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Abstract

Connexins are a family of transmembrane proteins that form gap junction channels. These proteins 

undergo both proteasomal and lysosomal degradation, mechanisms that serve to regulate connexin 

levels. Our previous work described CIP75 [connexin43 (Cx43)-interacting protein of 75 kDa], a 

protein involved in proteasomal degradation, as a novel Cx43-interacting protein. We have 

discovered two additional connexins, connexin40 (Cx40) and connexin45 (Cx45), that interact 

with CIP75. Nuclear magnetic resonance (NMR) analyses identified the direct interaction of the 

CIP75 UBA domain with the carboxyl-terminal (CT) domains of Cx40 and Cx45. Reduction in 

CIP75 by shRNA in HeLa cells expressing Cx40 or Cx45 resulted in increased levels of the 

connexins. Furthermore, treatment with trafficking inhibitors confirmed that both connexins 

undergo endoplasmic reticulum-associated degradation (ERAD), and that CIP75 preferentially 

interacts with the connexin proteins bound for proteasomal degradation from the ER. In addition, 

we have also discovered that CIP75 interacts with ER-localized Cx32 in a process that is likely 

mediated by Cx32 ubiquitination. Thus, we have identified novel interacting connexin proteins of 

CIP75, indicating a role for CIP75 in regulating the levels of connexins in general, through 

proteasomal degradation.
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INTRODUCTION

Gap junctions are cell-to-cell channels that allow for the direct exchange of ions and low 

molecular mass metabolites (<1 kDa) between adherent cells via gap junctional intercellular 

communication (GJIC) [1]. They provide a pathway for the propagation and/or amplification 

of signal transduction cascades triggered by cytokines, growth factors and other cell 

signalling molecules, which are critical for the development and maintenance of normal 

cellular functions. Connexin mutations and/or aberrant GJIC have been observed in a 

number of human diseases, including Charcot–Marie–Tooth disease [2], oculodentodigital 

dysplasia [3], Clouston syndrome or keratitis-ichthyosis-deafness syndrome [4], congenital 

lens cataracts [5] and cardiac arrhythmias [6]. Gap junction channels are created by the 

apposition of two connexons from adjacent cells, in which six connexin proteins form each 

connexon. There are 21 different human connexin isoforms named according to their 

molecular mass (e.g., 40 kDa isoform is Cx40) with differential spatial-temporal tissue 

expression [7]. For example, Cx40, Cx43 and Cx45 are found in distinct combinations and 

relative quantities in different, functionally specialized subsets of cardiomyocytes. In the 

diseased heart, expression levels of these cardiac connexins are altered, which can lead to 

abnormal impulse propagation and generation of ventricular arrhythmias, predisposing 

patients to heart failure [6,8].

Connexins are tetra-spanning proteins with two extracellular loops, an intracellular loop and 

amino- and carboxyl-termini. Even though a significant amount of sequence homology 

exists between connexins, the major divergence in primary structure occurs in the 

cytoplasmic loop and carboxyl-terminus (CT) domains, which help confer specific 

regulatory properties on each isoform. The CT domain plays a role in the trafficking, size, 

localization and turnover of gap junctions, as well as the level of intercellular coupling via 

numerous post-translational modifications and protein–protein interactions [9]. We have 

previously used NMR to assign the resonances of the soluble Cx40CT (S251-V355), 

Cx43CT (S255-I382) and Cx45CT (K265-I396) domains; specific sites and binding 

affinities of protein–protein interactions can be determined using these resonance 

assignments. In addition, previously published NMR studies determined that these 

connexins are predominantly intrinsically disordered in structure [10–14]. Intrinsically 

disordered proteins have many described characteristics, including protein–protein binding, 

flexibility and post-translational modifications [15–17]. An intrinsically disordered connexin 

CT domain would be ideal for cell signalling events by allowing many different binding 

partners with both high specificity and low affinity to rapidly switch between molecular 

partners, thereby activating alternative signalling pathways [15,16]. Many of the 

investigated connexin-interacting proteins (reviewed in [18]) bind to the disordered areas in 

the connexin CT domain (e.g., zonula occludins-1 [9,18]).
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Despite being transmembrane proteins, connexins are highly labile with a half-life ranging 

from 1.5 to 5 h [19–23]. Connexins have been found to be regulated by proteasomal, 

lysosomal and autophagosomal degradation mechanisms (reviewed in [24,25]). We have 

previously reported the novel interaction between Cx43 and CIP75, a member of the 

ubiquitin-like (UbL)-ubiquitin-associated (UBA) domain family [26,27]. UbL-UBA proteins 

are involved in various processes and participate in mediating the proteasomal degradation 

of a number of substrates [28]. CIP75 mediates the proteasomal degradation of Cx43 via 

ERAD by facilitating the interaction of Cx43 with the proteasome [27,29]. Notably, this 

interaction does not require prior ubiquitination of Cx43 [26,30], as is typically found on 

proteins targeted for proteasomal degradation, such as Cx32 and Cx50 [31,32].

In the present study, we have discovered novel interactions between CIP75 and the gap 

junction proteins Cx40, Cx45 and Cx32. The UBA domain of CIP75 interacted directly with 

the CT domain of both Cx40 and Cx45. CIP75 regulates the protein levels of Cx40 and 

Cx45, as evidenced by increased amounts of these connexins in cells in which CIP75 levels 

were experimentally reduced. CIP75 exhibited an increased affinity for Cx40 and Cx45 

localized in the ER and bound for proteasomal degradation, and complexes also containing 

proteasomal protein were detected. CIP75 also interacts with a posttranslationally modified 

form of Cx32 localized to the ER. Thus, CIP75 is likely a general connexin-interacting 

protein, regulating connexin levels by mediating proteasomal degradation.

EXPERIMENTAL PROCEDURES

Production of recombinant proteins

The UBA domain of CIP75 (M549-S596) [26], Cx32CT (C217-C283) [33], Cx37CT (C233-

V333) [34], Cx40CT (S251-V355) [10], Cx43CT (S255-I382) [35], Cx45CT (K265-I396) 

[13] and the Cx45CT dimerization domain (A333-N361) [12] were expressed and purified 

as previously described. For the UBA and Cx32CT domains, site-directed mutagenesis was 

performed to change the linker amino acid Leu3 to Trp in order to more precisely determine 

the protein concentration; using circular dichroism and NMR, no change in structure was 

observed in either of these constructs (data not shown).

NMR analyses
15N-Heteronuclear single quantum correlation (15N-HSQC) NMR data were acquired using 

a 600-MHz Varian INOVA spectrometer outfitted with a cold probe at the University of 

Nebraska Medical Center’s NMR Facility. NMR spectra were processed with NMRPipe and 

NMRDraw [36] and analysed with NMRView [37]. Gradient-enhanced 15N-HSQC 

experiments were used to determine protein–protein interactions. For these studies, an 

unlabelled protein was titrated into a PBS buffer solution (pH 5.8) containing 15N-labelled 

protein, and 15N-HSQC spectra were acquired. Interactions were identified and mapped 

using the resonance assignments for the CIP75 UBA [26], Cx40CT [11], Cx45CT [13] and 

Cx43CT [35] domains. Previously collected 15N-HSQC spectra of either Cx40CT, Cx45CT 

or Cx43CT in the presence of increased amounts of salt, BSA or calcium were used as 

controls to determine chemical shifts susceptible to non-specific effects [12,38]. The 

dissociation constants (Kd) for the Cx40CT-UBA, Cx45CT-UBA and Cx43CT-UBA 
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interactions were calculated by holding the concentration of the 15N-labelled connexin CT 

domain constant (100 μM) and titrating the unlabelled CIP75 UBA domain from 0 to 1600 

μM (1:0, 1:1.5, 1:3, 1:6, 1:12 and 1:16 for Cx40CT; 1:0, 1:0.25, 1:1.25, 1:2.5, 1:3.75, 1:6.25, 

1:8.75, 1:12.5 and 1:16 for Cx45; 1:0, 1:1, 1:2, 1:4, 1:6, 1:8, 1:10 and 1:12 for Cx43). All 

titrations were used to calculate the Kd values, but not included in the figures for easier 

visualization of changes in the chemical shift. The decreasing signal intensity for connexin 

CT residues affected as a result of the increasing UBA concentrations were fit according to 

the nonlinear least squares method using GraphPad Prism 5.0. All values were confirmed by 

calculating the Kd in the same manner using 15N-labelled UBA at 100 μM in the absence or 

presence of various concentrations of connexin CT domain. These data were calculated 

using at least six representative residues affected in the protein–protein interaction spectra 

and are reported as the mean ± S.D.

Cell culture, inhibitor treatments and shRNA knockdown of CIP75

Human cervical carcinoma (HeLa) cells (that do not express connexins), HeLa cells stably 

expressing chicken Cx45 (HeLa-Cx45) [39], Cx40 (HeLa-Cx40) [40] or ER-localized Cx40 

(HeLa-Cx40 tagged with His-Lys-Lys-Ser-Leu, hereafter referred to as the HKKSL tag) 

[40] were cultured in high glucose Dulbecco’s modified Eagle’s medium (Gibco) 

supplemented with 10% fetal bovine serum, 20 mM L-glutamine, 100 U/ml of penicillin and 

100 μg/ml of streptomycin at 37°C with 5% CO2. Transient transfections were conducted 

using Lipofectamine 3000 (Invitrogen). Transfected cells were harvested 24–48 h after 

transfection.

To induce ER accumulation, protein misfolding and/or inhibit proteasomal degradation, 

cells were grown to confluence, treated with either 6 μg/ml of the fungal metabolite 

brefeldin A (BFA; Sigma) for a total of 5 h, and/or the proteasome inhibitor 0.5 μM 

bortezomib (LC laboratories) for a total of 3 h, and/or 1.5 μM DTT (Sigma) for a total of 2 

h. In the combination treatments, cells were pretreated with BFA for 2 h, bortezomib was 

then added for an additional 1 h, and DTT was added for another 2 h for a total of 5 h.

CIP75 knockdown was achieved using TRC/Mission shRNA constructs (Sigma) as 

previously described [29]. Human CIP75 validated shRNA TRCN0000007738 (shRNA-1) 

and TRCN0000007741 (shRNA-2) were utilized for the knockdown, and shRNA SHC007 

(luciferase shRNA control plasmid) was used as the non-targeting control.

Plasmids

pcDNA-Cx32-HKKSL [41], pcDNA-Cx32/Cx43/Cx32b-HKKSL and pcDNA-Cx32/Cx43/

Cx32bR133W-HKKSL plasmids [42] were used for transient transfections.

Antibodies

CIP75 monoclonal clones A333, M398 and L64 [43], Cx45 monoclonal clone P3C9 (from 

Dr Paul Lampe, Fred Hutchinson Cancer Research Center, Seattle, WA), Cx45 H-85 (Santa 

Cruz), Cx40 (Invitrogen), Cx32 monoclonal clone 5F9A9 (Life Technologies), Cx32 

(Sigma), ubiquitin clone P4D1 (Santa Cruz Biotechnology), Rpn1 (S2) (Calbiochem/

Millipore), HA (Santa Cruz Biotechnology), tubulin clone DM1A (Santa Cruz 
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Biotechnology) primary antibodies, and IRDye 680LT/800CW anti-mouse/rabbit IgG 

secondary antibodies (Li-Cor) and anti-mouse/rabbit IgG secondary antibodies conjugated to 

Alexa 488, 594 and 647 (Life Technologies) were used.

Co-immunoprecipitation and Western blotting

Co-immunoprecipitations of proteins from various HeLa cell lines were performed as 

previously described [29]. Clarified supernatant proteins were immunoprecipitated with the 

Cx40 polyclonal antibody or the Cx45 polyclonal antibody [preabsorbed on to Protein A 

agarose (Pierce)] for 1–2 h at 4°C. The immune complexes were collected, washed three 

times with 1% Triton X-100 lysis buffer (1% Triton X-100, 400 mM NaCl, 20 mM Tris/

HCl, pH 8.0, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 2 mM PMSF, 1 mM benzamidine, 2 

mM NEM), and the proteins released from the agarose beads by boiling for 5 min in SDS-

PAGE sample buffer. The proteins were resolved by SDS-PAGE (10% polyacrylamide gel) 

and the proteins of interest were identified by immunoblotting. Blots were imaged with the 

Li-Cor Odyssey scanner using Image Studio 3.1 software (Li-Cor). All co-

immunoprecipitation experiments were performed a minimum of three times and 

representative experiments shown.

The sequential immunoprecipitation experiments were performed as previously described 

with minor changes [30]. Briefly, HeLa cells were transfected with pcDNA-Cx32-HKKSL, 

pcDNA-Cx32/Cx43/Cx32b-HKKSL and pcDNA-Cx32/Cx43/Cx32bR133W-HKKSL and 

collected 48 h after transfection. Clarified supernatant proteins were immunoprecipitated 

with the CIP75 M398 antibody (preabsorbed on to Protein G agarose) for 1–2 h at 4°C, then 

incubated in RIPA buffer (150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1% 

SDS, 10 mM Tris, pH 7.2, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 2 mM PMSF, 1 mM 

benzamidine, 2 mM NEM) for 1–2 h at 4°C to disrupt protein complexes. Released proteins 

were then immunoprecipitated with either the Cx32 or control HA antibodies, and the 

immune complexes were collected with Protein G agarose for 1–2 h at 4°C. The immune 

complexes were washed three times with RIPA buffer, and the proteins released from the 

agarose by boiling for 5 min in SDS-PAGE sample buffer. The proteins were analysed by 

SDS-PAGE and immunoblotting for ubiquitin, Cx32 or CIP75.

Laser scanning confocal microscopy

HeLa-Cx40, HeLa-Cx40HKKSL and HeLa-Cx45 cells were transiently transfected with 

pcDNA-Flag-CIP75. 24–48 h after transfection, HeLa-Cx45 cells treated with BFA for 5 h, 

and the other transfected cells were labelled as follows. Non-connexin-expressing HeLa 

cells were co-transfected with pcDNA-Flag-CIP75 and either pcDNA-Cx32-HKKSL, 

pcDNA-Cx32/Cx43/Cx32b-HKKSL or pcDNA-Cx32/Cx43/Cx32bR133W-HKKSL. All 

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% normal goat serum and 1% BSA in PBSTx for 30 min prior to incubation with rabbit 

Cx40, Cx45 or Cx32 antibody, mouse IgG2a CIP75 L64 antibody and mouse IgG1 calnexin 

antibody in blocking solution for 1 h. After three 5 min washes with PBSTx, the cells were 

incubated with goat anti-rabbit Alexa 594, goat anti-mouse IgG2a Alexa 488 and goat anti-

mouse IgG1 Alexa 647-conjugated secondary antibodies (Life Technologies) for 1 h, then 
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washed three times with PBS. The cells were mounted on slides with Airvol mounting 

media and the subcellular localization of Cx43, CIP75 and calnexin was visualized using the 

Leica 63× HCX PL Apo oil immersion objective (N.A. 1.4) on a Leica TCS SP5 AOBS 

confocal microscope.

Statistical analyses

Image Studio 3.1, GraphPad Prism 5.0 and SigmaPlot 9.0 were used for Western blot 

quantification. The statistical analysis of the CIP75, Cx40 and Cx45 levels after various 

pharmacological treatments or shRNA transduction relative to the tubulin loading control, 

and the amounts of CIP75 and Rpn1 associated with Cx40 or Cx45 relative to the amount of 

connexin immunoprecipitated was performed using the independent Student’s t-test. These 

data were represented as the fold change of the proteins under the experimental conditions 

compared with control cells and expressed as the mean ± S.E.M. of three or more 

independent experiments.

RESULTS

We have previously demonstrated that CIP75 is required for the proteasomal degradation of 

Cx43; increased amounts of CIP75 resulted in more Cx43 degradation while decreased 

CIP75 levels conversely increased Cx43 protein levels [27]. While the interaction of CIP75 

with Cx43 is not dependent on the prior ubiquitination of Cx43, CIP75 is an ubiquitin-

binding protein that can interact with cellular ubiquitinated proteins [30]. These cellular 

proteins have yet to be identified, leading us to believe that CIP75 has additional binding 

partners or substrates that may also be targeted for proteasomal degradation. To begin to 

identify these additional substrates and further elucidate the regulation of CIP75 activity, we 

first sought to determine whether CIP75 could interact with additional connexin proteins. 

Based upon the commonality that these cardiac connexins are expressed within the same 

cells and associate with similar protein partners [10,12,14], we tested if the UBA domain of 

CIP75 could interact with either Cx40 or Cx45.

The UBA domain of CIP75 directly interacts with the carboxyl-terminus of Cx40 and Cx45
15N-HSQC NMR experiments were performed by titrating unlabelled CIP75 UBA domain 

at various molar ratios into a 1× PBS buffer solution containing either 15N-labelled Cx40CT 

or Cx45CT at a constant concentration (100 μM). NMR spectra of Cx40CT (Figure 1A, 

black) or Cx45CT (Figure 1B, black) were overlaid with spectra of the CT domains in the 

presence of the UBA domain (Figures 1A and 1B, red). 15N-Cx43CT titrated with the 

unlabelled UBA domain is shown for comparison (Figure 1C) [26]. The 15N-HSQC 

spectrum is a 2D NMR experiment in which each amino acid (except proline) gives one 

signal (or chemical shift) that corresponds to the N–H amide group. These chemical shifts 

are sensitive to the chemical environment, and small changes in structure and/or dynamics 

can change the chemical shift of an amino acid. The data reveal that the CIP75 UBA domain 

directly interacted with bacterially expressed Cx40CT and Cx45CT. The disappearance of 

chemical shifts in relation to the concentration of UBA protein was used to calculate the Kd 

for each interaction (600 ± 128 μM for the Cx40CT/UBA interaction, 286 ± 59 μM for the 

Cx45CT/UBA interaction, and 278 ± 26 μM for the Cx43CT/UBA interaction). The 
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connexin CT residues that are involved in the interaction with the UBA domain were 

mapped on to their respective sequence (Figures 1D–1F). Notably, in the case of all three of 

the connexin CT domains, the interaction with the UBA domain occurs primarily within the 

intrinsically disordered regions. Furthermore, the Cx45CT residues that CIP75 interacts with 

(Q300-L331 and H363-N379; Figures 1B and 1E) flank the Cx45 dimerization domain 

(A333-N361) [12,13]. To confirm that the CIP75 UBA domain does not interact with the 

Cx45CT dimerization domain, unlabelled Cx45CT A333-N361 polypeptide at 1500 μM was 

added to a solution of 1× PBS (pH 5.8) containing 15N-CIP75 UBA protein (100 μM). We 

discovered that none of the UBA chemical shifts were affected by the Cx45 dimerization 

domain peptide (Supplementary Figure S1). Due to CIP75 interaction with the regions 

flanking the dimerization domain, we hypothesized that CIP75 binds to monomeric Cx45. 

We attempted to determine whether the CIP75 UBA domain interacted with Cx45CT in the 

monomeric and/or dimeric conformations. Unfortunately, the CIP75 UBA peptide 

precipitated in the solution conditions for the Cx45CT monomer conformation; thus, 

titration experiments to test this hypothesis were not possible. Analysis of the connexin CT 

amino acid sequences did not reveal any apparent consensus sequence motifs for UBA 

binding. However, the affinities of the interaction with the UBA domain were similar 

between the Cx45 and Cx43CT domains, which were more than 2-fold stronger than that of 

Cx40CT.

To investigate whether the CT domains of Cx40 and Cx45 interact within the same amino 

acids of the UBA domain as Cx43CT, we next performed NMR experiments using 15N-

UBA domain and unlabelled connexin CT domains. 15N-HSQC experiments were 

performed by titrating unlabelled Cx40CT or Cx45CT domain at various molar ratios into a 

1× PBS buffer solution containing 15N-UBA domain at a constant concentration (100 μM; 

Figure 2). The affected residues were mapped to the primary sequence of the UBA domain 

and correspond to residues in helix 1, loop 1 and helix 3 (epitope 1). Using the program 

PyMol to model the previously solved three-dimensional structure of the UBA domain 

(PDB code 2KNZ), we designated the residues affected by the presence of the connexin CT 

domains in green (Figure 3). Significantly, the UBA residues strongly affected by both 

Cx40CT (Figures 3A and 3D) and Cx45CT (Figures 3B and 3D) are the same residues 

previously described for Cx43CT (Figures 3C and 3D) [26]: L558, R569, L576, I577 and 

G581. With the exception of G581, these residues comprise one region on the surface of the 

UBA domain (Figures 3A–3C). Significantly, these same residues were not affected by 

ubiquitin binding (Figure 3D) [26]. Thus, these residues may represent a unique connexin-

interaction domain within the CIP75 UBA domain.

CIP75 promotes the degradation of Cx40 and Cx45

To determine whether CIP75 might have a role in the proteasomal degradation of the 

additional connexins it interacts with or whether this activity was specific to Cx43, we tested 

the effects of CIP75 shRNA knockdown on the levels of Cx40 and Cx45. CIP75 shRNA 

was transduced into HeLa cells expressing wild-type Cx40 or Cx45 using lentivirus (Figures 

4A and 4C, respectively). Two CIP75 shRNAs (shRNA-1 and shRNA-2) and one control 

shRNA were used. Our experiments achieved partial to significant knockdown of CIP75. In 

the Cx40-expressing cells, shRNA-1 partially reduced CIP75 levels to 59% (± 10%, P < 
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0.01) compared with the control shRNA cells, while shRNA-2 reduced CIP75 levels to 11% 

(± 1.5%, P < 0.01). In both cases, the reduction in CIP75 resulted in increased Cx40 protein 

levels, with a larger increase in the more efficient knockdown (shRNA-2). Cx40 protein 

levels increased 1.75-fold (± 0.34, P = 0.07) with shRNA-1 and 3.05-fold (±1.15, P = 0.12) 

with shRNA-2 (Figure 4B). In the Cx45-expressing cells, the shRNA-1 and shRNA-2 

exhibited similar behaviour where shRNA-2 achieved a larger knockdown of CIP75 

(reduced to 1.7% ± 0.7%, P < 0.01) compared with shRNA-1 (27.7% ± 6%, P < 0.01) 

compared with the control shRNA cells. Similar to Cx40, the knockdown of CIP75 resulted 

in an increase in Cx45 protein levels (1.4 ± 0.09, P < 0.01 for shRNA-1 and 1.64 ± 0.32, P 

= 0.09 for shRNA-2) (Figure 4D). Thus, these combined results suggested that CIP75 can 

affect the levels of both Cx40 and Cx45.

CIP75 interacts with misfolded ER-localized Cx40 and Cx45 bound for proteasomal 
degradation

Cx43 trafficking through the secretory pathway and degradation of misfolded protein via 

ERAD has been well documented [44]. However, the degradation of other connexin family 

members has not been as well studied, although there have been no reports of significant 

alteration of the connexin life-cycle for other connexins [9]. To study whether CIP75 has a 

role in the ERAD of Cx40 and Cx45, we needed to establish that these connexins are also 

degraded via ERAD. HeLa cells expressing wild-type Cx40 were treated with BFA for 5 h 

to block the transport of Cx40 from the ER to the Golgi, thus, resulting in an accumulation 

of Cx40 in the ER compartment [9]. BFA treatment resulted in a statistically significant 1.7-

fold increase in total levels of Cx40 (P < 0.05; Figure 5A, lane 3, and Figure 5B). DTT 

treatment is known to disrupt the disulfide bonds in the Cx43 extracellular loops, resulting in 

increased proteasomal degradation of ER-localized Cx43 due to increased misfolding 

[23,45]. DTT treatment for 2 h alone decreased total Cx40 levels by 20% (Figure 5A, lane 4, 

and Figure 5B). However, in combination with a 3 h BFA pretreatment, DTT treatment for 2 

h significantly reduced the amount of cellular Cx40 compared with the cells treated with 

BFA alone (P < 0.05; Figure 5A, lanes 3 and 5, and Figure 5B), indicating the degradation 

of misfolded Cx40 from the ER. To block proteasomal degradation, we treated cells with the 

proteasomal inhibitor bortezomib for 3 h. An increase in total levels of ubiquitinated protein 

was observed, consistent with the inhibition of proteasomal degradation (Figure 5A, lanes 

6–9). Associated with this accumulation, a modest increase in total Cx40 was observed 

(Figure 5A, lane 6, and Figure 5B). A combination of BFA and bortezomib (2 h 

pretreatment of BFA followed by an additional 3 h with bortezomib) resulted in an 

accumulation of Cx40 that was similar to BFA alone (Figure 5A, lane 8, and Figure 5B). 

The combination treatment of BFA (2 h), bortezomib (1 h), then DTT (2 h) did result in a 

1.6-fold increase in Cx40 over DTT alone. Interestingly, and unexpectedly, combination 

treatments of bortezomib (1 h) followed by DTT (2 h) (Figure 5A, lane 7, and Figure 5B), or 

BFA (2 h), bortezomib (1 h), then DTT (2 h) (Figure 5A, lane 9, and Figure 5B) did not 

result in an accumulation of Cx40 greater than the treatments without DTT as would be 

expected if DTT-induced misfolded Cx40 was only being degraded via ERAD.

For Cx45, we observed some of the same trends as Cx40 with a few notable exceptions. 

While individual BFA and DTT treatments increased and decreased Cx45 levels, 
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respectively, the combined BFA/DTT treatment resulted in a greater decrease in Cx45 levels 

compared with DTT alone (Figure 5C, lanes 3–5, and Figure 5D). Bortezomib treatment 

again increased total levels of Cx45 although when combined with BFA, it had no additional 

effect (Figure 5C, lanes 6 and 8, and Figure 5D). Similar to Cx40, DTT treatment combined 

with only bortezomib or both BFA and bortezomib also unexpectedly resulted in less total 

levels of Cx45 (Figure 5C, lanes 7 and 9, and Figure 5D). The combination treatments were 

designed to induce ER-localized connexins to undergo proteasomal degradation without 

actually being degraded (with proteasomal inhibition) to enhance the pool of ERAD-bound 

connexins; the lack of accumulation suggested a possible alternative pathway of 

degradation. Despite the unexpected effects in the combination treatments, each chemical 

produced the expected effect on total protein levels of Cx40 and Cx45.

Our discovery that CIP75 mediated the interaction between Cx43 and the proteasome, 

specifically the Rpn1/Rpn10 subunits of the 19S regulatory particle [29], was the first 

observation identifying potential machinery regulating Cx43 proteasomal degradation via 

ERAD. Thus, we sought to determine whether CIP75 might have a function in Cx40 and 

Cx45 proteasomal degradation via ERAD. To study the possibility of CIP75-mediated 

ERAD of Cx40, we used HeLa cells expressing wild-type Cx40 or the ER-localized 

Cx40HKKSL and performed the pharmacological treatments to enrich the pool of Cx40 

bound for ERAD. Thus, as described earlier, wild-type Cx40 cells were treated with BFA 

and DTT to induce the misfolding of ER-localized Cx40, but the proteasomal degradation of 

these proteins was inhibited with bortezomib; the ER-localized Cx40HKKSL cells were 

treated with only DTT and bortezomib since Cx40HKKSL is retained in the ER [40]. Cx40 

was immunoprecipitated from treated and control untreated cells. While interacting CIP75 

could be found in the control cells (Figure 6A, lane 2), the interaction was significantly 

increased in the treated cells (Figure 6A, lane 3). We quantified the amount of CIP75 and 

Rpn1 detected in the immunoprecipitation and normalized the amounts to the level of Cx40 

that was immunoprecipitated to account for variability in the immunoprecipitation itself. For 

both wild-type and ER-localized (HKKSL) Cx40, there was a 7.6-fold and 3.2-fold increase 

in the level of associated CIP75 in treated cells. Similarly, Rpn1 was detected with higher 

levels found in the treated cells (3.8-fold increase for wild-type Cx40 and 2.5-fold increase 

for Cx40HKKSL, Figure 6A). In addition, interaction of Cx40 with CIP75 and Rpn1 

increased 8-fold in the untreated ER-localized Cx40HKKSL over wild-type Cx40 (Figure 

6A, lanes 4 and 5), suggesting that CIP75 was preferentially interacting with the ER-

localized Cx40 protein.

When we treated HeLa-Cx45 cells similarly and immunoprecipitated Cx45, an increased 

level of interaction with CIP75 (2.4-fold ± 0.4) and Rpn1 (4.2-fold ± 0.5) was also observed 

(Figure 6B), compared with the low level of associating protein detected in the control 

untreated cells following the induction of ER-stress.

To confirm the interaction of Cx40 and Cx45 with CIP75 at the ER, HeLa-Cx40, HeLa-

Cx40HKKSL and HeLa-Cx45 cells were transiently transfected with Flag-CIP75 and 

labelled with antibodies against the appropriate connexin, CIP75 and the ER resident protein 

calnexin. Subcellular co-localization was examined using laser scanning confocal 

microscopy. Overexpressed CIP75 was found to co-localize with both Cx40 and Cx45 at or 
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near the ER (Figures 7A and 7C, respectively). Increasing amounts of ER-localized 

connexin either with the HKKSL retention signal for Cx40 (Figure 7B), or by BFA 

treatment for Cx45 (Figure 7D), resulted in higher levels of co-localization, supporting the 

interaction of CIP75 and these connexins demonstrated by the biochemical co-

immunoprecipitation assays.

CIP75 does not interact with the carboxyl-terminus of Cx32 or Cx37 in vitro but does 
interact with cellular Cx32

CIP75 directly interacts with Cx40, Cx45 and Cx43 [26], which are the major cardiac 

connexins. To determine whether CIP75 has a general role in the proteasomal degradation of 

connexins, we tested if the UBA domain also interacts with either the Cx32 or Cx37 CT 

domains. Unlike the cardiac connexins, Cx32 and Cx37 are not expressed in cardiomyocytes 

[46]. 15N-HSQC experiments were performed with the unlabelled UBA domain (1 mM) in a 

1× PBS buffer solution containing either 15N-Cx32CT or 15N-Cx37CT at 100 μM. The 

NMR spectra of Cx32CT (Supplementary Figure S2A, black) or Cx37CT (Supplementary 

Figure S2B, black) were overlaid with spectra of the CT domains with the UBA domain 

added in the experiment (red). Additionally, 15N-HSQC experiments were performed with 

the unlabelled Cx32CT or Cx37CT domain (1 mM) with 15N-UBA domain at 100 μM 

(Supplementary Figures S2C and S2D, respectively). In contrast with the results for 

Cx40CT, Cx45CT and Cx43CT [26], no changes in the chemical shifts were observed for 

any of the combinations, suggesting that the Cx32CT and Cx37CT domains are unable to 

interact with the UBA domain. We then performed co-immunoprecipitation experiments 

utilizing HeLa cells transiently expressing ER-localized Cx32HKKSL [41]. Contrary to the 

NMR results, we detected an interaction between CIP75 and Cx32 (Figure 8A, top panel, 

lane 2, arrow). While we have demonstrated herein for Cx40 and Cx45, and previously for 

Cx43, that ubiquitination is not a prerequisite for interaction with CIP75 [26,30], Cx32 

targeted for ERAD has been previously demonstrated to be ubiquitinated [31]. Thus, the 

ubiquitination of Cx32 may be a necessary prerequisite of CIP75 binding. To determine 

whether the CIP75-interacting Cx32 protein is ubiquitinated, we performed a sequential 

immunoprecipitation. Upon probing the Cx32 immunoprecipitate for both Cx32 and 

ubiquitinated protein, we detected slower migrating bands that likely correspond to 

ubiquitinated Cx32 (Figure 8B, middle and right panels, lanes 7 and 13, arrowheads), 

suggesting that CIP75 interacts with ubiquitinated Cx32. Unlike Cx40, Cx43 and Cx45, 

Cx32 is known to oligomerize into connexons in the ER [47]. To determine whether the 

oligomerization state of Cx32 might affect its interaction with CIP75, we compared our 

results of CIP75 interaction with Cx32HKKSL with the Cx32/Cx43 chimera proteins 

previously described [42]. We transiently expressed the ER-localized Cx32/43/32bR133W-

HKKSL and Cx32/43/32bHKKSL chimeras which are oligomerized or monomeric, 

respectively [42]. CIP75 interacted with both proteins (Figure 8A, lanes 3 and 4, arrow) and 

ubiquitinated chimeras could be detected in the sequential immunoprecipitations (Figure 8B, 

right panel, lanes 15 and 17, arrowhead), indicating that the Cx32 oligomerization state does 

not affect interaction with CIP75. The CIP75–Cx32 interaction was confirmed by co-

localization of co-transfected Flag-CIP75 and Cx32HKKSL (or the chimeras) at the ER 

compartment (Figures 8C–8E). Thus, results with Cx40, Cx45 and Cx32 combined with the 
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previously reported results with Cx43 suggested that CIP75 may represent a common 

element in the mechanism involving the ERAD of the connexin family.

DISCUSSION

In the present study, we demonstrate that Cx43 is not the sole connexin that can interact with 

CIP75. Through NMR analyses, we found that the CIP75 UBA domain directly binds to the 

CT domains of Cx40 and Cx45. Significantly, CIP75 can down-regulate the levels of the 

interacting connexins in the cell, as the experimental reduction in CIP75 expression resulted 

in increased Cx40 and Cx45 levels. Interestingly, CIP75 knockdown resulted in a higher 

increase in Cx40 levels than Cx45. CIP75 interaction with the connexins was detected by 

immunofluorescence microscopy studies and biochemical interaction assays. In addition, a 

complex containing CIP75, Rpn1 and the connexin proteins was detected. The presence of 

this complex was enhanced when the amount of ER-localized connexin is increased as in the 

case of cells expressing the ER-retained Cx40HKKSL or when ER-stress is induced in cells 

using DTT treatment. These results taken together with our previously published 

observations for Cx43 [26,27,29] indicate a role for CIP75 in facilitating connexin 

proteasomal degradation via ERAD.

Our current observations suggest that CIP75 may be involved in the proteasomal 

degradation of the connexin family through ERAD. Other members of the UbL-UBA 

protein family, such as Rad23 and Dsk2, have multiple substrates; thus, it is highly probable 

that CIP75 also has multiple substrates. This is likely the reason why CIP75 is expressed in 

cells lacking connexins. Our initial hypothesis postulated that CIP75 was either a general 

connexin-interacting protein, or that it interacted with a specific subset of connexins that 

share a common feature. Significantly, we observed in the present study that CIP75 did not 

interact directly with Cx32CT or Cx37CT via NMR, suggesting that CIP75 is not a general 

connexin-interacting protein. However, these experiments did not allow us to eliminate the 

possibility that CIP75 interacts with a different region of Cx32 and Cx37 such as the 

cytoplasmic loop. In addition, because the NMR experiments utilized bacterially expressed 

recombinant proteins, the peptides are not ubiquitinated as bacteria do not contain the 

ubiquitin-conjugation machinery. Our cellular interaction experiments did not support the in 

vitro results, demonstrating that CIP75 does interact with cellular Cx32. CIP75 is unlikely to 

interact with the Cx32 cytoplasmic domain as co-immunoprecipitation experiments utilizing 

another Cx32/43/32 chimera containing the Cx43 cytoplasmic loop (Cx32/43/32a; [42]) 

found that CIP75 interacts with this chimera (data not shown). Thus, CIP75 most likely 

interacts with a modified Cx32 cytoplasmic tail domain which is probably ubiquitinated and 

the reason for the conflicting results. The interaction between CIP75 and Cx37 with the 

appropriate cellular background requires further assessment to confirm that CIP75 interacts 

with a subset of ubiquitinated connexins. We have not been able to successfully identify a 

consensus CIP75-binding sequence or motif in the interacting connexins; therefore, we 

believe that CIP75 binding occurs in structurally similar areas of the intrinsically disordered 

regions of the CT domains. Interestingly, CIP75 exhibits stronger interactions with the Cx43 

and Cx45 CT domains (lower Kd values), which contain more α-helical content than 

Cx40CT (and Cx32CT and Cx37CT, which contain less α-helical content than Cx40CT), 

suggesting that the secondary structure of the proteins may influence their ability to bind to 
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the UBA domain. An ubiquitin modification could provide a mechanism for the connexins 

whose secondary structure does not allow for an ubiquitin-independent interaction with 

CIP75 that we have observed for Cx43, Cx40 and Cx45.

It is worthwhile to note that the three connexins that do interact with CIP75 may have 

similar maturation and oligomerization processes. Differences between various connexins 

have been found in the cellular localization of oligomerization into connexons. For example, 

Cx43 oligomerizes in the trans-Golgi apparatus [47,48], whereas Cx32 oligomerizes in the 

ER [47]. A recent study proposed that certain motifs flanking the third transmembrane 

domain may determine where a connexin will oligomerize [40]. The R- and W-type motifs 

were identified and correspond to connexon oligomerization in the Golgi apparatus and ER, 

respectively. To complicate the picture, a number of connexins, including Cx40, lack both 

motifs. Interestingly, Cx43, which contains the R-motif, and Cx40 both oligomerized in the 

trans-Golgi apparatus. Cx45 also contains the R-motif, but its oligomerization site has not 

been reported. However, because CIP75 binds to residues flanking the Cx45 dimerization 

domain, there may be a preference for CIP75 binding to a specific form (monomer 

compared with dimer) of Cx45. For the connexins that are unable to interact with the CIP75 

UBA domain in vitro, Cx32 contains the W-motif and Cx37 does not contain either motif. 

However, Cx37 partially oligomerizes in the ER [40], similar to Cx32 [47]. Based upon 

these observations, we speculate that CIP75 may specifically interact with connexins in their 

monomeric conformations in the ER membrane, and that the ubiquitination of connexins 

that normally oligomerize at the ER facilitates interaction of these larger complexes with 

CIP75.

From our recent observations, we would like to propose a model for CIP75 function in 

proteasomal degradation (Figure 9). CIP75, through the same region in the UBA domain 

(epitope 1), first binds to non-ubiquitinated monomeric connexins that are localized in the 

ER membrane, which actively facilitates the dislocation of these connexins out of the ER 

membrane into the cytosol. Once in the cytosol, CIP75 mediates the association with Rpn1 

and Rpn10 in the 19S proteasome subunit to promote the proteasomal degradation of these 

connexins. Additionally, CIP75 is an ubiquitin-binding protein and can interact with cellular 

ubiquitinated proteins through a different region in the UBA domain [26,30]. In our model, 

we propose that through a different region of the UBA domain, CIP75 also binds to 

ubiquitinated proteins (connexins and perhaps unrelated proteins) to also mediate their 

proteasomal degradation. The binding affinity of CIP75 for these different substrates may 

mediate the activity of CIP75. Alternatively, the levels of the substrates in the ER might 

determine which protein CIP75 interacts with (e.g., increased levels of Cx43 in the ER due 

to cellular stress might increase the interaction with CIP75 to facilitate Cx43 proteasomal 

degradation). Based on our previous studies of misfolded Cx43 [49], the connexin protein 

that escapes CIP75 regulation is functional and can participate in GJIC, and can be 

completely folded properly or, perhaps under conditions of stress, have some degree of 

misfolding. We have observed that connexin protein that contains some misfolding is also 

able to function in GJIC, although with reduced function [49]. Notably, our results on the 

effect of inducing protein misfolding with DTT while blocking degradation with the 

proteasomal inhibitor bortezomib revealed that the proteasome may not be the only 
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destination for degradation of misfolded connexins. Alternative degradation of connexins 

that have accumulated in the ER due to BFA treatment has previously been reported where 

BFA treatment of breast cancer cells did not reduce the localization of Cx43 to the lysosome 

[50]. Thus, the degradation observed in cells treated with DTT and bortezomib could 

suggest the lysosomal degradation of misfolded protein. Furthermore, autophagic 

degradation has been reported for a number of connexins [24] and this pathway also utilizes 

the lysosome for protein degradation.

The interaction of Cx40, Cx43 and Cx45 with CIP75 may have implications in heart disease, 

as these major cardiac connexins directly interact with CIP75. In heart disease, aberrant 

GJIC and connexin levels or localization has been observed [6]. For example, decreased 

Cx43 levels have been observed after myocardial infarction, while a lateralization of Cx43 

gap junctions away from intercalated disk regions occurs in arrhythmias. In addition, 

patients with atrial fibrillation have been found with Cx40 mutations that cause increased 

Cx40 proteasomal degradation [51]. Experimental therapies designed to enhance GJIC may 

prove to be effective treatment for heart trauma. Rotigaptide enhances GJIC and the Cx43 

structural mimetic (to the first extracellular loop), gap26, protects against ischemic injury 

[52,53]. The ability of CIP75 to interact with the major cardiac connexins suggests that it 

may function as a cardiac connexin modulator. A protein such as CIP75 that is able to 

modulate connexin levels might thus be an alternative target for therapy. Future cellular 

studies of the interaction of CIP75 with connexins as well as non-connexin ubiquitinated 

proteins will help shape our understanding of the roles CIP75 has in the cell, and potentially, 

in disease.
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CIP75 connexin43-interacting protein of 75 kDa

CT carboxyl-terminus

Cx43 connexin43

ER endoplasmic reticulum

ERAD ER-associated degradation

GJIC gap junctional intercellular communication

15N-HSQC 15N-heteronuclear single quantum correlation

NMR nuclear magnetic resonance

UbL ubiquitin-like

UBA ubiquitin-associated
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Figure 1. Cx40CT, Cx45CT and Cx43CT directly interact with the CIP75 UBA domain
(A) 15N-HSQC titration of 15N-Cx40CT with the unlabelled CIP75 UBA domain, where the 

Cx40CT:UBA domain concentration ratios ranged from 1:0 to 1:16 and concentration 

of 15N-Cx40CT remained constant (100 μM). The 1:0 (black) and 1:16 (red) are overlaid in 

the 15N-HSQC spectra. (B) 15N-HSQC titration of 15N-Cx45CT with unlabelled CIP75 

UBA domain, where the Cx45CT:UBA domain concentration ratios ranged from 1:0 to 

1:12.5 and concentration of 15N-Cx45CT remained constant (100 μM). The 1:0 (black) and 

1:5 (red) are overlaid in the 15N-HSQC spectra. (C) 15N-HSQC titration of 15N-Cx43CT 

with unlabelled CIP75 UBA domain, where the Cx43CT:UBA domain concentration ratios 

ranged from 1:0 to 1:15 and concentration of 15N-Cx45CT remained constant (100 μM). The 

1:0 (black) and 1:5 (red) are overlaid in the 15N-HSQC spectra. Summaries of the residues 

of (D) Cx40CT, (E) Cx45CT and (F) Cx43CT affected by the CIP75 UBA domain. 

Residues that completely or mostly disappeared are coloured in green and residues that 

slightly disappeared or shifted are coloured in yellow. Residues comprising the α-helical 

areas are underlined with a solid line and residues with a propensity to form an α-helix are 

underlined with a dashed line.

Kopanic et al. Page 17

Biochem J. Author manuscript; available in PMC 2016 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. The CIP75 UBA domain directly interacts with Cx40CT and Cx45CT
(A) 15N-HSQC titration of 15N-UBA with the unlabelled Cx40CT domain, when the 

UBA:Cx40CT concentration ratios ranged from 1:0 to 1:16 and the concentration of 15N-

UBA remained constant (100 μM). The 1:0 (black) and 1:16 (red) are overlaid in the 15N-

HSQC spectra. Titrations of 1:1, 1:2, 1:3, 1:6, 1:8 and 1:12 were also collected (not shown). 

Lower panel: a summary of all the UBA residues affected by Cx40CT. Residues that 

completely disappeared are labelled in the 15N-HSQC, all residues that completely or mostly 

disappeared are coloured in green while residues that slightly disappeared or shifted are 

coloured in yellow. Residues comprising the three α-helices are underlined. (B) 15N-HSQC 

titration of 15N-UBA with unlabelled Cx45CT domain, which the UBA:Cx45CT 

concentration ratios ranged from 1:0 to 1:16, and the concentration of 15N-UBA remained 

constant (100 μM). The 1:0 (black) and 1:6 (red) are overlaid in the 15N-HSQC spectra. 

Titrations of 1:1, 1:2, 1:3, 1:10, 1:12 and 1:16 were also collected (not shown). Lower panel: 

a summary of all the UBA residues affected by the presence of Cx45CT, similarly denoted 

as (A), lower panel.
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Figure 3. The connexin CT domains, but not ubiquitin, interact with the same region of the 
CIP75 UBA domain
Hydrophobic surface view of the CIP75 UBA domain (Protein Data Bank code 2KNZ) 

showing the hydrophobic epitopes 1 and 2. The UBA residues that completely disappeared 

in the presence of (A) Cx40CT, (B) Cx45CT or (C) Cx43CT are coloured green. 

Hydrophobic residues (A, G, F, I, L, M, P, V) are coloured grey, negatively charged residues 

(D, E) in red, positively charged (K, R) in blue, and polar residues (N, Q, S, T, Y, H) in 

orange. (D) For comparison, presented are the ribbon diagram structure and summary of 

affected residues of CIP75 UBA in the presence of Cx40CT, Cx45CT, Cx43CT or ubiquitin. 

The UBA/Cx43CT and UBA/ubiquitin interactions were previously published in [26]. 

Residues that completely disappeared or slightly disappeared/shifted are coloured in green 

or yellow, respectively. CIP75 UBA domain residues similarly affected by the connexin CT 

domains, but not ubiquitin, are highlighted in the sequence summary in grey background.
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Figure 4. CIP75 regulates Cx40 and Cx45 protein levels
(A, C) HeLa cells expressing wild-type Cx40 (A) or wild-type Cx45 (C) were infected with 

lentivirus containing control (‘C’) or CIP75 shRNA (‘1’, ‘2’) expression plasmids. 

Migration positions of the molecular mass markers (kDa) are indicated at the right of the 

panels. (B, D) CIP75 (left panels) and Cx40 (B, right panel) or Cx45 (D, right panel) levels 

(normalized to the loading control tubulin) were quantified in control, shRNA-1 and 

shRNA-2 expressing cells. IB, immunoblot.
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Figure 5. Cx40 and Cx45 are degraded by ERAD
(A, C) HeLa cells expressing wild-type Cx40 (A) or wild-type Cx45 (C) were treated with 

BFA, DTT and bortezomib alone or in combination. Tubulin served as the loading control 

and ubiquitin confirms a build-up of ubiquitinated proteins as a result of successful 

proteasomal inhibition. Migration positions of the molecular mass markers (kDa) are 

indicated at the right of the panels. (B, D) Cx40 (B) or Cx45 (D) levels (normalized to 

tubulin) were quantified in the different treated cells. IP, immunoprecipitation. * and **, 

statistically significant differences (P < 0.05 and P < 0.01, respectively) of the change in the 

amount of total Cx40/Cx45 (1) in BFA-treated cells, (2) in BFA and DTT-treated cells 

compared with BFA-treated cells, and (3) in BFA, bortezomib and DTT-treated cells 

compared with DTT-treated cells.
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Figure 6. CIP75 and Rpn1 interaction with Cx40 and Cx45 are enhanced under ER-stress 
conditions
(A) Cx40 immunoprecipitation of HeLa-Cx40 (wt) and HeLa-Cx40HKKSL (ER) cells 

untreated or treated with BFA/bortezomib/DTT (wt) or bortezomib/DTT (ER). (B) Cx45 

immunoprecipitation of HeLa-Cx45 (wt) cells untreated or treated with BFA/bortezomib/

DTT. Input (50 μg) is shown in the bottom left panels (A and B), where total CIP75 and 

Rpn1 levels are unchanged by treatment while Cx40, Cx45 and total ubiquitinated proteins 

have increased levels. Migration positions of the molecular mass markers (kDa) are 

indicated at the right of the panels. CIP75 and Rpn1 levels found in the co-

immunoprecipitation assays relative to immunoprecipitated Cx40 (wt or ER) or Cx45 (wt) 

were quantified, and represented as the fold change of cells (wt(T), ER, or ER(T)) compared 

with untreated (wt) cells (bottom right panels for A and B). Treatment to stimulate ER-stress 

conditions increases the amount of CIP75 and Rpn1 interacting with ER-localized Cx40 and 

Cx45. ER-localization alone of Cx40 also increases CIP75 and Rpn1 co-

immunoprecipitation compared with wild-type in the untreated cells (wt compared with ER). 

IP, immunoprecipitation. * and **, statistically significant differences (P ≤ 0.05 and P < 

0.01, respectively) of the (1) -fold change in the amount of CIP75 and Rpn1 associated with 

Kopanic et al. Page 22

Biochem J. Author manuscript; available in PMC 2016 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



wild-type Cx40/Cx45 in BFA, bortezomib and DTT-treated cells compared with the 

untreated control cells, (2) -fold change in the amount of CIP75 and Rpn1 associated with 

ER-localized Cx40 compared with wild-type Cx40, and (3) -fold change in the amount of 

CIP75 and Rpn1 associated with ER-localized Cx40 in bortezomib and DTT-treated cells 

compared with untreated cells.
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Figure 7. CIP75 co-localizes with Cx40 and Cx45 at the ER
HeLa-Cx40 (A), HeLa-Cx40HKKSL (B), HeLa-Cx45 (C and D) cells were transiently 

transfected with Flag-CIP75. Transfected HeLa-Cx45 cells were also treated with BFA (D). 

The subcellular localization of CIP75 (green) and the connexins (red), with the ER marker 

calnexin (blue) was visualized by laser scanning confocal microscopy. CIP75 co-localizes 

with Cx40 and Cx45 (middle panels) at the ER, together with the ER marker calnexin (far 

right panels). Scale bar: 10 μm.
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Figure 8. CIP75 interacts with Cx32
(A, B) HeLa cells were transiently transfected with Cx32HKKSL, 

Cx32/43/32bR133WHKKSL (WW) or Cx32/43/32bHKKSL (WR). CIP75 immune 

complexes were initially immunoprecipitated (A), followed by a second 

immunoprecipitation of Cx32 or a non-specific HA IgG control of proteins released from the 

CIP75 complex (B). Sequential immunoprecipitates were blotted for Cx32 (left panel, lanes 

1–6 – normal exposure, middle panel, lanes 7–12 – higher exposure) and ubiquitin (right 

panel, lanes 13–18 – higher exposure). (A) Cx32 and the Cx32/43 chimera proteins interact 

with CIP75 (arrow), (B) with slower migrating Cx32 and ubiquitin-positive proteins 

detected in higher signal blots (middle and right panels, upper 2 arrowheads). * IgG heavy 

chain and ** light chain. Migration positions of the molecular mass markers in kilodaltons 

are indicated at the right of the panels. Arrows represent unmodified Cx32-HKKSL or 

chimeras, arrowheads represent ubiquitinated Cx32-HKKSL or chimeras. (C–E) HeLa cells 

were transiently co-transfected with Flag-CIP75 and either Cx32HKKSL, 
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Cx32/43/32bR133WHKKSL or Cx32/43/32bHKKSL. The subcellular localization of CIP75 

(green) and the connexins (red), with the ER marker calnexin (blue) was visualized by laser 

scanning confocal microscopy. CIP75 co-localizes with Cx32 and the chimeras (middle 

panels) at the ER, together with the ER marker calnexin (far right panels). Scale bar: 10 μm.
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Figure 9. Model for the role of CIP75 in proteasomal degradation via ERAD
CIP75 acts as a shuttle to transport non-ubiquitinated monomeric connexins from the ER 

membrane to the proteasome for degradation. CIP75 binds to the CT domain of the ER-

localized connexin monomer via the UBA domain, aids in translocating the connexin out of 

the ER membrane into the cytosol and then transports the connexin to the proteasome. 

There, CIP75 binds to the 19S proteasome cap subunits Rpn1 and Rpn10 via the CIP75 UbL 

domain, leading to connexin degradation. CIP75 also interacts with ubiquitinated connexins 

and proteins via the UBA domain, perhaps also facilitating their degradation.
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