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Abstract
Background : Connexin 43 (Cx43) are the most widely distributed gap junction proteins in the nervous
system. Cx43 enables cell-to-cell communication and plays an important role in ion transport, substrate
exchange and delivery of information , which have been implicated in cerebral ischemia injury. Our
previous work revealed the relationships between Cx43 and glia-mediated neuroin�ammation through the
release of ATP in oxygen-glucose deprivation (OGD), which means degradation of Cx43 may improve
neuroin�ammatory damage during OGD injury . However, the roles of Cx43 degradation and
neuroin�ammation caused by OGD remain unclear.

Methods: We used primary cultured astrocytes treated with OGD as an in vitro model of cerebral ischemia
injury and we used middle cerebral artery occlusion (MCAO) model as an in vivo model of cerebral
ischemia. HeLa cells were used in overexpression experiments. Cx43 protein levels were determined by
western blotting. The interaction between Cx43 and related autophagy receptors was determined by co-
immunoprecipitation and immuno�uorescence. The gene knockdown (KD) of ATG5, OPTN, NDP52,
PINK1 and Cx43 was applied by siRNA transfection. Related cytokines were detected by cytometric bead
assay.

Results: We found that Cx43 protein levels increased after ischemia in gene KD of ATG5, OPTN, NDP52
and PINK1 primary astrocytes. The interaction of Cx43 with OPTN, NDP52 and PINK1 was increased after
cerebral ischemia injury in vitro and vivo. While the interaction was weakened after point mutation of
Cx43 at Ser368, Tyr265 and Tyr247. Meanwhile, IL-10 upregulated during OGD after KD of ATG5, OPTN,
NDP52 and PINK1 in astrocytes , while TNF downregulated during OGD after KD of ATG5, OPTN, NDP52
and PINK1 in astrocytes.

Conclusions: Our results suggest that degradation of Cx43 is caused by selective autophagy during
ischemia injury and the autophagy degradation of Cx43 plays important roles in neuroin�ammation
mediated by OGD injury. Treatment targeting Cx43 degradation pathway can improve neuroin�ammation
responses induced by OGD injury , which provide novel therapeutic strategies and crosstalk between
autophagy and neuroin�ammation.

Introduction
Ischemic stroke is a major cause of death and disability in humans worldwide. Ischemia strokes seriously
endanger the health and lives of middle-aged and older people, in particular.

Cx43, a gap junction protein, is widely present in the nervous system and is an important component of
intercellular communication machinery[1, 2]. Following ischemia, the contents, modi�cation, and
distribution of Cx43 are signi�cantly altered, affecting the outcome after ischemia. For example, in an
anoxic cardiomyocyte model, the expression levels of Cx43 and p-Cx43 change over time[3]. In hypoxic
injury cases, within 15 minutes, no signi�cant change in Cx43 expression was noted[4, 5]. After several
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hours, the expression level of Cx43 had signi�cantly reduced[6]. This change �rst appeared as its
internalization[7], and then, the total amount of Cx43 decreased[4]. All these works proved that Cx43 is
degraded during ischemia injury. Moreover, gap junction is degraded by autophagy under normal
conditions[8]. However, the role of Cx43 degradation remain unknown during cerebral ischemia injury.

Autophagy, one of the pathways of protein degradation, is the clearing process of cytoplasmic materials
by lysosomes. Interestingly, autophagy is selective[9]. The development of selective autophagy requires
autophagy receptors. Of these, OPTN and NDP52 are the autophagy receptors of mitophagy[10]. They
directly interact with LC3 (microtubule-associated protein light chain 3) on the isolation membrane
through the LC3-interacting region. Subsequently, the complex is incorporated into the autophagosome
and is then degraded. Mitophagy happens under ischemia stress, at the same time, Cx43 can be found in
the mitochondria[11]. Thus, OPTN and NDP52 may be the autophagy receptors for Cx43 degradation
during ischemia injury.

Posttranslational modi�cation (PTM) of protein is needed during its degradation. Phosphorylation and
ubiquitination are the most common. It is now cleared that Cx43 is phosphorylated at Ser368 by PKC and
at Tyr247, Tyr265 by Src[12]. PKC and Src kinases are activated during global ischemia[13–16], and the
phosphorylation of Cx43 can mediate its degradation[17]. Many studies have con�rmed that Cx43 is also
modi�ed by ubiquitin[18–20]. Meanwhile there is evidence that ubiquitin is strongly linked to Cx43 after the
activation of PKC[21]. Interestingly, some studies have con�rmed that ubiquitin kinase PINK1
phosphorylates ubiquitin at Ser65 to activate mitochondrial degradation during mitophagy[22, 23]. This
means pUb(S65) can be a signal for protein degradation caused by autophagy. All above research
reminds us that Cx43 degradation required its phosphorylation and ubiquitination.

Besides, our previous work suggested that treatment targeting microglia Cx43 like carbenoxolone (CBX)
and Gap 26 can improve neuroin�ammation mediated by cerebral ischemia injury[24, 25]. This suggests
that the degradation of Cx43 may play critical roles in cerebral ischemia injury and related
neuroin�ammation.

Here, we examine the roles of Cx43 degradation and neuroin�ammation caused by cerebral ischemia. We
report that Cx43 is phosphorylated at Ser368 by PKC, and at Tyr247 and Tyr265 by Src kinases after OGD
injury. After that, pUb(S65) combines with phosphorylated Cx43. Then, autophagy receptor NDP52 and
OPTN recognize modi�ed Cx43 according to its ubiquitin-binding domains (UBDs), and they directly
interact with LC3 on the isolation membrane through the LC3-interacting region. Subsequently, those
protein complexes are incorporated into the autophagosome and are then degraded. Besides, the
autophagy degradation of Cx43 plays important roles in neuroin�ammation mediated by OGD injury.
Treatment targeting Cx43 degradation pathway can affect neuroin�ammation responses induced by OGD
injury, bringing more applications to improve glia-mediated neuroin�ammation.

Materials And Methods
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Animals

All experiments were performed with either newborn or adult male C57BL/6 mice, weighing 20-25 g. All
animal experiments were performed with the approval of the Institutional Animal Care and approved by
the Animals Ethics Committee of Jilin University of China (10 February 2014, NO. 2014-277).

Cell culture and reagents

Astrocytes were obtained from the cerebral cortices of one-day-old C57BL/6 mice. The cells were cultured
in DMEM (Gibco, 11995065) containing 10% fetal bovine serum (Gibco, 10099141) and 1%
penicillin/streptomycin (Gibco, 15140122) for 10 days. HeLa (American Type Culture Collection) were
cultured in DMEM (Gibco, 11995065) containing 10% fetal bovine serum (Gibco, 10099141) and 1%
penicillin/streptomycin (Gibco, 15140122). All cells were tested for mycoplasma contamination
bimonthly using the PlasmoTest kit (InvivoGen).

The following drugs were used: baf A1 (Selleck, S1413, 400nM, 6h).

OGD injury to astrocytes

Astrocytes were washed with PBS three times and cultured in DMEM (no glucose) (Gibco, 11966025).
Cells were designed to grow in an incubator with a mixture of 95% N2, and 5% CO2 (hypoxia) inlet for 3 h
or 6 h.

SiRNA, plasmids and antibodies

We purchased short interference RNAs for mouse Atg5, PINK1, OPTN, NDP52 and negative siRNA from
Gene Pharma (Suzhou, China). All siRNA sequences have been listed in Supplementary Table 2. pCDNA3
HA-Ub and pCDNA3 PINK1-Myc were obtained from Miaoling (Wuhan, China). RFP-OPTN, RFP-NDP52,
GFP-Cx43, GFP-Cx43368A and GFP-Cx43247A+265A plasmids were designed by Gene Pharma (Suzhou,
China) and these are all pGCMV plasmids. All plasmids sequences have been listed in Supplementary
Table 1.

Primary antibodies: Cx43 (Abcam, ab79010), Cx43 (Millipore, AB1728-25UG), p-Cx43(S368) (Cell
Signaling Technology, 3511S), p-Cx43(T265) (Invitrogen, PA5-37584), Atg5 (Abcam, ab108327), Beta-
actin (Abcam, ab8226), OPTN (GeneTex, GTX132575), NDP52 (GeneTex, GTX115378), GFP(Abcam,
ab6556), LC3B (Abcam, ab192890), PINK1(Novus Biologicals, BC100-494), phospho-Ubiquitin (Ser65)
(Cell Signaling Technology, 62802S), HA-Tag (Cell Signaling Technology, 3724T), RFP (Abcam, ab62341)
and Myc-Tag (Cell Signaling Technology, 2272S). Secondary antibodies: Goat anti-rabbit IgG (Cell
Signaling Technology, 7074S), Goat anti-mouse IgG (Cell Signaling Technology, 7076S), Mouse anti-
rabbit IgG (Conformation Speci�c) (L27A9) (Cell Signaling Technology, 5127S), Goat anti-mouse IgG
(H+L) (Alexa Fluor 488) (Abcam, ab150113) and Goat anti-rabbit IgG (H+L) (DyLight 633) (Invitrogen,
35562).
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Transfections

Primary astrocytes were transiently transfected with siRNA using LipofectamineTM RNAiMAX
Transfection Reagent (Invitrogen, 13778100) following manufacturer’s instructions, with siRNA at 30 nM
�nal concentration. HeLa cells were transiently transfected with plasmdis using LipofectamineTM 2000
Transfection Reagent (Invitrogen, 11668019) following manufacurere’s instructions.

Western blotting

Cell lysates were retrieved using RIPA lysis buffer (Abcam, ab156034) supplemented with Protease
Inhibitor Cocktail (Thermo Scienti�c, A32955) and PhosSTOP (Roche, 4906845001). Then cells were
sonicated on ice and centrifuged at 4°C at 14000 g for 20 min, followed by a BCA assay (Thermo Fisher
Scienti�c, 23225) for protein concentrations. Next All cell lysates were boiled with 4× LDS sample buffer
(Invitrogen, NP0007), 30–40 μg of total proteins were run out on a 4-12% Sure PAGE Bis-Tris gel
(Genscript, China, M00654) and transferred to PVDF membranes (Thermo Scienti�c, 88585). Membranes
were probed with the indicated primary antibodies overnight at 4°C, followed by the appropriate HRP-
conjugated secondary antibodies for 2h at room temperature. The blots were imaged on the ChemiDoc
developer system (Bio-Rad). All band detection was in the linear range. Related Information was provided
in in Supplementary Figure 2.

Co-immunoprecipitation (Co-IP)

The cell lysates were extracted from the treated cells using cell lysis buffer (Cell Signaling Technology,
9803S) supplemented with Protease Inhibitor Cocktail (Thermo Scienti�c, A32955) and PhosSTOP
(Roche, 4906845001), followed by a BCA assay (Thermo Fisher Scienti�c, 23225) for protein
concentrations at 1mg/ml and incubated with indicated primary antibodies overnight at 4°C with a
constant shaking speed. Then, the complexes were mixed with Protein G Agarose (Roche, 11243233001)
and shaken for 3 h at 4°C to capture the antigen-antibody mixture. The beads were then washed �ve
times with cell lysis buffer and boiled in SDS loading buffer. The eluted proteins were analyzed by
western blotting.

Immuno�uorescence

Slide-cultured cells were treated as indicated in the �gure legends. After treatment, the cells were �xed
with 4% paraformaldehyde at room temperature for 20 min and washed with PBS for 5 min. Then, the
cells were permeabilized with 0.1% Triton X-100 and blocked using 3% goat serum in PBS for 40 min.
Next, the cells were incubated with primary antibodies (as indicated in the �gure legends) diluted in 3%
goat serum overnight at 4°C, and then washed with PBS and incubated with anti-mouse Alexa-Fluor-488-
conjugated secondary antibodies and anti-rabbit Dylight-633-conjugated secondary antibodies for 1 h at
room temperature. The cells were then washed thrice for 5 min each with 1% Triton X-100 in PBS. During
the �nal wash step, they were incubated with DAPI (Solarbio, C0056) in PBS for 5 min. We used the Leica
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TCS SP5 confocal microscope and LSM 510 Zeiss confocal microscope for observing the
immuno�uorescence results.

Flow cytometric analysis

Cytokines in cultured cell supernatants were measured using a cytometric bead array (CBA) mouse
Th1/Th2/Th1 Cytokine Kit (BD Biosciences, Cat#560485), and IL-6, IL-10, TNF and IFN-γ were selected as
relative cytokines for astrocytes.

Statistics

  Experiments were not randomized. All statistical data were calculated and graphed using GraphPad
Prism6. All data are presented as means ± SD. Statistical differences were detected using a two-tailed
Student’s t-test. A p-values less than 0.05 was considered statistically signi�cant. *p < 0.05, **p < 0.01,
***p < 0.001.

Results

The degradation of Cx43 is caused by autophagy after OGD
Firstly, we found that the Cx43 protein levels decreased after OGD (Fig. 1a). We then wanted to con�rm
that this reduction was caused by autophagy. We �rst treated astrocytes with baf A1, an autophagy
inhibitor, for 3 hours before and after OGD. Cx43 and P-Cx43 was found to have accumulated (Fig. 1b).
Cx43 and P-Cx43 protein levels increased in Atg5 KD astrocytes after OGD for 6 hours (Fig. 1a). We also
investigated the immuno�uorescence of Cx43 and LC3B in primary astrocytes, which was found that
overlay of two proteins increased after OGD(Fig. 1e). These results prove that the degradation of Cx43 is
caused by autophagy after OGD.

OPTN and NDP52 are the autophagy receptors required for the autophagy of Cx43 in OGD

To ascertain whether OPTN and NDP52 were associated with the autophagy of Cx43, we chose siRNAs
for their KDs. As shown in Fig. 2a, Cx43 and P-Cx43 protein levels were increased in OPTN KD astrocytes
and NDP52 KD astrocytes after 6 hours OGD. To evaluate the relationship between Cx43 and OPTN and
Cx43 and NDP52 at the spatial level, we used immuno�uorescence analysis. The overlay of Cx43 and
OPTN (Fig. 2c) and Cx43 and NDP52 (Fig. 2c) were found to increase in the primary astrocytes after 3
hours of OGD. Verifying the interaction between proteins requires Co-IP analysis. As shown in Fig. 5a, the
protein levels of OPTN and NDP52 that were combined with Cx43 increased after OA treatment, which
means that the interactions between Cx43 and OPTN, as well as Cx43 and NDP52, had increased.

Also, we overexpressed RFP-OPTN and RFP-NDP52 in the HeLa cells. The interactions between Cx43 and
RFP-OPTN, as well as Cx43 and RFP-NDP52, had increased after OGD (Fig. 3a), meanwhile, overlay of
Cx43 and RFP also increased (Fig. 3b). Collectively, these �ndings suggest that OPTN and NDP52 are the
autophagy receptors for the autophagy of Cx43 in OGD.
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PINK1 is the molecule involved upstream of the autophagy of Cx43 before the connections with NDP52
and OPTN in OGD

As shown in Fig. 4a, Cx43 protein levels were increased in PINK1 KD astrocytes after OGD, demonstrating
that PINK1 was related to Cx43 degradation. We used Co-IP to detect binding between Cx43 and PINK1.
We found that the PINK1 content bound to Cx43 had increased after OA treatment (Fig. 5a). Besides,
overlay of Cx43 and PINK1 in primary astrocytes was found to had increased after OGD (Fig. 4c). These
�ndings suggest PINK1 is associated with the autophagy of Cx43.

Next, we �nd that protein levels of OPTN and NDP52 that were combined with Cx43 disappeared after
PINK1 KD in OGD (Fig. 5a). Meanwhile, the overlay between Cx43, RFP-OPTN and PINK1-Myc increased
after OGD, the same as the overlay between Cx43, RFP-NDP52 and PINK1-Myc (Fig. 5b). All the above
results prove that PINK1 is the molecule involved upstream of the autophagy of Cx43 before the
connections with NDP52and OPTN under OGD.

The autophagy of Cx43 is related to ubiquitination in OGD, which is composed of pUb(S65)

Protein degradation requires ubiquitination, as does Cx43. The ubiquitin kinase PINK1 is closely related to
the autophagy of Cx43. In this study, identify the ubiquitination used in the autophagy degradation of
Cx43, we overexpressed HA-Ubquitin in Hela cells, which were then treated with OGD. We found that
amounts of ubiquitin bound to Cx43 were increased (Fig. 6a),

As previously stated, the ubiquitin phosphorylation site was located at Ser65, which was phosphorylated
by PINK1. Therefore, we next investigated the role of pUb(S65) in the autophagy of Cx43 in OGD. Co-IP
showed that, after OGD, pUb(S65) modi�ed Cx43 increased in HA-Ubquitin overexpressed Hela cells
(Fig. 6a). Modi�cation by pUb(S65) in the total protein content had increased in all groups after OGD
(Fig. 6c). Altogether, these �ndings suggested that the ubiquitination of Cx43 consisted of pUb(S65)
induced Cx43 autophagy.

The phosphorylation of Cx43 was involved in its autophagy

Changes in Cx43 ubiquitination revealed that some modi�cations to Cx43 must be occurring after OGD.
Therefore, we chose phospho-Cx43(Ser368) as our target. First, pCx43(S368) protein levels were
increased in Atg5KD, OPTN KD, NDP52KD and PINK1 KD astrocytes after OGD (Fig. 1a, Fig. 2a, Fig. 4a,)
and increased after baf A1 treatment (Fig. 1b). Next, Co-IP showed that RFP-OPTN and RFP-NDP52 that
were bound to pCx43(S368), had increased in HeLa cells after OGD (Fig. 3a). Then, amounts of ubiquitin
bound to pCx43(S368) had increased in overexpressing HA-Ubiquitin Hela cells (Fig. 6b). As for pUb(S65),
Co-IP showed that, after OGD, pUb(S65) modi�ed pCx43(S368) had increased in overexpressed HA-
Ubiquitin HeLa cells (Fig. 6b). Overall, the data showed that every change in pCx43(S368) was equal to
that of Cx43, meaning that the phosphorylation of Cx43 was involved in its autophagy.

PKC and Src kinases are the start for Cx43 autophagy
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As mentioned above, Cx43 is phosphorylated by PKC and Src kinases at Ser368, Tyr265 and Tyr247 in
OGD. We mutated the phosphorylation site of Cx43 to study the role of kinases. There is no doubt that
NDP52, OPTN, PINK1, pUb(S65) bound to GFP-Cx43 had increased after OA treatment, but these
connections decreased in the overexpressed GFP-Cx43(368A) Hela cells or overexpressed GFP-
Cx43(247A + 265A) Hela cells (Fig. 7a). These �ndings suggest that PKC and Src kinases are the start of
Cx43 autophagy.

Targeting Cx43 autophagy degradation pathway can improve neuroin�ammation responses induced by
OGD injury

We used �ow cytometry with a CBA kit to measure concentrations of related cytokines (TNF, IL-10, IFN-γ
and IL-6) in cultured cell supernatants. TNF and IFN-γ increased in WT astrocytes after OGD, while IL-10
and IL-6 decreased after OGD. Interestingly, TNF showed no signi�cant difference in KD of ATG5, OPTN,
NDP52 and PINK1 astrocytes after OGD, and IL-10 increased in these groups after OGD. IFN-γ still
increased and IL-6 decreased more (Fig. 8). These data suggest that blocking Cx43 autophagy
degradation pathway can reduced pro-in�ammatory cytokine concentrations (TNF and IL-6) and
increased anti-in�ammatory cytokine concentrations (IL-10) in OGD.

Discussion
Cx43 plays a vital role in maintaining the homeostasis of the nervous system. Previous studies have
con�rmed that Cx43 is dysfunctional under hypoxic conditions in the brain. Cx43 increases the release of
excitatory glutamate, exacerbating the damage after ischemia[26, 27]. Therefore, attention has been paid
towards �nding methods that can inhibit the function of Cx43, such as the addition of the Cx43 inhibitor
CBX[28] or the Cx43-speci�c inhibitory peptide Gap19[29, 30]. However, only a small number of studies
focus on changes in the amounts of Cx43 rather than channel permeability. Interestingly, some studies
have reported that the degradation of Cx43 is achieved by selective autophagy under normal conditions.
A related autophagy receptor that has been identi�ed is p62[8]. Therefore, in this study, our hypothesis
was that the brain has a targeting mechanism to clear Cx43 under ischemia conditions, which is selective
autophagy.

Some previous research has shown that Cx43 increased after treatment with proteasomal inhibitors[31],
while other studies have described the genetic silencing of autophagy-associated genes resulted in
accumulation of Cx43 and reduced co-localization of LC3B with Cx43[32]. Simultaneously, decrease in
Cx43 caused by starvation was sensitive to lysosomal inhibitors[32, 33]. All above results predict both
proteasomal pathway and autophagy can cause degradation of Cx43, but that the latter is more likely.
Similarly, we demonstrated that the degradation of Cx43 under hypoxic conditions was achieved by
autophagy. All these results predict that the degradation of Cx43 mainly depends on autophagy.

Since Cx43 degradation occurs via its autophagy under hypoxic conditions, the relevant autophagy
receptors must play an important role. Previous literature has reported that OPTN and NDP52 are a pair
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of mitochondrial autophagy-related receptors[10], while mitochondria contain Cx43[11], which is sensitive
to ischemia. Therefore, the autophagy degradation of Cx43 may take a similar pathway. Unexpectedly, we
show that NDP52 and OPTN are related to the autophagy receptors of Cx43 degradation. NDP52 and
OPTN have UBDs as autophagy receptors[34], which means the ubiquitination of Cx43 can happen before
its connection with NDP52 and OPTN. The relationship between Cx43 degradation and ubiquitination has
been reported in many studies. For example, E3 ubiquitin ligase Nedd4 interacts with the carboxyl
terminus of Cx43 via its WW domains and ubiquitinates Cx43[19, 35]. Several E3 ubiquitin ligases are
involved in Cx43 ubiquitination, including Wwp1[36], Smurf2[37], and TRIM21[38]. Meanwhile, AMSH-
mediated deubiquitination of Cx43 regulates Cx43 degradation[39]. These studies showed that Cx43
ubiquitination was closely related to its degradation, and it was necessary to identify the ubiquitin kinase
or ubiquitin ligase that involved. Recently, some studies have shown that the ubiquitin kinase PINK1
phosphorylates ubiquitin at Ser65 to activate mitophagy[23, 40], meaning that pUb(S65) may be involved
in the degradation of Cx43. However, we are not clear about the relationship between Cx43 ubiquitination
and its autophagy degradation in cerebral ischemia. We have shown that PINK1 is the ubiquitin kinase
involved in this process and pUb(S65) modi�es Cx43 in OGD injuries. In brief, Cx43 was phosphorylated
in response to ischemia. Meanwhile, ubiquitin was phosphorylated by PINK1, and p-Cx43 was then
modi�ed with pS65-UB. Thus, this study con�rmed that a modi�ed form of ubiquitin, pS65-UB, modi�ed
Cx43.

Many studies have demonstrated that the phosphorylation of proteins affects their downstream
autophagy. The phosphorylation of mAbg9 was shown to affect the molecular mechanism underlying its
autophagic transport[41]. Another study showed that PTEN phosphorylation promotes the nuclear
translocation and autophagy of PTEN in response to treatment with DNA-damaging agents in cancer
cells[42]. Phosphorylation is also related to the degradation of Cx43[17]. Similarly, the phosphorylation of
Cx43 may be associated with its autophagy. We chose the common Ser368, Tyr265 and Tyr247 sites of
Cx43 according to previous studies[43, 44]. After repeating the above experiments, it was found that the
phosphorylation of Cx43 is closely related to its autophagy. When giving the above site a point mutation,
we observed that the connection between cx43 and OPTN, NDP52 and PINK1 is weakened,
simultaneously, the number of pS65-UB modi�ed Cx43 also reduced. We show that phosphorylation of
Cx43 is the starting point of its autophagy degradation.

IL-10, as an anti-in�ammatory cytokine, has been shown to play an anti-in�ammatory protective role in
cerebral ischemia[45, 46], it enhances resistance to cerebral ischemia and reduces ischemic damage.
Different from IL-10, TNF-  is a pro-in�ammatory cytokine, as same as IL-6. A study showed that
enhanced autophagy by rapamycin can upregulate IL-6 expression in mice astrocytes[47]. More
interestingly, some links between Cx43 autophagy degradation and neuroin�ammation were found in our
work. Blocking Cx43 autophagy degradation pathway can reduced pro-in�ammatory cytokine
concentrations (TNF and IL-6) and increased anti-in�ammatory cytokine concentrations (IL-10) in OGD.
The above results reveal the relationship between autophagy degradation of Cx43 and astrocyte-
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mediated neuroin�ammation. However, how autophagy degradation of Cx43 affects the production of
TNF- , IL-6 and IL-10 in cerebral ischemia remains unclear.

Study Limitations
This study has some limitations. Firstly, the phosphorylation site of Cx43 is not just the above three sites
during OGD. Roles of MAPK and PKC in Cx43 autophagy degradation during OGD remains unknown.
Furthermore, Cx43 autophagy degradation pathway in OGD is similar to mitophagy. The relationships
between Cx43 and mitophagy need deeper research. Second, according to our results, Cx43 may be an
anti-in�ammation molecule. How Cx43 affects cytokines expression remains unclear. Vivo studies may
provide more evidences.

Conclusions
In conclusion, we showed that under OGD, Cx43 is phosphorylated by PKC and Src kinases. Then
phosphorylated Cx43 combines with pUb(S65) phosphorylated by PINK1. These modi�ed Cx43 recruits
the autophagy receptors OPTN and NDP52 for its autophagy-based degradation. Preventing the
degradation of Cx43 autophagy is bene�cial to the transformation of astrocytes to anti-in�ammatory in
cerebral ischemia. This study offers new ideas and intervention methods for Cx43-targeted therapy,
bringing more crosstalk between autophagy and neuroin�ammation.

Abbreviations
Cx43: connexin 43; baf A1: ba�lomycin A1; OPTN: optineurin; pUb(S65): phosphorylated ubiquitin at
Ser65; NDP52: calcium binding and coiled-coil domain 2; WT: wild type; KD: knock down; LC3:
microtubule-associated protein 1 light chain 3; PINK1: PTEN induced putative kinase 1; PKC: protein
kinase C; Atg5: autophagy-related 5; HA: hemagglutinin; GFP: green �uorescent protein; RFP: red
�uorescent protein.
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Figure 1

The degradation of Cx43 is caused by autophagy during OGD in primary astrocytes. a. Atg5 KD primary
astrocytes and astrocytes transfected with negative control siRNA were treated with OGD for 6h or left
untreated. Representative protein bands are displayed. Western blot showed the increased levels of Cx43
and p-Cx43(Ser368) after Atg5 KD in OGD compared to negative control. b. Primary astrocytes with the
addition of baf A1 or not were treated with OGD for 6h or left untreated. Representative protein bands are
displayed. Western blot showed the increased levels of Cx43 and p-Cx43(Ser368) after the addition of baf
A1. The graph reports means ± SD of Cx43/actin values from three independent experiments. c.
Veri�cation of gene knockdown. Primary astrocytes were transfected with negative control siRNA and
related siRNAs. Representative protein bands are displayed. d. The graph reports means ± SD of
normalized Cx43/actin or p-Cx43(Ser368)/actin values from three independent experiments. e.
Representative �uorescent images demonstrated that overlay of Cx43 and LC3B increased in primary
astrocytes after 3h OGD. Scale bars, 10 μm. The error bar represented the mean ± SD (n=3). *p < 0.05, **p
< 0.01, ***p < 0.001 by student t-test.
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Figure 2

OPTN and NDP52 are receptors for the autophagy of Cx43 during OGD in primary astrocytes. a. NDP52
KD primary astrocytes and astrocytes transfected with negative control siRNA were treated with OGD for
6h or left untreated. Western blot showed the increased levels of Cx43 and p-Cx43(Ser368) in NDP52 KD
astrocytes after OGD. OPTN KD primary astrocytes and astrocytes transfected with negative control
siRNA were treated with OA for 24h or left untreated. Western blot showed the increased levels of Cx43
and p-Cx43(Ser368) in NDP52 KD astrocytes after OGD. b. The graph reports means ± SD of normalized
Cx43/actin or p-Cx43(Ser368)/actin values from three independent experiments. c. Representative
images of primary astrocytes showed overlay of Cx43 and NDP52, as well as Cx43 and OPTN, had
increased with OGD for 3h. Scale bars, 10 μm. The error bar represented the mean ± SD (n=3). *p < 0.05,
**p < 0.01, ***p < 0.001 by student t-test.
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Figure 3

The interaction between Cx43 and RFP-NDP52 increased in HeLa cells during OGD, as well as Cx43 and
RFP-OPTN. a. Protein extracts from RFP, RFP-OPTN- and RFP-NDP52-transfected Hela cells were
subjected to immunoprecipitation using an anti-Cx43 and anti-pCx43(S368) antibody. Immunopuri�ed
complexes were analyzed by immunoblotting using anti-RFP antibodies. b. Fluorescent images of RFP-
OPTN- and RFP-NDP52-transfected Hela cells demonstrated that overlay of Cx43 and RFP-OPTN
increased after 3h OGD, so did Cx43 and RFP-NDP52. Scale bars, 10 μm.
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Figure 4

PINK1 is associated with Cx43 autophagy degradation during OGD. a. PINK1 KD primary astrocytes and
astrocytes transfected with negative control siRNA were treated with OGD for 6h or left untreated.
Western blot showed the increased levels of Cx43 and pCx43(Ser368) in PINK1 KD astrocytes during
OGD. b. The graph reports means ± SD of normalized Cx43/actin or p-Cx43(Ser368)/actin values from
three independent experiments. c. Representative �uorescent images demonstrated that overlay of Cx43
and PINK1 increased in astrocytes after 3h OGD. The error bar represented the mean ± SD (n=3). **p <
0.01 by student t-test.
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Figure 5

PINK1 is the molecule involved upstream of the autophagy of Cx43 in OGD. a. Protein extracts from
PINK1 KD primary astrocytes and astrocytes transfected with negative control siRNA were subjected to
immunoprecipitation using an anti-Cx43 antibody. Immunopuri�ed complexes were analyzed by
immunoblotting using anti-OPTN, anti-NDP52, anti-Cx43 and anti-PINK1 antibodies. OPTN and NDP52
that were combined with Cx43 increased during 3h OGD in primary astrocytes, while protein levels of
OPTN and NDP52 that were combined with Cx43 disappeared after PINK1 KD in OGD. b. Fluorescent
images of HeLa cells transfected both RFP-OPTN and PINK1-Myc or RFP-NDP52 and PINK1-Myc. The
overlay between Cx43, RFP-OPTN and PINK1-Myc increased after OGD, the same as the overlay between
Cx43, RFP-NDP52 and PINK1-Myc. Scale bars, 10 μm.
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Figure 6

The autophagy of Cx43 depends on ubiquitination during OGD, which is composed of pUb(S65). a-b.
Protein extracts from HA-Ub transfected Hela cells treated with 3h OGD or not were subjected to
immunoprecipitation using an anti-Cx43 antibody or an anti-pCx43(S368) antibody. Immunopuri�ed
complexes were analyzed by immunoblotting using anti-HA and anti-pUb(S65) antibodies. Co-IP showed
that pUb(S65) modi�ed Cx43 remained same and pUb(S65) modi�ed p-Cx43(Ser368) increased after 3h
OGD. c. Protein extracts from HA-Ub transfected Hela cells treated with 3h OGD or not were analyzed by
immunoblotting using anti-Cx43, anti-pCx43(S368), anti-HA and anti-pUb(S65) antibodies. Ubiquitin-
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modi�ed total protein remains essentially unchanged, while pUb(S65) modi�ed total protein upregulated
after OGD.

Figure 7

PKC and Src kinases are the start for Cx43 autophagy during OGD. a. Protein extracts from GFP-Cx43-,
GFP-Cx43368A -and GFP-Cx43247A+265A -transfected Hela cells treated with 3h OGD or not were
subjected to immunoprecipitation using an anti-GFP antibody. Immunopuri�ed complexes were analyzed
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by immunoblotting using anti-OPTN, anti-NDP52, anti-PINK1 and anti-pUb(S65) antibodies. Co-IP showed
that the connection between Cx43 and OPTN, NDP52 and PINK1 was weakened after point mutation and
pUb(S65) modi�ed Cx43 decreased. The INPUT protein extracts were also analyzed. The error bar
represented the mean ± SD (n=4). *p < 0.05, **p < 0.01, ***p < 0.001 by student t-test.

Figure 8

Flow cytometry-based evaluation of concentrations of cytokines in cultured astrocyte supernatants.
cytokines were evaluated by �ow cytometry with CBA kits. The error bar represented the mean ± SD (n=4).
*p < 0.05, **p < 0.01, ***p < 0.001 by student t-test.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.



Page 25/25

SupplementaryInformation.docx

https://assets.researchsquare.com/files/27f85779-d89c-4eef-a330-cf8ce3f750f1/v1/Supplementary%20Information.docx

