mixtures were rotated for 1 h at 4 °C. The beads were
washed six times with lysis buffer, and the proteins were eluted with GST elution buffer
containing 20 mM glutathione. For His pull-down assays, lysates with FLAG-CIP75 in pET28a
(which contains a His tag) were incubated with cobalt beads for 2 h. After beads were washed,
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precleared GST lysates were added and incubated with beads for 2 h. The beads were washed
five times with binding buffer before boiling with sample buffer to release proteins. The
proteins were resolved on SDS-containing 12% polyacrylamide gels and analyzed by
immunoblotting with anti-FLAG, anti-GST, or anti-CIP75.

Co-immunoprecipitation
HEK 293 cells were transiently transfected with pcDNA3.1 vector, pcDNA-FLAG-CIP75, and
pcDNA-Cx43 using Lipofectamine 2000, and incubated for 24 h, and the cells were harvested
and lysed. For co-immunoprecipitation of endogenously expressed proteins, MDCK-Cx43 or
S180 cells were grown to confluence, and the cells were lysed in 0.2% Nonidet P-40 lysis
buffer (0.2% Nonidet P-40, 150 mM NaCl, 20 mM Tris-HCl, pH 8.0, 1 mM dithiothreitol, 5
μg/ml leupeptin, 5 μg/ml aprotinin, 2 mM PMSF, 50 mM NaF, 160 μM Na3VO4, 1 mM
benzamidine), and the lysates were clarified by centrifugation at 100,000 × g for 20 min at 4
°C. Clarified supernatant proteins were immunoprecipitated with monoclonal anti-FLAG, anti-
GST, anti-Cx43 antibody, or a control normal mouse serum. The immune complexes were
collected with protein A/G-agarose beads, washed six times with 0.2% Nonidet P-40 lysis
buffer, and the proteins released from the beads by boiling for 5 min in SDS-PAGE sample
buffer. The proteins were analyzed by SDS-PAGE and immunoblotting for Cx43 and CIP75.

Metabolic Labeling
For endogenous CIP75 immunoprecipitation, cells were rinsed once with methionine-free
medium and radiolabeled in the same medium with [35S]methionine/cysteine (Expre35S35S,
PerkinElmer Life Sciences) at 100 μCi/ml for 5 h. The cells were rinsed in cold PBS and lysed
in radioimmune precipitation assay buffer (150 mM NaCl, 1% sodium deoxycholate, 1% Triton
X-100, 0.1% SDS, 10 mM Tris, pH 7.2) supplemented with 1 mM dithiothreitol, 2 mM PMSF,
50 μg/ml benzamidine, 10 μg/ml aprotinin, and 10 μg/ml leupeptin. After centrifugation, the
supernatant was immunoprecipitated with CIP75 antibody for 1 h at 4 °C and incubated with
Staphylococcus aureus for 30 min. The immune complexes were collected after washing four
times with radioimmune precipitation assay buffer, denatured by boiling in SDS-PAGE sample
buffer, and the proteins resolved on a SDS-containing 10% polyacrylamide gel.

RNA Interference and Pulse-chase
CIP75 gene expression was reduced using in vitro synthesized small interfering RNA duplexes.
In vitro transcription was performed by using the AmpliScribe T7 High Yield Transcription
kit (Epicenter Technologies, Madison, WI). Desalted DNA oligonucleotide primers were
ordered from IDT (Coralville, IA). The CIP75 sequence targeted by the siRNA-CIP75 was 5′-
AAGGAGG-GCATTATACCCTCCTATAGTGAGTCGTATTACC-3′. Specificity for the
CIP75 mRNA was verified by the BLAST search in the NCBI data base. Random siRNA
controls (siRNA-CL) were prepared by four nucleotide replacement of siRNA-CIP75. siRNAs
were transfected into cells using Lipofectamine 2000 or siLentfect lipid (Bio-Rad), and the
cells were harvested at 24 h after the second transfection.

For pulse-chase experiments, cells were transfected with either a vector only control, CIP75wt,
siRNA-CIP75, or random control siRNA-CL. Cells were rinsed once with methionine-free
medium and radiolabeled in the same medium with [35S]methionine/cysteine (Expre35S35S)
at 100 μCi/ml for 1 h. Radiolabeled cells were chased in Dulbecco’s modified Eagle’s medium
supplemented with 2 mM methionine for 3 and 6 h. The cells were rinsed in cold PBS and
lysed in radioimmune precipitation assay buffer supplemented with 1 mM dithiothreitol, 50
mM NaF, 160 μM Na3VO4, 1 mM PMSF, 50 μg/ml benzamidine, 10 μg/ml pepstatin, and 10
μg/ml leupeptin. After centrifugation, the supernatant was immunoprecipitated with Cx43
antibody for 1 h at 4 °C and incubated with protein A/G-agarose beads (Santa Cruz
Biotechnology, Santa Cruz, CA). The immune complexes were collected after washing six
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times with radioimmune precipitation assay buffer and denatured in SDS-PAGE sample buffer,
and the proteins were resolved on a SDS-containing 12% polyacrylamide gel. The gel was
dried, and the radiolabeled proteins were visualized with a Cyclone phosphorimaging device
(Packard Instrument, Meriden, CT). Protein degradation rate is expressed as t½, the time for
degradation of 50% of the labeled protein. The half-life data were expressed as the mean ±
S.D. of three independent experiments.

Laser Scanning Confocal Microscopy
NRKe cells were transiently transfected with pcDNA-FLAG-CIP75. 24 h after transfection,
cells were fixed in cold 80% methanol/20% acetone for 30 min at −20 °C and washed thrice
with 0.1% Triton X-100 in PBS (PBSTx) for 5 min each. The cells were then blocked with 5%
NGS and 1% bovine serum albumin in PBSTx for 30 min prior to incubation with mouse anti-
Cx43 antibody, rat anti-FLAG antibody, and rabbit anti-calnexin antibody in blocking solution
for 1 h. After three 5-min washes with PBS, the cells were incubated with goat anti-mouse
Alexa 594, goat anti-rat Alexa 488, and goat anti-rabbit Alexa 647-conjugated secondary
antibodies (Molecular Probes, Eugene, OR) for 1 h, then washed three times with PBS. The
cells were mounted on slides with Prolong Antifade reagent (Molecular Probes, Eugene, OR),
and the subcellular localization of Cx43, CIP75, and calnexin was examined using a TCS SP5
AOBS confocal microscope (Leica).

RESULTS
Characterization of a Novel Cx43-interacting Protein CIP75 with UbL and UBA Domains

The yeast two-hybrid system was applied to identify Cx43-interacting peptides (41,42). The
cytoplasmic tail of Cx43 (Leu222–Ile382, Cx43CT), fused to the LexA DNA-binding domain
(LexA-Cx43CT), was used as bait in a two-hybrid screen of a 9- to 10-day mouse embryo
cDNA library (41,43). Forty-two positive library clones were identified and further tested for
interaction by directed yeast two-hybrid assays. The ability of fifteen of the selected positive
cDNA clones to interact with the Cx43CT was tested in additional directed two-hybrid assays
(41). One relatively strong interacting clone, CAD6 (a portion of CIP75), was selected for
further characterization in this study and used to isolate the full length CIP75 cDNA from an
oligo-dT primed cDNA library prepared from a 16-day mouse embryo (28).

CIP75 has 596 amino acids and exhibited high amino acid sequence homology (75%) with the
human A1Up protein (44). The secondary structure analysis of the CIP75 deduced amino acid
sequence revealed that CIP75 contains a conserved ubiquitin-like domain (UbL, Ile13–Ala89)
at its amino terminus and an ubiquitin-associated domain (UBA, Phe554–Ser593) at its C
terminus (Fig. 1). CIP75 also contains a heat shock chaperonin-binding domain from amino
acid Pro188 to Glu255. A possible PEST sequence was also identified in CIP75 from Arg320 to
Val353. PEST sequences have been shown to direct the ubiquitination and subsequent
degradation of proteins undergoing rapid turnover (45). The general domain organization of
CIP75 showed high similarity to the human proteins A1Up, Rad23A, Rad23B, PLIC1, the
mouse proteins Rad23A, Rad23B, PLIC1, and the yeast protein DSK2 (Fig. 1). All of these
proteins contain one UbL domain and at least one UBA domain; thus, CIP75 is potentially a
member of this UbL-UBA domain-containing protein family.

To investigate the possible function of CIP75, the UbL and UBA domains of CIP75 were
aligned with those of human A1Up, PLIC1, Rad23A, Rad23B, mouse PLIC1, Rad23A,
Rad23B, and yeast DSK2 (Fig. 2). The UbL domain of CIP75 (Ile13–Ala89) showed high
homology with that of the A1Up, PLIC1, Rad23A, Rad23B, and DSK2 proteins (Fig. 2A), with
the UbL domain of the A1Up protein showing the highest identity at 97% (Fig. 2A). CIP75
contained nearly all of the conserved amino acid residues of the UbL domain present in the
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UbL-UBA protein family (Fig. 2A). Significantly, the CIP75 UbL domain contained the amino
acid residues (Thr19, Lys38, Lys54, Ile55, Ala57, Ile60, Val81, and Ile82), which were shown to
be responsible for the interaction of the UbL domain of the ubiquitin-like proteins with the
proteasome S5a subunit (46). The UBA domain of CIP75 (Phe554–Ser593) also had high
homology with the UBA domains of A1Up, PLIC1, DSK2 and the two UBA domains of
Rad23A and Rad23B (Fig. 2B). The CIP75 UBA domain showed 100 and 95% identity to
those of human A1Up and PLIC1, respectively (Fig. 2B). The similarity among the UBA
domains of these proteins was higher than that of the UbL domains, which suggested that the
conservation of the UBA domain was greater than that of the UbL domain (Fig. 2B).

CIP75 Interacts with Cx43 through Its UBA Domains
The UBA domains of Rad23 and DSK2 have been shown to bind ubiquitin and
polyubiquitinated proteins (39,40,47). To identify the Cx43 interacting-domain of CIP75, two
deletion mutants of CIP75, lacking either the UbL or UBA domain, were fused to the FLAG
epitope tag (Fig. 3A). The Cx43 C-terminal region, fused to GST (GST-Cx43CT), the wild-
type FLAG-CIP75 or the CIP75 mutants lacking either the UbL (CIP75ΔUbL) or the UBA
domains (CIP75ΔUBA) were expressed in bacteria (Fig. 3A). Equal amounts of whole cell
lysates expressing these proteins were incubated with glutathione-agarose beads, and the
protein complexes that were bound to the GST fusion proteins were resolved by SDS-PAGE
and examined by immunoblotting with the FLAG antibody. The GST pull-down results showed
that both the full-length CIP75wt (Fig. 3B, lane 2) and the UbL-deletion mutant (CIP75ΔUbL)
(Fig. 3B, lane 4) interacted with the GST-Cx43CT. In contrast, the interaction of the UBA-
deletion mutant (CIP75ΔUBA) with GST-Cx43CT was nearly undetectable (Fig. 3B, lane 5).
Importantly, FLAG-CIP75 was not detected in the GST-only control pull down (Fig. 3B, lane
3). These results demonstrated that CIP75 can interact with Cx43CT in vitro, and the UBA
domain of CIP75 is likely a major domain that dictates the interaction with Cx43. It is also
possible that a second region of CIP75 corresponding to the CAD6 region, isolated in the
original yeast two-hybrid screen, can interact with Cx43, but the interaction appeared to be
much weaker than that of the UBA domain (41).4 Interestingly, because bacteria do not exhibit
protein ubiquitination (48), the interaction between CIP75 and GST-Cx43CT may be ubiquitin-
independent, and perhaps the UBA domain of CIP75 interacts with non-ubiquitinated GST-
Cx43CT protein.

The yeast two-hybrid and GST pull-down results demonstrated that Cx43CT interacts with
CIP75. To investigate whether full-length Cx43 might interact with CIP75 in intact cells,
HEK293 cells were co-transfected with Cx43 and FLAG-CIP75. Cell lysates were
immunoprecipitated with either the Cx43 or FLAG antibody, and the proteins were
immunoblotted with antibody against the reciprocal protein to detect the interaction. Normal
mouse serum and the GST antibody were used as immunoprecipitation negative controls.
CIP75 was detected in Cx43 immunoprecipitates (Fig. 3C, lane 5), and Cx43 was detected in
the reciprocal FLAG-CIP75 immunoprecipitate (Fig. 3C, lane 2). The normal mouse serum
and GST antibody controls did not show similar co-immunoprecipitation results (Fig. 3C, lanes
1, 3, 4, and 6). These data demonstrated that full-length Cx43 can interact with CIP75 when
both proteins are co-expressed in HEK293 cells.

To investigate if the UBA domain is essential for the CIP75 interaction with Cx43, HeLa-Cx43
cells were transfected with FLAG-CIP75wt, and FLAG-CIP75ΔUBA and FLAG-4 X. Li, V.
Su, W. E. Kurata, C. Jin, and A. F. Lau, unpublished data. CIP75ΔUbL deletion mutants. Equal
amounts of whole cell lysates were immunoprecipitated with either FLAG or Cx43 antibodies,
and the presence of Cx43 in the immunoprecipitates was detected by immunoblotting with the
Cx43 antibody. We discovered that the interaction between Cx43 and CIP75 was greatly
reduced in the HeLa-Cx43 cells transfected with the CIP75ΔUBA deletion mutant (Fig. 3D,
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lane 4), whereas the interaction between Cx43 and CIP75ΔUbL deletion mutant was
comparable to that for the Cx43 and CIP75wt (Fig. 3D, lanes 2 and 6). The expression of Cx43
and FLAG-CIP75 proteins in these cells is shown in the right panel of Fig. 3D. These results
suggested that the UBA domain is essential for the interaction between full-length CIP75 and
Cx43 in intact cells.

A rabbit polyclonal antibody against CIP75 was prepared to investigate the interaction between
CIP75 and Cx43 expressed at endogenous levels in cells. We first examined the ability of the
resulting antibody to recognize endogenous CIP75 in various cell lines: Cx43 knockout cells,
HEK293 cells, parental MDCK cells, MDCK-Cx43 cells, HeLa cells, HeLa cells stably
expressing Cx43, S180, and S180L cells, and NRKe cells. Endogenous CIP75 (~75-kDa band)
was detected at significant levels in the S180 and S180L cells (Fig. 3E, lanes 8 and 9), and it
was also found at lower levels in the remaining cells (Fig. 3E, lanes 2–7 and 10). Preimmune
rabbit serum did not recognize endogenous CIP75 in either Cx43 knockout or NRKe cells (Fig.
3E, lanes 1 and 11). Furthermore, the CIP75 band was specifically diminished by preincubating
the antibody with competing immunizing peptide (supplemental Fig. S1A, lanes 2–4). In
addition, the CIP75 antibody specifically recognized the FLAG-CIP75 protein expressed in
bacteria (supplemental Fig. S1B, lane 1), which was also blocked by preincubating the antibody
with immunizing peptide prior to incubation with the blot (supplemental Fig. S1B, lane 2). To
investigate the interaction of endogenous CIP75 with Cx43, we selected the MDCK-Cx43 cell
line, which contained a moderate level of both endogenous CIP75 and Cx43. Whole cell lysates
were immunoprecipitated with either Cx43 or CIP75 antibodies, and the associated protein
was detected by immunoblotting using the reciprocal antibody. CIP75 antibody
immunoprecipitates contained Cx43, and the reciprocal immunoprecipitation with Cx43
antibody revealed the presence of CIP75 (Fig. 3F, lanes 3 and 4). Cx43 and CIP75 were not
detected in the immunoprecipitates prepared using either GST antibody or preimmune rabbit
serum (Fig. 3F, lanes 1 and 2). These results not only confirmed the previous in vitro interaction
data, but importantly, indicated that endogenous CIP75 and Cx43 interacted with each other.

The Region of Cx43 Containing Multiple Phosphorylation Sites, a Proline-rich Region, and a
WW-binding Domain Is Required for Binding to CIP75

The C-terminal region of Cx43 was used as bait in the yeast two-hybrid screening, which
originally identified a fragment of CIP75 (41,42). However, to refine the region of Cx43
required for CIP75 binding, various deletion mutants of GST-Cx43CT were prepared, and their
ability to bind CIP75 was tested by in vitro pulldown experiments (Fig. 4A). FLAG-CIP75
clearly interacted with Cx43CTwt (residues Val236–Ile382) and the Cx43CT-302 (containing
residues Val236–Asn302) deletion mutant (Fig. 4B, lanes 5 and 4). However, the Cx43CT-263
(residues Val236–Pro263) and Cx43CT-252 (residues Val236–Gly252) deletion mutants failed
to interact with CIP75 (Fig. 4B, lanes 2 and 3), which indicated that the region between
Lys264–Asn302 of Cx43 was necessary for Cx43 binding to CIP75. To confirm this prospect,
the Lys264–Asn302 region of Cx43 was fused to GST and used in pulldown assays. As shown
in Fig. 4C (lane 4), this region was sufficient to interact with FLAG-CIP75 in vitro. This result
is very interesting because this region of Cx43 contains multiple phosphorylation sites
(Tyr265, Ser279, and Ser282), a proline-rich region (Pro277–Pro284), and an overlapping WW-
binding domain (Ser282–Tyr286). Proline-rich regions and the WW-binding domains of the rH1
and CiC-5 proteins have been demonstrated to be involved in interactions with ubiquitin-
protein ligases (49,50), which suggests that CIP75 may regulate the turnover of Cx43 involving
ubiquitination.

CIP75 Co-localizes with Cx43 in Selected Subcellular Compartments
The biochemical demonstration of the CIP75-Cx43 interaction predicted that subpopulations
of these proteins might co-localize in subcellular compartments. To substantiate this prediction,
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NRKe cells were transiently transfected with FLAG-CIP75 and co-localization was examined
by laser scanning confocal microscopy using Cx43 and FLAG antibodies. Cx43 was clearly
evident at the cell periphery in punctate stainings reminiscent of gap junction plaques and in
the cytoplasm (Fig. 5, B and G). CIP75 was localized primarily to the cytoplasmic, perinuclear
region (Fig. 5, A and F). Interestingly, expression of CIP75 caused varying levels of Cx43
accumulation in the cytoplasm that were not seen in untransfected cells, and the cytoplasmic
Cx43 co-localized with CIP75 (Fig. 5, C and H). In addition, the perinuclear/cytoplasmic
localization of CIP75 and Cx43 was demonstrated to be at or around the ER based upon a
similar pattern of localization and partial co-localization with the ER-specific marker calnexin
(Fig. 5, D, I, E, and J). The apparent co-localization of CIP75 and Cx43 in the ER region is
consistent with their previously demonstrated ability to interact biochemically.

CIP75 Stimulates the Degradation of Cx43
Because several UbL-UBA domain-containing proteins, such as Rad23 and PLIC1, have been
implicated as adaptors involved in delivering ubiquitinated substrates to the proteasome (32,
51), we investigated if CIP75 affected the stability of Cx43. HeLa-Cx43 cells were transfected
with FLAG-CIP75 or its deletion mutants, equal amounts of whole cell lysates were resolved
by SDS-PAGE, and the levels of Cx43 were assayed by immunoblotting. The expression of
CIP75wt in HeLa-Cx43 cells was associated with a modest, but statistically significant (p
<0.01), decrease of Cx43 levels of ~30% compared with the vector-only transfected HeLa-
Cx43 cells (Fig. 6A, lane 4, and Fig. 6B). It is important to note that this 30% decrease was
observed with an average transfection efficiency of CIP75wt and its deletion mutants into
HeLa-Cx43 cells of ~70% (data not shown). The CIP75ΔUBA deletion mutant, which does
not interact with Cx43, failed to diminish Cx43 levels, compared with the cells expressing
CIP75wt (Fig. 6A, lane 3, and Fig. 6B), which suggested that the interaction of CIP75 with
Cx43 through the UBA domain is essential for the ability of CIP75 to regulate Cx43 levels in
these cells. The CIP75ΔUbL deletion mutant also did not diminish Cx43 levels, which may be
due to the potential inability of CIP75ΔUbL to interact with components of the proteasome
(Fig. 6A, lane 2, and Fig. 6B). It is possible that the CIP75ΔUbL mutant may function as a
dominant-negative mutant of CIP75 because its ability to interact with Cx43 is intact, but it
may not interact with proteasome components and thus would be unable to facilitate the
proteasome degradation of Cx43.

Depression of CIP75 Levels by siRNA Elevates the Levels of Endogenous Cx43
To further examine the effect of CIP75 on Cx43 degradation, a CIP75 siRNA (siRNA-CIP75),
corresponding to the CIP75 nucleotide sequence of residues 902–921 was prepared and tested
for the ability to reduce CIP75 levels in HeLa-Cx43 and S180 cells. The siRNA treatment of
HeLa-Cx43 cells, which express a low level of endogenous CIP75 (Fig. 3E), reduced CIP75
levels by ~70% in these cells (Fig. 6A, bottom panel, lane 2). Notably, the reduction of the
endogenous CIP75 in HeLa-Cx43 cells also produced a statistically significant increase in the
Cx43 protein level of ~20%, compared with the random siRNA and vector-only transfected
control cells (Fig. 6A, top panel, lane 5, and Fig. 6B). The random siRNA control, which did
not reduce the level of endogenous CIP75 (Fig. 6A, bottom panel, lane 3), left Cx43 levels
unaffected (Fig. 6A, top panel, lane 6, and Fig. 6B). To expand these studies, S180 cells were
employed, which endogenously express high levels of Cx43 and CIP75. The siRNA treatment
reduced CIP75 levels to ~30% of the random siRNA control level in S180 cells (Fig. 6C, top
panel, lane 2, and Fig. 6D, left panel). The siRNA-induced reduction in endogenous CIP75
levels was associated with a significant increase of nearly 55% in the level of Cx43 (Fig. 6C,
middle panel, lane 2, and Fig. 6D, right panel). Importantly, the random siRNA control did
not affect CIP75 or Cx43 levels (Fig. 6C, top and middle panels, lane 3, and Fig. 6D). These
combined results in two different cell lines suggested that the expression of CIP75 was
associated with decreased Cx43 levels.
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To determine if the effect of CIP75 on the levels of Cx43 involved an increase in the Cx43
turnover rate, pulse-chase experiments were conducted using HeLa-Cx43 cells. Effects of an
increased level of CIP75 on Cx43 levels were examined in these cells by the transient
transfection and overexpression of exogenous CIP75. HeLa-Cx43 cells transfected with vector
only showed a Cx43 half-life of ~2.9 h (Fig. 6E). Overexpression of exogenous CIP75 reduced
the half-life of Cx43 to ~2.4 h (Fig. 6E). Remarkably, the introduction of the CIP75 siRNA,
which would be expected to reduce both exogenous and endogenous CIP75 levels, significantly
increased the half-life of Cx43 to around 4.8 h (Fig. 6E). This elevated Cx43 half-life can be
compared with that in the random CIP75 siRNA and vector control cells, which exhibited a
Cx43 half-life of ~2.9 h (Fig. 6E). Thus, the ability of CIP75 to stimulate a reduction in Cx43
levels was associated with an increase in turnover rate of Cx43.

Proteasomal Degradation May Be Involved in CIP75-regulated Cx43 Degradation
To investigate if the CIP75-associated degradation of Cx43 is mediated by proteasomes, HeLa-
Cx43 cells transfected with either CIP75wt or a vector control were treated 24 h after
transfection with the proteasome inhibitor, MG-132, for 4 h. MG-132 induced a dose-
dependent block of Cx43 degradation associated with expression of CIP75, with the inhibition
effective at a concentration of MG-132 as low as 20 μM (Fig. 7, A and B). Similar results were
also observed using the proteasome inhibitor ALLN (data not shown). These results suggested
that the proteasome is a major pathway by which CIP75 stimulates the degradation of Cx43.
These observations, combined with the previous report of the degradation of Cx43 by
proteasomes in ERAD (23), our discovery of CIP75 co-localized with Cx43 at the ER, and its
structural similarity to other UBA-UbL domain proteins, which may function as adaptors for
proteasome substrates, suggested that CIP75 may be involved in the dislocation of Cx43 from
the ER and its subsequent degradation by the proteasome.

CIP75 Interacts with the S2/RPN1 and S5a/RPN10 Subunits of the 19 S Proteasome Complex
via Its UbL Domain

The experiments using the MG-132 inhibitor suggested the involvement of proteasomes in the
CIP75-associated degradation of Cx43. Because several UbL-UBA domain-containing
proteins have been reported to interact with the S2/RPN1 and S5a/RPN10 subunit proteins of
the 19 S regulatory particle of the proteasome (35,52), we were interested in establishing if
CIP75 also interacted with these 19 S proteasome proteins. FLAG-CIP75wt, FLAG-
CIP75ΔUBA, and FLAG-CIP75ΔUbL, and the isolated UBA and UbL domains (FLAG-UBA
and FLAG-UbL, Fig. 8A) were used in GST pulldown assays against bacterially expressed and
purified GST-S2/RPN1 and GST-S5a/RPN10 proteasomal proteins. The S5a/RPN10 protein
interacted with CIP75wt, the CIP75ΔUBA deletion mutant, and the isolated UbL domain (Fig.
8B, lanes 2, 4, and 6), but not with the CIP75ΔUbL deletion mutant or the isolated UBA domain
(Fig. 8B, lanes 3 and 5). Similar results were obtained in GST pulldown assays between the
S2/RPN1 subunit and CIP75 (Fig. 8C). In addition, the S2/RPN1 subunit interacted with the
isolated UbL domain, but not the UBA domain (Fig. 8C, bottom panel, lanes 3 and 4). These
data indicated that CIP75 can interact in vitro with the RPN10 and RPN1 proteasomal subunits
through its UbL domain, as has been reported for other UbL-UBA domain-containing proteins
(35,46,52).

To further explore the interaction between CIP75 and the proteasome in intact cells, FLAG-
CIP75 was transiently expressed in HeLa-Cx43 cells, and whole cell lysates were
immunoprecipitated with either the S2/RPN1 or FLAG antibody, followed by immunoblotting
with the reciprocal antibody. These results showed that CIP75 co-immunoprecipitated with
S2/RPN1 (Fig. 8D, lane 3), and, in the reciprocal reaction, the S2/RPN1 protein co-
immunoprecipitated with CIP75 (Fig. 8D, lane 4). These data not only confirmed the in vitro
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GST pulldown assay results, but importantly, showed that CIP75 can interact with the S2/RPN1
proteasome protein in intact cells.

DISCUSSION
In the present work, we demonstrate that CIP75 is a novel Cx43-interacting protein, which
confirmed results from our earlier yeast two-hybrid screen that CAD6, comprising a region of
CIP75, interacted with the C-terminal region of Cx43 (42). The conclusion that CIP75 is a
Cx43-interacting protein was supported by results from several different experimental
approaches. First, the in vitro GST pulldown assays of purified GST-Cx43CT and CIP75
expressed in bacteria showed the interaction between the full-length CIP75 and Cx43CT (Fig.
3B). Second, co-immunoprecipitation of CIP75wt and Cx43 co-expressed in HEK293 and
HeLa-Cx43 cells confirmed their interaction (Fig. 3, C and D). Third, co-immunoprecipitation
assays demonstrated the interaction between CIP75 and Cx43 expressed endogenously in
MDCK cells (Fig. 3F). Finally, as predicted from these biochemical studies, laser scanning
confocal microscopy showed that some subpopulations of CIP75 and Cx43 co-localized in
NRKe cells, principally at calnexin-positive perinuclear regions, indicative of the ER (Fig. 5).
Importantly, overexpression and siRNA experiments revealed that CIP75 stimulated the
degradation of Cx43 mediated by the proteasomal processing system, which may involve the
dislocation of Cx43 from the ER and its degradation by the proteasome in the cytoplasm.

The presence of UbL and UBA domains suggested that CIP75 belongs to the newly emerging
UbL-UBA domain-containing protein family. The UbL-UBA proteins have been shown to
play important roles in the ubiquitin-proteasome protein degradation pathway (33,34,39,40,
53). The UbL-UBA protein, Rad23, has been implicated as an adaptor or “shuttle factor” for
the translocation of ubiquitinated protein substrates from membrane and/or cytoplasmic
locations and the docking to the 26 S proteasome for degradation (39,54). Rad23 acts on
proteins such as Rad4, the γ-aminobutyric acid receptor, and a cyclin-dependent kinase
inhibitor (39,53–55). Similarly, the yeast DSK2 protein has also been implicated as an adaptor
in the ubiquitin-proteasome protein degradation pathway via its UbL and UBA domains (40).
The principal function of the UbL domain is to mediate the interaction between an UbL-UBA
protein and elements of the proteasome (35,52,56,57). The UBA domain of UbL-UBA proteins
has a general capacity to bind ubiquitinated proteins in vitro, but it shows substrate specificity
in vivo, which may explain why several UbL-UBA proteins have been identified so far (58).
We noted recently that CIP75 is 100% identical to the mouse UBIN protein, which was reported
to localize to the ER and interact with HSP47, an ER chaperone, through UBIN amino acids
140–254, corresponding to the CIP75 chaperonin-binding domain (Fig. 1) (59).

The observation that CIP75 stimulated the degradation of Cx43, largely via the proteasomal
system, prompted an important question: What is the mechanism by which CIP75 effects these
changes in Cx43 metabolism? Based upon models described for other UbL-UBA proteins,
such as Rad23, our data suggested the hypothesis that CIP75 may function as an adaptor or
shuttle factor that facilitates the extraction or dislocation of Cx43 from intracellular sites, such
as the ER, for proteasomal degradation. This putative adaptor function of CIP75 may operate
first to dislocate either unfolded or misfolded Cx43 specifically from the ER, followed by the
transfer of Cx43 to the 26 S proteasome for efficient degradation in the process known as ER-
associated degradation or ERAD (60,61). This suggestion was prompted by the original
observations by Van Slyke and Musil (23) that Cx43 is subject to ERAD in S180, Chinese
hamster ovary, and NRK cells. Cx43 was shown to be ejected or dislocated from the ER into
the cytosol in an intact form in the presence of the proteasomal inhibitor, ALLN, but was subject
to rapid degradation upon restoration of proteasomal function by removal of the inhibitor
(23). The dislocation of Cx43 from the ER was markedly reduced by cytosolic stress induced
by oxidative (sodium arsenite) or hyperthermal treatments leading to an increase in gap junction
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formation and gap junctional communication. The notion that CIP75 may function at the ER
is consistent with our observations that subpopulations of CIP75 appear to co-localize with
increased amounts of Cx43 in calnexin-positive perinuclear regions (Fig. 5). The increased
cytoplasmic Cx43 that resulted from CIP75 expression corroborates the biochemical results
where CIP75 expression leads to decreased amounts of Cx43 (Fig. 6). Because the decreased
Cx43 level is due to proteasomal degradation, it is possible that the increased cytoplasmic Cx43
represents Cx43 that is being targeted for proteasomal degradation through CIP75. Van Slyke
and Musil (23) proposed that 26 S proteasomes are recruited to the ER by presumably misfolded
Cx43 destined for ERAD, with the proteasome participating in the dislocation of Cx43 from
the ER membrane. As far as we know, Cx43 has not been reported to interact directly with the
proteasome or its components; thus, our modification of this model postulates that CIP75 may
serve as an “adaptor”: utilizing the UBA domain at its C terminus to bind to the C-terminal
region of Cx43, which is localized to the cytosolic face of the ER membrane, and its UbL
domain to interact with 19 S proteasomal subunits, such as the S2/RPN1 and the S5a/RPN10
proteins. The failure of the CIP75ΔUBA and CIP75ΔUbL deletion mutants to foster Cx43
degradation presumably reflects their inability to interact with either Cx43 or the 19 S
proteasomal elements, respectively.

Interestingly, the CIP75-interacting domain in the C-terminal region of Cx43 is localized
primarily to the domain between Lys264–Asn302, which contains a proline-rich motif that
conforms to the consensus PY motif (XPPXY), a WW-binding domain, and several serine and
tyrosine phosphorylation sites. Several ion channels interact with ubiquitin ligases via PY
motif/WW domain interactions, which lead to their ubiquitin-associated proteasomal
degradation (49,50,62–64). Ubiquitination and proteasomal degradation of Cx43 has also been
reported in different cell types and physiological states (15,22,65). Recently, Cx43 was
reported to interact with the Nedd4 ubiquitin ligase (66). Knockdown of Nedd4 by siRNA
resulted in a corresponding increase in the number of gap junction plaques at interjunctional
plasma membranes (66). The WW domains of Nedd4 were found to bind Cx43, and in
particular, the WW2 domain of Nedd4 interacted with the S282PPGY286PY motif located in
the C-terminal region of Cx43 (66). It is possible that CIP75 may also function as a cofactor
for anubiquitinligaselikeNedd4intheregulationofubiquitination-dependent degradation of
Cx43. The interaction between CIP75 and Cx43 may modulate the interaction between Cx43
and such ubiquitin ligases. Further studies are required to address the ubiquitination state of
CIP75-interacting Cx43 to assess this possibility. It has also been reported that phosphorylation
of Cx43 stimulates its ubiquitination and subsequent degradation (20,65) and that
ubiquitination of Cx43 may be regulated by both protein kinase C and mitogen-activated
protein kinase pathways (65).

Several Cx43-interacting proteins have been shown to affect the turnover of Cx43 (25,28). It
would be interesting to determine if the binding of one Cx43-interacting protein affected the
binding affinity of another Cx43-interacting protein and its biological functions. Given the
nature of gap junction assembly, even a modest change of connexin levels at the plasma
membrane can result in a rapid change in gap junction plaque formation and cell
communication (23). Thus, the trafficking and turnover of connexin must be tightly regulated
in response to different physiological status. The distinct roles of the Cx43-interacting proteins
in regulating the turnover of Cx43 might be different in response to different cellular stresses
and signals. CIP75 may possibly interact with other cellular proteins, which in turn may affect
the interaction of CIP75 with Cx43 and the proteasome. The UbL domain of Rad23 has been
shown to directly interact with ufd2 (E4), and this interaction affects the UBA domain
interaction with its target protein and the subsequent proteasome delivery and degradation
(32). Thus, it is possible that other CIP75-interacting proteins may regulate the binding affinity
of CIP75 with Cx43 and the proteasome, affecting its function in the proteasomal degradation
process.
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Heat-shock stress has been shown to stimulate the degradation of Cx43 (67). Interestingly,
CIP75 has a heat-shock chaperonin-binding domain, which may play a role in the heat-shock-
induced degradation of Cx43. An interesting question to be addressed in future studies is
whether or not CIP75 is regulated in response to physiological stresses. It is possible that
changes in the level or post-translational modification of CIP75 may affect the
retrotranslocation and the ubiquitination and degradation of Cx43 that can lead to changes in
gap junctional communication.
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FIGURE 1. Domain structure of CIP75 and other UbL-UBA domain-containing proteins
CIP75 contains 596 amino acids and has a single ubiquitin-like domain (UbL) at its N terminus
and an ubiquitin-associated (UBA) domain located at its C-terminal tail. CIP75 also has a PEST
(P) sequence and a heat shock chaperonin-binding (CPB) domain. The general structures of
the human A1Up, human and mouse PLIC1, human and mouse Rad23A, Rad23B, and yeast
DSK2 proteins are shown for comparison.
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FIGURE 2. Amino acid sequence alignments of the UBA and UbL domains of CIP75 and other
UbL-UBA domain-containing proteins
Amino acid sequence alignment of the UBA domains (A) and the UbL domains (B) of mouse
CIP75, human A1Up, human and mouse PLIC1, human and mouse Rad23A, Rad23B, and
yeast DSK2 proteins. The numbers in A and B represent the amino acid positions from the N
to C termini. The shading gradient denotes the degree of identity or similarity, the darker the
color, the higher homology among the proteins.
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FIGURE 3. The interaction between Cx43 and CIP75 is dependent upon the UBA domain of CIP75
A, schematic diagram of FLAG-CIP75wt and the FLAG-CIP75 UbL (FLAG-CIP75ΔUbL)
and FLAG-CIP75 UBA (FLAG-CIP75ΔUBA) deletion mutants. B, GST-Cx43CT was
bacterially expressed, purified, and mixed with bacteria lysates containing FLAG-CIP75wt,
FLAG-CIP75ΔUbL, or FLAG-CIP75ΔUBA. Proteins bound to the GST-Cx43CT were
collected on glutathione-agarose beads and analyzed by immunoblotting with anti-FLAG.
Top: GST pulldown assays with GST-Cx43CT only (lane 1), GST-Cx43CT and FLAG-
CIP75wt (lane 2), GST only and FLAG-CIP75wt (lane 3), GST-Cx43CT and FLAG-
CIP75ΔUbL (lane 4), and GST-Cx43CT and FLAG-CIP75ΔUBA (lane 5). Bottom: input of
FLAG tagged-CIP75wt (lanes 2 and 3), FLAG-CIP75ΔUbL (lane 4), and FLAG-CIP75ΔUBA
(lane 5). C, transiently expressed Cx43 and FLAG-CIP75 in HEK293 cells were co-
immunoprecipitated. Cell lysates were immunoprecipitated with anti-GST (lanes 1 and 4), anti-

Li et al. Page 17

J Biol Chem. Author manuscript; available in PMC 2010 May 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FLAG (lane 2), normal mouse serum (NMS, lanes 3 and 6), and Cx43 antibody (lane 5). Co-
immunoprecipitated Cx43 or CIP75 were detected by immunoblotting using anti-Cx43 or anti-
FLAG, respectively. D, transiently expressed FLAG-CIP75wt or the FLAG-CIP75 deletion
mutants in HeLa-Cx43 cells were co-immunoprecipitated with Cx43. Left: cell lysates
containing FLAG-CIP75wt (lanes 1, 6, and 7), FLAG-CIP75ΔUbL (lanes 2 and 3), or FLAG-
CIP75ΔUBA (lanes 4 and 5) were immunoprecipitated with normal mouse serum (lane 1),
FLAG antibody (lanes 2, 4, and 6), or Cx43 antibody (lanes 3, 5, and 7). Right: expression and
loading controls for HeLa-Cx43 cells transiently transfected with FLAG-CIP75wt or the
FLAG-CIP75 deletion mutants: vector only control (lane 1), FLAG-CIP75ΔUbL (lanes 2),
FLAG-CIP75ΔUBA (lane 3), and FLAG-CIP75wt (lane 4). Cx43 or CIP75 were detected by
immunoblotting using anti-Cx43 or anti-FLAG, respectively. E, expression of endogenous
CIP75 in Cx43KO, HEK293, MDCK, MDCK-Cx43, HeLa, HeLa-Cx43, S180, S180L and
NRKe cells. Endogenously expressed CIP75 was detected by the immunoprecipitation of
[35S]methionine/cysteine-labeled cell lysates with anti-CIP75 (lanes 2–10) and compared with
immunoprecipitation using preimmune rabbit serum (PRS: lanes 1 and 11). F, endogenously
expressed Cx43 and CIP75 in MDCK-Cx43 cells were co-immunoprecipitated. Cell lysates
were immunoprecipitated with anti-GST (lane 1), preimmune rabbit serum (lane 2), anti-CIP75
(lane 3), or anti-Cx43 (lane 4). The immunoprecipitated proteins were immunoblotted with
either anti-CIP75 (top) or anti-Cx43 (bottom).
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FIGURE 4. The region between Lys264–Asn302 of Cx43 is necessary for binding to CIP75
A, schematic representation of the different GST-fused Cx43CT deletion mutants used in in
vitro pulldown binding assays against CIP75. B and C, GST and His pulldown assays of FLAG-
CIP75 (in pET28a vector containing His tag). GST alone, GST-Cx43CT-wt, GST-Cx43CT
deletion mutants, or FLAG-CIP75 were expressed in bacteria. B, top: lysates containing FLAG-
CIP75 were incubated with GST alone (lane 1), GST-Cx43CT-wt (lane 5), or the GST-Cx43CT
deletion mutants (lanes 2– 4) purified on glutathione-agarose beads. The amount of FLAG-
CIP75 specifically bound to the GST-Cx43 was analyzed by immunoblotting with anti-FLAG.
Bottom: expression levels of the GST alone, GST-Cx43CT-wt, and the GST-Cx43CT deletion
mutants in bacteria were determined by immunoblotting with anti-GST. C, lysates containing
GST-Cx43CT-wt (lane 3) or GST-Cx43CT deletion mutants (lanes 1, 2, and 4) were incubated
with His-FLAG-CIP75 purified on cobalt beads. Top: the amount of CIP75 bound to beads
was determined by immunoblotting with anti-CIP75. Bottom: the amount of GST-Cx43-wt
and the GST-Cx43CT deletion mutants that bound to CIP75 was analyzed by immunoblotting
with anti-GST.
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FIGURE 5. CIP75 and Cx43 co-localize at the ER
NRKe cells were transiently transfected with FLAG-CIP75. The subcellular localization of
CIP75 (green, A and F) and Cx43 (red, B and G) with the ER marker calnexin (blue, D and
I) was visualized by LSCM. CIP75 expression causes increased levels of cytoplasmic Cx43 to
varying degrees (top, lower levels; bottom, higher levels) where CIP75 co-localizes with Cx43
(yellow, C and H). CIP75 and Cx43 co-localization occurs at or around the ER (E and J). Scale
bar: 10 μm.
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FIGURE 6. CIP75 affects the degradation of Cx43
A, HeLa-Cx43 cells were transiently transfected with vector only (lane 1), FLAG-CIP75ΔUbL
(lane 2), FLAG-CIP75ΔUBA (lane 3), FLAG-CIP75wt (lane 4), siRNA-CIP75 (lane 5), or
siRNA-CL (lane 6). Cells were lysed after 48 h, and total cell lysates were analyzed by
immunoblotting with anti-Cx43 (top panel). Immunoblotting for actin served as a loading
control (middle panel). HeLa-Cx43 cells were transfected with vector only, siRNA-CIP75, or
siRNA-CL, and lysed after 48 h. Expression of CIP75 was analyzed by immunoblotting with
anti-CIP75 (bottom panel). B, Cx43 protein levels, normalized to the vector-only control, were
quantified usingaBio-RadFluor-SMultiImagerandanalyzedwithQuantityOnesoftware.
Thedatarepresentthemeanofthree independent experiments ±S.E. **, represents average Cx43
values with statistically significant differences (p <0.01) from the vector-only control value.
C, S180 cells were transfected with vector only (lane 1), CIP75 siRNA (siRNA-CIP75, lane
2), or a random siRNA control (siRNA-CL, lane 3) and incubated for 48 h. Amounts of CIP75
and Cx43 were assayedbyimmunoblottingwithanti-CIP75andanti-Cx43(top andmiddle
panels). Immunoblottingforactinserved as a loading control (bottom panel). D, quantitative
analysis of CIP75 (left panel) and Cx43 (right panel) following the introduction of CIP75
siRNA into S180 cells. The data represent the means of three independent experiments ±S.E.
**, represents average CIP75 or Cx43 values with statistically-significant differences (p <0.01)
from the vector-only control value. E, HeLa-Cx43 cells were transiently transfected with vector
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only, CIP75wt, siRNA-CIP75, or siRNA-CL, incubated for 48 h, labeled with [35S]methionine/
cysteine for 1 h, followed by a chase of 3 or 6 h. Cell lysates were immunoprecipitated with
anti-Cx43, resolved by SDS-PAGE, and the proteins was analyzed with Bio-Rad
phosphorimaging device. The data represent the means of at least three independent
experiments ±S.E. The y-axis represents the percentage of the radiolabeled Cx43 remaining
after the 3- or 6-h chase.
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FIGURE 7. CIP75 may affect Cx43 degradation through the proteasome degradation pathway
A, HeLa-Cx43 cells were transfected with vector only or CIP75wt, incubated for 24 h, then
treated with the proteasomal inhibitor, MG-132, at 20, 40, or 60 μM for 4 h. Lysate proteins
were analyzed by immunoblotting with anti-Cx43 (top) with actin as a loading control
(bottom). B, quantitative analysis of Cx43 in absence or presence of MG-132. The data
represent the means of three independent experiments ±S.E. **, represents average Cx43 values
with statistically significant differences (p <0.01) between either the vector-only control and
CIP75wt transfected cells or the untreated versus MG-132-treated CIP75wt transfected cell
values.
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FIGURE 8. CIP75 interacts with the RPN10/S5a and RPN1/S2 proteins of 19 S proteasomal subunit
through its UbL domain
A, schematic diagram of the FLAG-UBA and FLAG-UbL fusion proteins. B, GST-RPN10/
S5a was expressed in and purified from bacteria, mixed with lysates of bacteria expressing
vector only (lane 1), FLAG-CIP75wt (lane 2), FLAG-CIP75ΔUbL (lane 3), FLAG-
CIP75ΔUBA (lane 4), FLAG-UBA (lane 5), or FLAG-UbL (lane 6). The proteins were
collected on glutathione-agarose beads and analyzed by immunoblotting with anti-FLAG. C,
GST-RPN1/S2 was expressed in and purified from bacteria, mixed with lysates of bacteria
transformed with (top) vector alone (lane 1), FLAG-CIP75ΔUBA (lane 2), FLAG-
CIP75ΔUbL (lane 3), or FLAG-CIP75wt (lane 4). Bottom: lysates of bacteria transformed with
FLAG-UBA (lanes 1 and 3) or FLAG-UbL (lanes 2 and 4) were mixed with purified GST-
RPN1/S2 in pull-down assays. Isolated proteins were analyzed with anti-FLAG as described
in B. D, HeLa-Cx43 cells were transiently transfected with FLAG-CIP75 for 24 h and the cell
lysates were immunoprecipitated with preimmune serum (PRS, lane 1), anti-GST (lane 2),
anti-RPN1 (lane 3), or anti-FLAG (lane 4). The immunoprecipitates were blotted with the
reciprocal anti-RPN1 (top) or anti-FLAG for CIP75 (bottom). Expression levels of RPN1/S2
or FLAG-CIP75 in transiently transfected HeLa-Cx43 cell lysates are shown in lane 5.
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